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Two dams on the Elwha River, Washington State, USA trapped over 20 million m3 of mud, sand, and gravel since
1927, reducing downstream sediment fluxes and contributing to erosion of the river's coastal delta. The removal
of the Elwha and Glines Canyon dams, initiated in September 2011, inducedmassive increases in river sediment
supply and provided an unprecedented opportunity to examine the geomorphic response of a coastal delta to
these increases. Detailed measurements of beach topography and nearshore bathymetry show that ~2.5
million m3 of sediment was deposited during the first two years of dam removal, which is ~100 times greater
than deposition rates measured prior to dam removal. The majority of the deposit was located in the intertidal
and shallow subtidal region immediately offshore of the river mouth and was composed of sand and gravel. Ad-
ditional areas of deposition include a secondary sandy deposit to the east of the rivermouth and amuddy deposit
west of themouth. A comparisonwith fluvial sediment fluxes suggests that ~70% of the sand and gravel and ~6%
of themud supplied by the riverwas found in the survey area (within about 2 kmof themouth). A hydrodynamic
and sediment transport model, validated with in-situ measurements, shows that tidal currents interacting with
the larger relict submarine delta help disperse fine sediment large distances east andwest of the rivermouth. The
model also suggests that waves and currents erode the primary deposit located near the river mouth and trans-
port sandy sediment eastward to form the secondary deposit. Though most of the substrate of the larger relict
submarine delta was unchanged during the first two years of dam removal, portions of the seafloor close to
the river mouth became finer, modifying habitats for biological communities. These results show that river res-
toration, like natural changes in river sediment supply, can result in rapid and substantial coastal geomorpholog-
ical responses.

Published by Elsevier B.V.
1. Introduction

River mouths are conduits for the transfer of terrestrial sediments to
coastal andmarine environments, where they form habitats that support
biological communities and protect adjacent development and infrastruc-
ture from flooding and erosion. Upon reaching the river mouth, sedi-
ments are typically stored, at least temporarily, in deltas (Wright and
Coleman, 1973). Some fraction of the fine sediments (silts and clays)
may be stored subaerially in delta floodplains by overbank flows but the
majority of fines will be deposited in subaqueous portions of the delta
(Wright, 1977) or dispersed farther offshore in buoyant plumes
(e.g., Geyer et al., 2000). Coarser sediments (sands and gravels)will be de-
posited proximally in delta fronts and sediment size generally will fine
with distance from the river mouth to the pro-deltas (Wright and
Coleman, 1973; Wright, 1977).
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River deltas are known to adopt different morphologies depending
on varying hydrologic and hydrodynamic processes. Based on field ob-
servations from around theworld, deltamorphologies have been classi-
fied according to the relative importance of tides, waves, and river
discharge (Galloway, 1975; Wright, 1977). The classification has been
extended to include the effect of sediment grain size on morphology
(Orton and Reading, 1993), and recently Geleynse et al. (2011) demon-
strated the effect of antecedent stratigraphy on delta evolution via a
process-based sediment transport model.

Not as well understood is the role that deltas play in transferring
sediment to adjacent beaches and nearshore zones. Coarse sediments
may be temporarily deposited in an active prograding delta front,
which can store sediment delivered from the river and transfer it to
the coast or offshore at a later time through erosion and transport pro-
cesses (Hicks and Inman, 1987; Barnard and Warrick, 2010). The
amount of sediment stored in a delta depends on the combination of
several interacting factors, including wave and current energy, sea
level, accommodation space, and sediment supply (Wright, 1977).
Goodbred and Kuehl (1999) estimated that over hundreds to thousands
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of years about 30–40% of the sediment load of the Ganges–Brahmaputra
River system was stored in its delta while the remaining load was de-
posited in thefloodplain or offshore. Their analysis did not resolve ques-
tions of short-term (seasonal or storm event) storage in the delta and
transfer to the coast or offshore.

Perturbations from natural or anthropogenic forces can change the
sediment budget and morphology of a delta. For example, Kuenzi et al.
(1979) described 7 kmof progradation of the Samala River delta follow-
ing a large increase in sediment supply associated with the eruption of
the Santa Maria volcano in southwestern Guatemala. Kaminsky et al.
(2010) and Gelfenbaum and Kaminsky (2010) documented changes
to the Columbia River delta and adjacent shorelines in the northwest
United States as a result of large jetties constructed at the river's
mouth modifying the local sediment supply. Dams may reduce sedi-
ment supply to the coast and alter the dynamic equilibrium of the
delta, prompting a change in the morphology of the delta or adjacent
coastal zone as has been suggested for the California coast (Willis and
Griggs, 2003), the Nile River delta on the Egyptian coast (Smith and
Abdel-Kader, 1988), and the Ebro River delta on the northeastern
Spanish coast (Jimenez and Sanchez-Arcilla, 1993; Sanchez-Arcilla
et al., 1998). In the latter two cases, reduced sediment supply was doc-
umented to alter delta morphology, littoral sediment budgets, and
coastal habitats (Fatorić and Chelleri, 2012). For example, reduced sed-
iment loads changed the Ebro delta from an intermediate river–wave-
dominated system to a purely wave-dominated system (Jimenez and
Sanchez-Arcilla, 1993).

In this paperwe examine the Elwha River inWashington State in the
U.S. Pacific Northwest, where two dams built in the early 1900s trapped
~21 million m3 of sediment, reducing sediment loads to the coast
(Warrick et al., 2009a; Draut et al., 2011; Miller et al., 2011). Shoreline
erosion and a coarsening of the beach low-tide terrace are hypothesized
to have resulted from sediment supply deficiencies to the coast after the
dams were built (Warrick et al., 2009a). Removal of the two dams on
the Elwha River, which began in September 2011, provides a unique op-
portunity to examine a complex systemadjustment to amajor sediment
pulse by quantifying the landscape response of a coastal delta to dam
removal.

The goal of this paper is to document the changes to the Elwha River
delta during the first two years of dam removal and evaluate the causes
of observed changes. In this paper, we (i) describe the accumulation of
sediment on the Elwha delta by comparing detailed digital elevation
models (DEMs) made from repeated surveys of beach topography and
nearshore bathymetry; (ii) document the beach and seafloor grain
size changes throughout this coastal system, (iii) calculate a sediment
budget from sediment volume and grain size changes in the delta rela-
tive to the delivery of sediment from the river to address where sedi-
ment goes after it reaches the coast; and (iv) use a process-based
hydrodynamics and sediment transport model, validated against field
data, in order to explain the measured patterns of sediment accumula-
tion on the delta after the sediment supply increased.

This paper is one of five addressing the geomorphic responses of the
Elwha River systemduring the first two years of dam removal. Compan-
ion papers describe: (i) geomorphic changes in the reservoirs (Randle
et al., 2015), (ii) sediment transport in the river (Magirl et al., 2015),
(iii) geomorphic response of the Elwha river and floodplain (East
et al., 2015), and (iv) a synthesis of the sediment budget (Warrick
et al., 2015).

2. Regional setting

2.1. Watershed, river, dams, sediment impoundment

The Elwha River drains the largest north-facing watershed of the
Olympic Mountains in Washington State, USA, with 83% of the 831-
km2 watershed lying in the Olympic National Park (Fig. 1) (Duda
et al., 2011). The river flows north, entering the Strait of Juan de Fuca
just west of the city of Port Angeles, WA, and on the western side of a
nearly symmetrical subaerial delta (Fig. 1B and C). The subaerial delta
is offset from the larger, relict submarine delta. In this paper we will
also use the term active delta to describe the relatively newdepositional
zone near the mouth of the river and the inner delta to describe the
shallowparts of the larger submarine delta. Discharge from the river av-
erages ~40 m3/s (USGS gauge 12046260; Fig. 1B) and varies seasonally
with higher flows associated with snowmelt in spring and rainfall
events in early winter. The lowest discharge typically occurs in late
summer (Duda et al., 2011; Magirl et al., 2011). Peak discharge of
around 400 m3/s occurs every two years on average, and in December
2007 discharge reached 1000 m3/s, which was estimated to be a 40-
year flood event (Draut et al., 2011).

The river drains metasedimentary rocks in steep, landslide-prone
terrain in the upper basin and traverses glacial bluffs of till and outwash
in the lower floodplain (Warrick et al., 2009a; Draut et al., 2011). Sedi-
ments of all sizes are available to the river. Because of multiple large
channels divided by vegetated bars, and large numbers of avulsions,
Draut et al. (2011) described the lower river as anabranching. Analysis
of historical aerial photographs from 1939 to present shows that the
river mouth has not occupied a position near the center of the subaerial
delta in at least the past 75 years (Draut et al., 2011). At various times
from the 1950s to the present, small earthen or rock dikes were con-
structed along both sides of the lower river to prevent flooding of near-
by homes and roads. Owing to a reduction in sediment supply from
damming, much of the lower river-bed had become armored with cob-
bles (Draut et al., 2011).

Two large concrete damswere built on the river about 100 years ago
to generate electricity for local use; the downstream Elwha Dam was
completed in 1913 and the upstreamGlines Canyon Damwas complet-
ed in 1927. Located at river kilometer 7.9 above the mouth, the Elwha
Dam was 32 m high and created Lake Aldwell. At river kilometer 21.6,
the 64-m high Glines Canyon Dam created Lake Mills (Fig. 1). The
dams on the Elwha River caused sediment transport competency to
fall as the river approached Lake Mills and Lake Aldwell. Large deltas
grew into the upstream end of each reservoir, trapping all coarse sedi-
ment and most of the fine sediment supplied from the river (Curran
et al., 2009; Czuba et al., 2011). The Lake Mills delta trapped ~16.1
million m3 of sediment by 2010 (Gilbert and Link, 1995; Bountry et al.,
2010; Randle et al., 2015). Sediment stored in Lake Mills was composed
of ~44% silt and clay, and 56% sand, cobbles and boulders (Gilbert and
Link, 1995; Randle et al., 2015). A few kilometers downstream, the
Lake Aldwell reservoir trapped ~4.9 million m3 of sediment by 2010,
with ~53% silt and clay and 47% sand, gravel, and cobbles (Randle
et al., 2015).

Based on the long-term accumulation of sediment in the reservoirs,
the average sediment load of the river upstream of the dams is estimat-
ed to be 240,000m3/y± 60m3/y (Magirl et al., 2015). This is consistent
with the total sediment load calculated from field measurements of
suspended- and bedload transport by Curran et al. (2009).
2.2. Dam removal

In 1992, the U.S. Congress passed the Elwha River Ecosystem and
Fisheries Restoration Act (PL102-485), and removal of both dams
began on 17 September 2011. To limit the potential negative effects of
high sediment concentrations from dam removal activities on fish
health and spawning and on the operation of a downstream water
treatment plant, dam removal was phased over 2–3 years. Lake Aldwell
was drained, and the lower Elwha Dam was completely removed by
April 2012, approximately 7 months after dam removal initiation
(Randle et al., 2015). Lake Mills was fully drained by October 2012, al-
though the final removal of Glines Canyon Dam did not occur until the
summer of 2014, a year after the 2-year interval of time studied here.
This restoration project is the largest dam decommissioning project in



Fig. 1. Location map of study area. (A) The Salish Sea comprised of (GB) Georgia Basin, Strait of Juan de Fuca (SJdF), and Puget Sound (PS). (B) The Elwha watershed showing the former
dam locations and reservoirs, and the locations of USGS river gaging stations. (C) The Elwha delta and nearshore. FWB is Freshwater Bay, and PA is Port Angeles. Box over delta in the lower
panel is area enlarged in Fig. 3 and other figures of the inner delta.
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the U.S. to date in terms of stored sediment and in terms of the size of
the hydroelectric projects removed (Duda et al., 2011).

2.3. Large signal, fast response

The Elwha River has a steep gradient, dropping 1400 m from its
source to sea level at the delta in only about 70 km. The steepness of
the drainage andproximity of the ElwhaRiver dams to the coastwas ex-
pected to result in a relatively rapid transport of reservoir sediment to
the coast during and following dam removal (Gelfenbaum et al., 2011;
East et al., 2015). In addition, the quantity of sediment transported to
the coast was expected to be easily detectable above the resolution of
topographic and bathymetric surveys and easily discernable above the
background seasonal and interannual morphology change. The
likelihood of a rapid and easily measureable response to dam removal
makes Elwha River restoration ideally suited to comprehensive moni-
toring and provides a unique opportunity to better understand how
changes in sediment supply effect delta geomorphology.

Within a fewmonths after dam removal began, sediment load in the
river downstream of Elwha Dam increased measurably (Warrick et al.,
2012; Fig. 2). Spikes in suspended-sediment concentration measured
at USGS Station 12046260 (Fig. 1B) resulted from small flood events
in late 2011 and early in 2012, as well as from relocating temporary
earthen coffer dams from one side of the river channel to the other as
Elwha Dam was being lowered. In the two years since dam removal
started in September 2011, there was ~8.2 million tonnes of cumulative
sediment discharge measured in the Elwha River (Fig. 2; Magirl et al.,
2015), or 5.9 million m3 of sediment assuming an average bulk density



Fig. 2.Time series of ElwhaRiver discharge (thick black line) and cumulative sediment load (shaded curves)measured atUSGS gauge 12046260. The location of the river gauge is shown in
Fig. 1. Arrows denote times when beach topography and nearshore bathymetry surveys were performed.
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of 1.4 tonnes/m3 for reservoir sediments (Magirl et al., 2015). This sed-
iment loadwas roughly 40% silt and clay byweight andwas punctuated
by rapid fluxes during higher river flows and immediately following
dam deconstruction activities (Fig. 2; Magirl et al., 2015).

2.4. Coastal processes

2.4.1. Currents and waves
Currents in the Strait of Juan de Fuca are predominantly driven by

tides, augmented by density-driven gradients resulting from freshwater
input from large rivers in Puget Sound and Georgia Basin (Foreman
et al., 2004; Sutherland et al., 2011). Tides are mixed, semidiurnal
with amean tidal range of 1.4mand a spring tide range of 2.2m. Locally,
off the Elwha delta, tidal constituents account for over 84% of the total
variance in depth-averaged currents, with theM2 semidiurnal harmon-
ic dominant (Warrick and Stevens, 2011). Current meter observations
(Warrick et al., 2011; Eidam et al., in preparation) and numerical
model simulations (Gelfenbaum et al., 2009) show tidal currents
interacting with the Elwha delta to induce transient eddies in the in-
stantaneous flow as well as large coherent residual currents. On the
west side of the delta, tidal residuals flow toward the northeast; where-
as on the east side of the delta, the tidal residualsflow toward the north-
west. This complex pattern of currents has a strong influence on the
dispersal of sediment and on the position of the buoyant plume that
comes from the Elwha River (Gelfenbaum et al., 2009; Warrick and
Stevens, 2011).

Waves near the Elwha delta originate predominantly from the
northwest, propagating as swell into the Strait from the Pacific Ocean.
Warrick et al. (2009a)measuredwaves on the Elwhadelta from January
to May 2006 and found that waves came from the northwest 91% of the
time and from thenortheast only 9% of the time.Wave energy can be di-
vided into predominately longer period swell from the northwest and
shorter period wind waves from the northeast and the northwest.
Wave energy attenuates as it propagates through the Strait and ap-
proaches the delta, with wave heights decreasing on average 20–30%
between the Strait entrance and the delta (Gelfenbaum et al., 2009;
Warrick et al., 2011). During the time period reported by Warrick
et al. (2009a), wave heights on the delta only occasionally exceeded
1 m and on average were b0.5 m.

2.4.2. Beach morphology, substrate, and littoral transport
Foreshore beaches on both sides of the Elwha River delta are com-

posed of mixed sand and cobble. Beaches adjacent to the river mouth
are steep, with mean gradients around 0.1 to 0.17 (Warrick et al.,
2009a) and are considered reflective per the classification of Wright
and Short (1984). East of the river mouth, beaches are erosive, berm el-
evations average 3.9m abovemean lower lowwater (MLLW), and at el-
evations below approximately 0.5 m MLLW there is a wide, nearly flat
low-tide terrace composed of large cobbles. Warrick et al. (2011) sug-
gested that this terrace is a coarse lag deposit formed as the foreshore
eroded landward. Miller et al. (2011) found very low mean transport
rates in the coarse clasts on this low-tide platform. West of the river
mouth, beach berm heights average 4.9 m above MLLW (higher than
on the east side), there is no low-tide platform, and the beaches are sta-
ble and not eroding.

The dominance of wave energy from the northwest drives littoral
transport to the east in the drift cell that includes the Elwha delta
(Galster and Schwartz, 1990). Locally, however, the shape of the delta
modifies littoral drift directions and rates. Given the steep beaches
around the Elwha delta, waves tend to break directly on the beach in a
shore break, limiting the width of the surf zone and increasing the im-
portance of swash processes on littoral transport. On the west side of
the subaerial delta, the alongshore transport rates are relatively small
(Miller et al., 2011) and the shoreline position is stable (Warrick et al.,
2009a) owing to the generally shore-normal direction of wave inci-
dence. In contrast, waves approach the central and east sides of the sub-
aerial delta from an oblique angle, resulting in greater alongshore
transport rates (Miller and Warrick, 2012). Radio tags implanted into
beach cobbles by Miller et al. (2011) measured small bidirectional
transport on the west side of the delta, while on the east side of the
delta they measured much more rapid unidirectional transport to the
east, with net cobble velocities exceeding 100 m/d under high-energy
wave conditions.

3. Methods

3.1. Nearshore bathymetry and beach topography

Repeated surveys of nearshore bathymetry and beach topography
were performed annually from2009 to 2011 to assess pre-dam removal
background conditions and biannually from 2011 to 2013 to assess ef-
fects of dam removal. Surveys were conducted during spring tides
with nearshore bathymetric measurements made during high tide,
and topographic measurements collected during low tide to maximize
overlapping data between the two survey platforms. Nearshore ba-
thymetry data were collected using personal watercraft equipped
with single-beam sonar and differential GPS operating in real-time ki-
nematic (RTK) mode. Raw bathymetric data were processed and
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corrected for the local speed of sound using sound velocity profiles col-
lected during each survey. Topographic surveyswere conducted on foot
with RTK-GPS equipment mounted on backpacks. Geodetic control was
established using a shore-based GPS base station placed on one of sev-
eral pre-existing benchmarks (Fig. 3). The GPS base stations were pro-
grammed with coordinates relative to the NAD83 (CORS96) datum.
Elevations in the North American Vertical Datum of 1988 (NAVD88)
were computed using the National Geodetic Survey GEOID09 geoid
model. Zero elevation in the NAVD88 vertical datum is approximately
13 cm higher than mean lower low water recorded at NOAA Tide Sta-
tion 9444090 in Port Angeles. We define the shoreline following
Warrick et al. (2009a) as the mean high water (MHW) contour,
where MHW is 1.98 m above MLLW and 1.86 m above NAVD88.

Bathymetric and topographic measurements were collected primar-
ily along a series of cross-shore transects at roughly 30m alongshore in-
tervals (Fig. 3) and extend from roughly −14 m water depth to just
landward of the foreshore berm at about +5 m elevation. Additional
data between transects were collected to better characterize the mor-
phologic variability within the survey area. Digital elevation models
(DEMs) were constructed for each survey from all available data using
linear, Delaunay interpolation with either 5- or 1-m resolution.

An error analysiswas performed to quantify the uncertainty in rawel-
evation data and resulting DEMs for use in a sediment budget. Errors in
the raw elevation data include systematic and random components and
are derived from drift in the GPS solution (Sallenger et al., 2003;
Ruggiero et al., 2005), surveying equipment set-up and measurement,
and uncertainty in speed of sound estimates for the bathymetric data.
We calculated a mean systematic within-survey bias of 0.026 m and a
mean random uncertainty of 0.036m from 33 replicate transects collect-
ed during bathymetric surveys between August 2011 and September
2013 (Table 1). Errors arising from the gridding method used to create
the DEM were estimated using a cross-validation technique (Davis,
2002). Based on removing 1000 randomly selected points, one at a time
for each DEM, this procedure suggests that no bias is introduced into
the DEMs during the grid interpolation process, and that the mean stan-
dard deviation of the grid error is 0.086 m (Table 1). Combining the
Fig. 3.Map showing locations of beach topographic and nearshore bathymetric data from the Se
control monuments for GPS base stations (green triangles), sound velocity profiles (white squa
pography and grain size profiles (blue circles).
estimated errors from both the gridding and the raw elevation data pro-
vides a total uncertainty for each DEM (σtotal) of 0.13 m.

Elevation uncertainty associated with differencing two DEMs to de-
rive volume change are calculated by summing the sum of the system-
atic bias components with the sum in quadrature of the random
uncertainties estimated from analysis of replicate transects and the
grid cross validation described above. We assume that within- and
between-survey uncertainties are equivalent. Total elevation uncertain-
ty for the difference between two DEMs is therefore estimated to be
±0.20 m. Elevation change estimates between surveys b0.2 m are
therefore considered unreliable and are labeled as ‘Not Detectable’
(N.D.) in the volume change maps. The uncertainty associated with es-
timating the volume of sediment from differencing two DEMs is calcu-
lated by treating the random and systematic errors separately. The
volume uncertainty is calculated by multiplying the survey area by the
systematic uncertainty and adding the random component in quadra-
ture (Table 2). Additional details of the uncertainty analysis are provid-
ed in the supplemental section of this paper.

3.2. Beach and seafloor substrate characterization

As a result of the morphologic complexity and wide range of sedi-
ment sizeswithin the study area, a variety of techniqueswere employed
to characterize beach and seafloor substrate changes during dam re-
moval. Van Veen grab samples were collected in the shallow subtidal
(b15 m) and by hand from the beach at sites across the new sediment
deposit near to the river mouth. Approximately 500 g of sediment
from each sampling site was analyzed for grain size. Samples were ho-
mogenized, split, and then run through a Coulter counter and sieves,
providing grain size distributions from 0.0001 to 16 mm. Sampling oc-
curred 28–30 August 2012 at 57 locations, 4–7 March 2013 at 52 loca-
tions, and again 16–19 September 2013 at 83 locations. Farther
offshore (N15 m depth), Shipek grab samples were obtained from the
R/V Barnes across the broad subaqueous delta. Silts and clays (b63 μ)
were separated from sands and gravels bywet-sievingwith a dilute dis-
persant and then analyzed in a Micromeritics Sedigraph particle size
ptember 2013 survey. Also shown are locations of instrumented tripods E andW, geodetic
res) used in speed of sound corrections to bathymetric soundings, and biweekly beach to-



Table 1
Elevation uncertainty estimates; σ represents one standard deviation; σdrift is uncertainty resulting from GPS drift.

GPS drift Replicate line analysis Grid cross validation Total uncertaintya

Survey σbias (m) # of lines σbias (m) σrandom (m) # of points σrandom (m) σtotal (m)

Average 0.01 33 0.026 0.036 1000 0.086 0.13

a Total uncertainty for each DEM (σtotal) = 0.01 + 0.026 + (sqrt(0.0362 + 0.0862)) = 0.13 m.
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analyzer. Sands and gravels were dried and sieved. Grab samples that
yielded b50 g of sedimentwere omitted from analysis and are classified
as ‘no sample’.

The mixed sand, gravel, and cobbles of the beach and intertidal zone
of the ElwhaRiver deltawere difficult to characterizewith standard lab-
oratory techniques, so high-resolution photos of the beachwere collect-
ed approximately biweekly fromSeptember 2011 to 2013 at every 0.25-
m elevation interval between 1.0 and 4.0 m MLLW at four cross-shore
transects. The digital camera was hand held approximately 0.5 to
1.0 m above the bed, providing images covering an area of between
0.1 and 0.8 m2. Each photo was analyzed using an automated digital
grain size algorithm (Warrick et al., 2009b) and was converted from
pixel to mm units using a ground scale included in each photo. Photos
with excessive woody debris or shading were discarded.

Changes in the shallow subtidal substrate associated with dam re-
movalwere also characterized from repeatedmapping of acoustic back-
scatter of the seafloor (Finlayson et al., 2011). Surveys conducted from
the R/V Parke Snavely using a SWATHPlus interferometric sidescan
sonar provided detailed swath bathymetry and acoustic backscatter
data to water depths of ~20 m. Mapping was conducted in February
2010prior to the start of damremoval and again inMarch2013, approx-
imately one year after the lower Elwha Dam was completely removed.

3.3. Coastal processes — tripods

Data from two instrumented tripods deployed in 10-mwater depth
on the east and west side of the river mouth (Fig. 3) help characterize
waves and currents around the delta and validate a numerical model
of hydrodynamics and sediment transport. Both tripods were equipped
with an upward-looking 1200 kHz acoustic Doppler current profiler
(ADCP), pressure sensors, and digital cameras and strobes pointing at
the seafloor under the tripod. Current velocity profiles were recorded
at 5-min intervals from 1.9 m above the bottom to the surface with a
vertical resolution of 0.25 m. Wave bursts were recorded for 20 min at
2-h intervalswith a sample rate of 2 Hz. Tripods E andWwere deployed
prior to dam removal on 15December 2010 and 13March 2011, respec-
tively. Both tripods recorded data nearly continuously through the first
two years of dam removal, with the exceptions of a few gaps for instru-
ment service or repair.

3.4. Numerical model of hydrodynamics and sediment transport

Hydrodynamic and sediment transport modeling was carried out
with the process-based model Delft3D (Lesser et al., 2004) to help
Table 2
Instantaneous and cumulative volume change calculated from differences in DEMs; instantaneo
culated compared to August 2011.

Instantaneous change

Survey Area (ha) Change (m3) σtotal (m

Aug. 2011
May 2012

–
306.3

–
78,700

–
222,300

Aug. 2012 307.1 31,200 222,900
Mar. 2013 280.1 1,114,900 203,400
Sept. 2013 270.8 1,105,700 196,600
understand the processes responsible for sediment dispersal patterns
observed in fieldmeasurements. The Delft3Dmodel solves the nonline-
ar, time-dependent, shallow water continuity and momentum equa-
tions to simulate water motion from tides, waves, wind, and buoyancy
effects. The lower resolution Salish Seamodel (see Salish Sea andnested
model descriptions in Supplemental documents) was forced at a single
open boundary at the entrance to the Strait of Juan de Fuca with har-
monic tidal constituents. Fresh water from several rivers in the Salish
Sea was included.

Additionally, waves were simulated using the third-generation
SWAN wave model, which simulates wave propagation in time and
space by solving the spectral action balance equation (Booij et al.,
1999; Elias et al., 2012). The wave model was forced at a single open
boundary on the seaward end with a time-series of wave parameters
obtained from Wavewatch III model output to simulate swell entering
the model domain from the Pacific Ocean. Wave output is used in the
flow model to simulate enhanced bed stresses due to waves (Soulsby
et al., 1993) and wave-driven currents (Walstra et al., 2000) (see
SWANmodel development in Supplemental documents).

A high-resolution, nested grid is used to compute hydrodynamics
and sediment transport in the vicinity of the Elwha River delta. The
Elwha model grid has a minimum grid size of ~18 m2 near the river
mouth. Nine vertical water layers are used to simulate 3D effects, in par-
ticular buoyancy-controlledflows,within themodel domain. Themodel
bottom boundary includes beach topography and nearshore bathyme-
try data collected by this study prior to dam removal (September
2011) as well as high-resolution swath bathymetry collected in 2010
(Finlayson et al., 2011).

Discharge from the Elwha River provides a boundary condition into
the model domain using measurements of river discharge at USGS Sta-
tion 12046260 and sediment concentration from Magirl et al. (2015)
(Fig. 1). Two sediment fractions are simulated in the model, sand
(0.2 mm) andmud (ws =2.5 × 10−3 cm/s), using sediment concentra-
tions as measured by Magirl et al. (2015); gravel was not modeled.

Sediment transport for noncohesive and cohesive particles is com-
puted in the Delft3Dmodel simulations (Lesser et al., 2004). To account
for the coarse, armored nature of the seafloor prior to dam removal, the
bed schematization includes a single, well-mixed layer with no sedi-
ment on the bed initially available for erosion. If sediment is deposited
during a simulation, then that newly deposited sediment can be resus-
pended and transported.

The hydrodynamic and sediment transport models were run for the
timeperiod between 01April 2012 and 20May2012 to simulate the ini-
tial response of the Elwha delta and nearshore environment to
us change forMay 2012 is calculated compared to August 2011; cumulative change is cal-

Cumulative change

3) Area (ha) Change (m3) σtotal (m3)

–
306.3

–
78,700

–
222,300

307.7 113,900 223,300
269.6 1,245,800 195,800
308.6 2,455,000 224,000



655G. Gelfenbaum et al. / Geomorphology 246 (2015) 649–668
increased sediment delivery from the river. Model hydrodynamicswere
validated with in-situ field data from the tripods, and sediment dispers-
al and accumulationwere validated againstmeasured elevation change.
Details of the model set-up, validation, and simulations are provided in
the Supplemental section of this paper.

4. Results

4.1. Sediment volume and substrate change on beach and nearshore

4.1.1. Prior to dam removal
Repeat measurements of beach topography and nearshore bathym-

etry from 2009 through 2011 reveal the state of the delta in the two
years prior to dam removal (Fig. 4). Delta morphology changed little
during this time, though there were isolated areas of notable erosion
and deposition (Fig. 4C). Changes within the river mouth include chan-
nel migration inside the estuary, as well as erosion of a river mouth bar
and deposition farther offshore (Fig. 4D). Net volume change in the area
of the river mouth was ~47,000 m3 of deposition between 2009 and
2011, or an average of 23,500 m3/y. This volume of accumulated sedi-
ment compares to 34,000m3 of sediment deposited after the December
2007 flood event (Gelfenbaum et al., 2009; Draut et al., 2011).

East of the river mouth, the intertidal beach lost ~45,000 m3 of sed-
iment between 2009 and 2011, resulting in ~40 m of landward migra-
tion of the shoreline (Fig. 4C and E). Erosion of the beaches on the east
side of the delta has been ongoing for decades (Warrick et al., 2009a).
By contrast, the beaches and nearshore west of the river mouth were
stable between 2009 and 2011 (Fig. 4C), a pattern that is also consistent
with long-term trends (Warrick et al., 2009a).

4.1.2. First year of dam removal
Measurable changes in delta morphology (Figs. 5–8) and grain size

(Fig. 9) occurred following initiation of dam removal and continued
throughout the first two years of monitoring. During the first year,
Fig. 4. Pre-dam removal morphology and elevation changes at the river mouth and
(C) elevation change between September 2009 and August 2011. N.D. stands for not d
D and E in panel (C).
113,900 m3 of net sediment deposition was detected in the beach and
seafloor (Table 2), representing roughly 5 times the annual background
amount. This sediment accumulated in two distinct areas: (i) in front
of the river mouth resulting in almost 100 m of progradation and steep-
ening of the active delta front (Figs. 6A, 7C) and (ii) on the seafloor east of
the tip of the subaerial delta (Fig. 6A). Themajority of sediment accumu-
lation in these two deposits (78%) occurred at subtidal elevations be-
tween −8 and −1 m (Table 3; Fig. 8). No detectable accumulation
occurred on the seafloor between these two areas of deposition.

Despite the increase in sediment accumulation on the delta near the
rivermouth, beach erosion continued andwasmost pronounced on the
upper foreshore east of the river, resulting in an alongshore-average
shoreline retreat of 6.9 m and a maximum of 33 m during the 2011–
2012 winter (Fig. 7E). Throughout the study area, erosion was concen-
trated around the MHW contour (Fig. 8) with a total of 41,400 m3 of
sediment erosion at intertidal and subaerial elevations.

Sediment grain size on the surface of the new deposit varied spatial-
ly across the deposit. In August 2012, the main deposit off the river
mouth was composed of gravel and coarse sand, fining to medium
and fine sand as the deposit thinned eastward (Fig. 9A and B). The sec-
ondary deposit located offshore of the east side of the subaerial delta
was composed predominately of fine sand. Deeper portions of the sub-
aqueous delta were composed predominately of gravel and coarse sand
(Fig. 9A).
4.1.3. Second year of dam removal
During the second year, 2,221,000 m3 of net sediment deposition

was detected in the beach and seafloor (Table 2), with significant sea-
sonal changes in location of the accumulation and in morphology. Dur-
ing autumnandwinter of the second year of dam removal (August 2012
to March 2013), a time period that included the draining of Lake Mills
and several river discharge events (Fig. 2), a total volume increase of
1,115,000 m3 was measured with the majority of sediment accumulat-
ing offshore and just east of the river mouth (Fig. 6C). This deposit
adjacent beaches. (A) DEM from September 2009; (B) DEM from August 2011;
etectable and is ±0.2 m; (D) and (E) cross-shore profiles along transects marked



Fig. 5.Maps showing the geomorphic evolution of the active delta before and during thefirst two years of dam removal. (A)August 2011; (B)May 2012; (C) August 2012; (D)March 2013;
(E) September 2013. DEM resolution is 1 m.
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included an eastward-trending subaerial bar attached to the shoreline
west of the rivermouth and a large subaqueous bar that extended farther
eastward, parallel to the shoreline (Fig. 5D). The shape of the outer active
deposit was continuous and smooth suggesting that winter waves had
caused the deposit to take on a more classic wave-dominated morpholo-
gy. These features diverted themain river channelwith its freshwater and
suspended sediment load to the east (parallel to the coast), especially at
lower tide levels. Sediment accumulation off the river mouth extended
the active delta over 200 m offshore, pushing the toe of the new deposit
to −10 m water depth (Fig. 7C). The front of this new inner delta grew
vertically by as much as 7.5 m during this time period.

The main zone of accumulation extended primarily east of the river
mouth and thinned to an undetectable thickness (b0.2 m) ~1 km away
from the river mouth (Fig. 6C). As during the first year of dam removal,
sediment also accumulated in a second zone on the east side of the sub-
aerial delta, and no significant accumulation was measured in between
these two areas of deposition. Associated with this period of growth of
the active delta, the shoreline immediately east of the river mouth
prograded an average of 40 m, with a maximum progradation of 95 m
(Fig. 7A and D). During this same time period, the beaches farther east
of the river mouth on the tip of the subaerial delta continued to erode
(Figs. 6C and 7E).

West of the river mouth and disconnected from the main
depocenter, an elongated area of deposition with an average thickness
of 0.3 m was measured (maximum thickness of 1.2 m) in water depths
of −1 to −3 m (Figs. 6C and 7B).



Fig. 6.Maps showing elevation change between surveys. (A)August 2011 toMay2012; (B)May 2012 toAugust 2012; (C) August 2012 toMarch 2013; (D)March 2013 to September 2013.
Reds represent deposition, blues are erosion, and gray represents regions with no detectable change (N.D.) between surveys. Thin black line represents the mean high water (MHW)
shoreline, gray lines are −5 and −15 m bathymetric contours. The primary (1) and secondary (2) areas of deposition are denoted in (A).
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During the latter half of the second year of dam removal, fromMarch
2013 through September 2013, an additional 1,106,000m3 of sediment
accumulated offshore of the river (Fig. 6D). The thickest part of the new
deposit accumulated just west of the river mouth, extending the active
delta 140moffshore intowater depths of 12m (Fig. 7C). Farther west of
the river mouth, significant new deposition was measured for the first
time in water depths to −15 m (Figs. 6D and 7B). This new deposit
was thin (b2 m thick) and connected to the foreshore. The zone of sec-
ondary deposition offshore of the east side of the subaerial delta contin-
ued to grow with the addition of 115,000 m3 of sediment.

Close to the rivermouth, a river channel cut through the bar that had
been attached to the beach from the west side. By September 2013, no
single channel exited through the delta (Fig. 5E) but instead there
were several bifurcated channels separated by bars; also, a series of
transverse bars formed parallel to shore on the east side of the active
delta. This irregular, bisected outer deposit shape suggests a transition
to a more classical river-dominated morphology. Unfortunately, the
twice per year mapping was not able to capture all of the transitions
in delta morphology that occurred as wave and river discharge condi-
tions changed more frequently.

By September 2013 themaindeposit just off the rivermouth became
more coarse, composed predominately of gravel and coarse sand
(Fig. 9C and D). As the deposit thinned eastward, it continued to fine
and was composed of medium and fine sand. As the secondary deposit
off the east side of the delta grew larger and spread eastward, it also
grew finer and was composed of fine sand and mud. In shallow near-
shore regions west of the river mouth, a thin deposit formed composed
of fine sand and mud.

4.1.4. Net changes during first two years of dam removal
The total beach and nearshore volume change in the first two years

of dam removal from August 2011 through September 2013 was
2,455,000m3 (Fig. 7; Table 2). Themajority of that accumulationwas lo-
cated immediately offshore of the river mouth and extended the active
delta over 200mnorthward and steepened the front of the newdeposit.
The portion of the river mouth and delta where the majority of sedi-
ment accumulated changed location from the first year to the second
year. During the first year of dam removal, over 78% of the sediment ac-
cumulated in shallow subtidal depths between −1 and −8 m MLLW
(Table 3) and the maximum accumulation occurred around −2.4 m
(Fig. 8B). During the second year, a similar total percentage of sediment
accumulated at subtidal elevations (81%), but the elevation of maxi-
mum accumulation was at a higher elevation than during the first
year, at approximately MLLW (Fig. 8B).

Areas of new deposits thinner than 20 cm, the between-survey
measurement uncertainty (Table 1), could have gone undetected.
Specifically, west of the river mouth between −10 and −20 m
depth, no accumulation was detected in the elevation change maps,
yet acoustic backscatter intensity maps and sediment texture chang-
es suggest deposition of new sediment. This region of low acoustic
backscatter, as seen in the March 2013 swath survey (Fig. 10b), cor-
responds to a region where seabed sampling revealed changes in
sediment texture. Prior to and in the first year of dam removal, sed-
iments in this area were composed primarily of gravel, coarse sand,
and medium sand (Fig. 9A and B). By the end of the second year of
dam removal, this region began fining to medium sand, fine sand,
and mud (Fig. 9C and D) (Eidam et al., 2014) (see Supplemental doc-
uments for more details). Beyond about 25mwater depth, grab sam-
ples indicate that little to no sediment deposited on deeper portions
of the relict, subaqueous delta (which extends to a slope break at
~60-m water depth; Fig. 1).

4.2. Detailed temporal shoreline and beach substrate changes

Biweekly sampling of beach grain size and topography along three
cross-shore-oriented transects helps to resolve the timing and arrival
of a new sediment onto the beaches, especially for periods of time in be-
tween biannual bathymetric and topographic surveys (Fig. 11). West of



Fig. 7. (A) Cumulative beach and seafloor change betweenAugust 2011 and September 2013. (B–E) Profiles of bathymetry and topography along selected transects shown in (A). See Fig. 6
caption for detailed description of elevation change map.
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the river mouth, the position of the MHW contour was mostly stable
through the first two years of dam removal, migrating seaward only
about 6 m from September 2011 until September 2013 (Fig. 11A). The
beach progradation increased while the median foreshore grain size
decreased from ~30 to ~5 mm in early summer of 2013, coincident
with the removal of Aldwell Dam.

At a transect 350 m east of the river mouth, there was a temporary
reduction in beach grain size during the spring of 2012 associated



Fig. 8. Elevation at which sediment was (A) eroded, (B) deposited, and (C) normalized net change. Volume changes were calculated between August 2011 and August 2012 (year 1, gray
triangle) and between August 2012 and September 2013 (year 2, black circle) and normalized by the total gross erosion, deposition, and net volume change.
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with the removal of Elwha Dam, despite a lack of shoreline change
(Fig. 11B). Starting in early 2013 there was a rapid morphologic re-
sponse of the beach, as evidenced by the abrupt decrease in median
grain size and progradation of theMHW line. This response roughly co-
incided with the draining of Lake Mills (Fig. 2) and is associated with
Fig. 9.Maps of seafloor mean grain size across the submarine delta during (A) and (B) the
blue circle labeled no sample is interpreted to represent hard ground or a substrate so c
expanded in (B) and (D). Area marked measureable deposition derives from the differenc
delta growth immediately seaward of the river mouth (Fig. 6C). Farther
eastward, the foreshore at the transect 960 m east of the river mouth
had little measurable morphologic response to dam removal, with
steady beach erosion, and large mean beach grain size persisting
throughout the two-year study period (Fig. 11C).
first year of dam removal, and (C) and (D) the second year of dam removal. The dark
oarse that a sample could not be collected. The black box in (A) and (C) is the area
e map shown in Fig. 7A.



Table 3
Volume of erosion, deposition, and net volume change occurring at different depths throughout the study area; volume eroded or deposited as a percent of total reported within
parentheses.

Erosion (m3) Deposition (m3) Net change (m3)

Depth Year 1 Year 2 Year 1 Year 2 Year 1 Year 2

Subaerial −19,300 (48) −18,200 (57) 11,700 (9) 28,300 (2) −7500 10,200
Intertidal −22,100 (40) −12,900 (29) 19,300 (12) 347,500 (17) −2800 334,600
Subtidal −6300 (11) −5000 (14) 130,600 (78) 1,952,900 (81) 124,300 1,947,900
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5. Discussion

5.1. Sediment budget and temporal evolution

One of the goals of this research is to calculate a sediment budget to
help assess the effects of dam removal on the adjacent coastal system. A
sediment budgetwill characterize the quantity and timing of coastal de-
position relative to river sediment supply. Because river sediment sup-
ply and coastal deposition are measured in units of mass and volume,
respectively, an estimate of the dry bulk density of the deposit is re-
quired to convert sediment volume to sediment mass. The bulk density
of the deposit is not a constant in time or space, however, as the conver-
sion depends on the water content or porosity of the deposit, which in
turn depends on the sediment grain size distribution and the level of
compaction in the bed. We did not quantify the amount of compaction
in the deposit, but used the spatially explicit map of measured surface
grain size (Fig. 9) to estimate the porosity and thus the dry bulk density.
Following themethod of Allersma (1988) and using Eq. 3.2.7 in van Rijn
(2005) to calculate bulk density as a function of percent sand, andwith a
compaction coefficient of 1.0, we calculate the mean dry bulk density
(and range) to be 1470 (1430–1500) kg/m3 for the August 2012 survey;
Fig. 10. Acoustic backscatter from SwathPlus sidescan sonar data collected in (A) February
2010, before dam removal and (B) April 2013, after dam removal. Dark areas represent
lower backscatter intensity, which is associated with finer sediments. Bright areas repre-
sent higher backscatter intensity, which is associated with hard bottom or coarser
sediments.
1410 (1120–1490) kg/m3 for the March 2013 survey; and 1360 (690–
1500) kg/m3 for the September 2013 survey.

Comparison of the mass of fine (clay- and silt-sized) and coarse
(sand- and gravel-sized) sediment deposited in the coastal zone to
the mass of sediment transported by the river (Fig. 12) shows how
much sediment is found (or lost) in the coastal zone. By the end of the
first year after dam removal began, about 570,000 tonnes of fine sedi-
ment was transported down the river, but only about 8000 tonnes
was found within the DEM survey area. By the end of the second year
after dam removal began, about 3,400,000 cumulative tonnes of fine
sediment was transported down the river, but only ~200,000 tonnes,
or b6% of the mass delivered, can be identified in the shallow regions
of the delta. A small fraction of the remaining 94% could be on the sea-
floor in thin deposits undetected by the repeat bathymetric surveys, as
is suggested by theMarch 2013 acoustic backscattermap (Fig. 10B). The
area of low backscatter intensity west of the river mouth where fine-
grained sediments were found (Fig. 9), and whichwas less than the de-
tection limit of bathymetric change, is only about 56 ha. Assuming a
mud density of 690 kg/m3, this sediment deposit is estimated to repre-
sent about 73,000 tonnes, or 2% of the total fine-grained sediment
transported down the river. The majority of fine sediment was more
likely dispersed far from the Elwha River mouth, outside of the region
mapped. Using a long-term morphological simulation, Gelfenbaum
et al. (2009) predicted that some fine-grained sediment would ulti-
mately be deposited far from the Elwha River mouth off the east side
of the larger submarine delta or inside the tip of Ediz Hook at the en-
trance to Port Angeles harbor. Observations to date, however, are un-
able to verify those predictions.

Unlike the fine sediment, most of the sand- and gravel-sized sedi-
ments delivered by the river can be accounted for within the area
mapped during the first two years of dam removal (Fig. 12). During
the first year about 500,000 tonnes of sand and gravel was transported
down the river, and theDEMdifferencemaps identified 230,000 tonnes.
By the end of the second year, a total of 4,800,000 tonnes of sand and
gravel was transported down the river, and 3,300,000 tonnes was iden-
tified in the survey area, or about 70%.

Several sources of uncertainty in the sediment budget limit the com-
parison between the river source and the coastal accumulation volumes
after dam removal. Uncertainty exists in the volume change estimates
arising from the systematic errors in elevation mapping (Table 1), but
this error is small compared to that associated with other sources. One
of the larger sources of error in the sediment budget is the estimate of
the dry bulk density, which was derived from the grain size distribu-
tions of surface grab samples. Thus, this estimate includes uncertainty
in the percentage of fine versus coarse sediment, porosity and compac-
tion of the deposit, and the within-deposit variations in these factors.
Accounting for the uncertainties in the bulk density, compaction, and
systematic uncertainty in elevation measurements, we estimated the
possible range of coarse sediment accumulating in the coastal zone
after two years to be 2,400,000–3,900,000 tonnes (Fig. 12).

Estimates of the river sediment supply, likewise, have several
sources of uncertainty. One source of uncertainty in the sediment sup-
ply to the coast derives from the deposition of sediment in the lower
river below the gaging station. East et al. (2015) estimated 289,000
tonnes of sediment accumulated over the two years along the lower
river downstream of the Elwha Dam. This estimate, which is small



Fig. 11. Changes in shoreline position and sediment grain size during the first two years of dam removal at transects located (A) 630mwest of the river mouth; (B) 350m east of the river
mouth; and (C) 960 m east of the river mouth. Refer to Fig. 3 for map showing transect locations. Median and range of sediment grain sizes are shown for samples collected biweekly at
0.25-m elevation intervals on the intertidal shoreface between 1.0 and 2.5 m NAVD88. Sediment grain size classes from Wentworth scale with c = cobble and b = boulder.
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compared to the uncertainties in measurement and in the impact of the
bulk density, does not account for all of the floodplain deposition and is
based on surveys that do not distinguish betweenmud and coarser sed-
iment (East et al., 2015).

Uncertainty derived from measurements of bedload and suspended
load in the river, which are discussed in detail inMagirl et al. (2015) are
even larger. They report difficulties measuring bedload in rivers like the
Elwha, especially for the sand-sized sediment transported near the bed.
For the two-year period after dam removal began, they estimated
1,950,000 tonnes of bedload passed the gauging station, with an uncer-
tainty of nearly 88%. Their estimates of uncertainties in suspended load
are much smaller, at around 50% of the estimated 6,300,000 tonnes.

In addition to quantifying the volume (or mass) of sediment
redistributed from the watershed to the coast during dam removal,
we can also comment on the timing of the response of the coast to the
increase in sediment supply, and where within the coastal system that
response occurred. Because the dam removal process was staged over
months and was not instantaneous (like the Condit Dam removal, for
example; Wilcox et al., 2014), the amount of sediment released from
the reservoirs transported down the river did not dramatically increase
immediately after dam removal began (Fig. 2). Likewise, the amount of
sediment that accumulated in the delta and along the adjacent coast
was small during the first year and was much larger the second year
(Figs. 11 and 12).

The increase in magnitude of sediment deposition between the first
and second year was accompanied by a change in the location of the
delta where the majority of sediment accumulated (Table 3; Fig. 8).
This switch in the location of deposition on the delta over time is prob-
ably a result of the timing of delivery of sediment to the river-mouth re-
gion and how the morphology of the river and the estuary affect the
strength of the flow at the mouth of the river. During the first year,
the river flowed through a single deep channel through the estuary,
discharging the sediment load farther offshore of the river mouth on
the flanks of the active delta (Fig. 5A–C). As sediment load in the river
increased in the second year, sediment deposited in the estuary and
the river became shallower and the flow dispersed through multiple



Fig. 12. Time series ofmass of cumulative river sediment supply compared tomass of sediment accumulated on the delta for (A) coarse (sand–gravel) components and (B) fine (silt–clay)
components. Gray-shaded area showspossible range inmass of sediment deposited resulting fromuncertainty in bulkdensity and compaction anduncertainty in elevationmeasurements
from Table 1.
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channels. With lower flow speeds at the delta, the sediment deposited
closer to the river mouth, building bars and expanding the intertidal
delta (Fig. 5D–E). During most of this second year, the river never
reachedflood levelflows andwas not able toflush the accumulated sed-
iment out of the estuary (East et al., 2015).

The detailed sediment budget results described here for the delta
and coast are summarized in a systemwide sediment budget for the en-
tire Elwha and reported in Warrick et al. (2015).
Fig. 13. Modeled sediment dispersal at various phases of the tide. Colors represent suspe
5.2. Sediment dispersal

5.2.1. Explaining complex patterns of deposition
One of the consequences of the removal of the Elwha River dams

was the rapid increase in sediment loads in and through the fluvial sys-
tem and an increased sediment supply to the coast. At the coast, tidal
currents, waves, and river discharge influenced sediment dispersal
pathways, resulting in complex patterns of deposition and grain size
nded sediment concentration and arrows show surface current speed and direction.



Table 4
Comparison betweenmodeled andmeasuredwater level, depth-averaged velocity, signif-
icant wave height, and peak wave period at two sites within the Elwha model domain;
RMSE is root mean square error, and d is the index of agreement (Willmott, 1982);model
and data compared for the time period 1 April–20 May 2012.

Site Parameter (units) Mean (SD) RMSE d

Model Data

Site E Water level (m)a 0 (0.66) 0 (0.67) 0.13 0.99
Depth-averaged velocity (m/s) 0.56 (0.35) 0.51 (0.38) 0.18 0.93
Significant wave height (m) 0.43 (0.25) 0.45 (0.23) 0.22 0.78
Peak wave period (s) 6.3 (2.5) 8.8 (3.2) 4.2 0.6

Site W Water level (m)a 0 (0.66) 0 (0.66) 0.13 0.99
Depth-averaged velocity (m/s) 0.15 (0.08) 0.14 (0.08) 0.08 0.72
Significant wave height (m) 0.40 (0.24) 0.42 (0.23) 0.21 0.78
Peak wave period (s) 6.7 (2.9) 9.4 (2.7) 3.9 0.6

a Mean values were removed from model and data.
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distributions. Here, we examine tripod ADCP and camera data, and sim-
ulations from the Delft3D hydrodynamics and sediment transport
model to explain the processes responsible for the observed patterns
of deposition and size-sorting of sediment.

A dominant control on sediment deposition is the irregular shape of
the Elwha delta itself, which influences tidal current dispersal of the
Elwha River plume (Warrick and Stevens, 2011) and enhances resus-
pension and advection of coarser sediment from the bed. As predicted
by Signell and Geyer (1991) for tidal flow around headlands in general
and byWarrick and Stevens (2011) for the Elwha River delta, the delta
headland induces flow separation of currents. Flow around the head-
land produces large-scale transient eddies (Fig. 13) and strong (up to
0.4 m/s) residual currents (Fig. 14), both of which have been identified
in tripod data and inmodel simulations validated against fieldmeasure-
ments (Table 4). The tidal residual currents form two large coherent re-
sidual eddies: a counterclockwise eddy on the west side and clockwise
eddy on the east side (Fig. 14). These eddies are not located symmetri-
cally about the subaerial delta but are shifted eastward a few kilometers
and are located more symmetrically about the larger and deeper sub-
aqueous delta. Strong tidal currents direct the Elwha plume and
entrained fine sediment toward Ediz Hook to the east and throughout
much of Freshwater Bay to the west (Fig. 13). Tidal dispersal of the
plume is responsible for transporting fine-grained sediments in suspen-
sionmanykilometers across the region, similar to other tidally dominat-
ed systems—for example, the Mobile Bay plume in the northern Gulf of
Mexico (Stumpf et al., 1993).
Fig. 14. (A) Modeled residual currents. The colors represent the magnitude of the residual curr
tripod sites, E and W. Arrows represent residual mean currents. Red are model results, and blu
Although sediment is transported broadly over the submarine delta
and beyond, observed sediment accumulation on the seafloor following
dam removal was limited to shallow regions (mostly b12 m water
depth; Fig. 7) and consisted primarily of sand and gravel, withmud accu-
mulating in smaller proportions (Fig. 9). High boundary shear stresses
from tidal currents along with strong residual flow limit sediment depo-
sition overmuch of the submarine delta (Fig. 15). A time series of photo-
graphs of the seafloor at the East tripod in about 10-m water depth
shows the passage of highly turbid waters, temporary deposition of
ent. (B) Comparison of modeled and measured depth-averaged current ellipses at the two
e are measured.



Fig. 15. (A–D) Time series of photos from camera on instrumented East tripod location. (E)Map of percent of time during themodel simulation that boundary shear stress exceeds critical
shear stress for 200-μ sand. Time series from April through May 2012 of (F) Elwha River sediment discharge and (G) modeled cumulative sediment deposition at the location of the East
tripod.
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fine sediment on the bed, then resuspension of thefine sediment, leaving
the pre-existing coarse, armored bed (Fig. 15A–D). Resuspension and
transport of the newly deposited sediment from the seafloor are com-
mon on the Elwha delta. A model simulation with waves and currents
for the time period 1 April–20 May 2012 shows that boundary shear
stress (τb) exceeds the critical shear stress for 200-μ sand (τc =
0.18 Pa) more than 50% of the time across most of the delta and more
than 80% of the time across the central delta (Fig. 15E). Over the central
portion of the delta, at the East tripod site for example, where the bound-
ary stress is almost always greater than the critical stress for sand and re-
sidual currents are strong, a time series of modeled cumulative
deposition and erosion shows that sediment is deposited only temporar-
ily and then rapidly erodes, leaving no net deposition (Fig. 15G). Even in
areaswhere depositionwas observed, preferential resuspension of avail-
able fine sediment (e.g., Law et al., 2007) resulted in mostly coarse sedi-
ment deposits. Only in Freshwater Bay west of the river mouth, where
bottom stresses are relatively low and residual currents are weak, are
there sufficient periods of reduced bottom stress to allow fine sediment
to settle and accumulate. This region corresponds to the region of mea-
sured fine sediment accumulation west of the river mouth (Fig. 9).

The complex sediment transport processes can be simulated with
thenumericalmodel to better understand thepatterns of deposition ob-
served in the data (Fig. 16). In this comparison of observed andmodeled
sediment deposition, the model was run from 3 April to 20 May 2012,
the initial part of dam removal when sediment loads were increasing,
but still not at their maximum (Fig. 2). In the observations and in the
model, coarse sediment is deposited in two areas. The primary area of
deposition occurs directly off the river mouth where the supply, at
least temporarily, overwhelms the capacity of coastal processes to
transport it. Strong tidal currents regularly resuspend sediment from
the primary deposit off the river mouth, and residual currents result in
eastward transport along the inner delta. The model suggests that sed-
iment bypasses the central region of the delta and that the secondary
area of deposition occurs on the eastern side of the delta where the
tide-induced residual currents converge and are weak (Fig. 14). In the
model, very little deposition of fine sediment was observed as high
stresses and strong net transports efficiently carried fine sediment out
of the model domain.

5.2.2. Effects of waves and river floods on sediment dispersal
Though tidal processes are the primary control over sediment dis-

persal on the delta, waves (wave resuspension) and river floods are im-
portant transport processes that augment ormodify sediment dispersal.
We can use the validated hydrodynamics and sediment transportmodel
to demonstrate the effects of wave resuspension and river floods on
sediment dispersal. To demonstrate the importance of waves, two sed-
iment transport simulationswere run, both identical, except one includ-
ed wave processes and one did not (Fig. 17A and C). For the nearly two-
month simulation with waves, significant wave heights on the delta at
the 10-m tripod location exceeded 1 m six times with a maximum
height up to 1.4 m (Fig. 17B). Wave periods varied between 3 and
14 s, and waves were always from the northwest. Without waves to
help resuspend the 200-μ sand on the inner delta in the no-wave simu-
lation, the mean sediment transport rates across the inner delta were
about a quarter to a half the transport rates whenwaves were included.
Even though the pattern of dispersal was the same because of the dom-
inance of the tidal processes, waves enhance the boundary shear stress
on the inner Elwha delta, increasing sediment resuspension and



Fig. 16. Comparison of (A) observed and (B)modeled initial sediment accumulation.Mea-
sured accumulation is between September 2011 and May 2012; modeled accumulation
from simulation run between April 2012 and May 2012. Reds are deposition and blues
are erosion.
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promoting advection by tidal currents. Although not modeled in this
simulation, waves are also responsible for driving alongshore transport
of sediment on the foreshore. As shown by Miller et al. (2011) and
Miller and Warrick (2012), wave height is highly correlated with sedi-
ment transport, predominately eastward, along the beaches of the
Elwha River delta.

To demonstrate the importance of river flood events on sediment
transport pathways, we ran two identical simulations, except one with
a constant river discharge and one with a time varying discharge
(Fig. 17A, B, and D). In both simulations the same total sediment load
was delivered to the coast, but in the constant discharge case there
were no flood events to push the sand farther offshore. Instead, all of
the sand was delivered to the inner portion of the delta, closer to the
river mouth. There are examples (e.g., Wright, 1977; Wheatcroft et al.,
1997) that show that large flood events can deliver fine sediment far-
ther offshore, however the effect on coarser sediment delivery to the
coast and resulting delta morphology is less well understood. For the
Elwha, the effect of a flood event on sediment transport pathways
across the inner delta may be significant (Fig. 17A and D). In the paired
simulations, the higher river discharge during flood events delivers
more sand-sized sediment to a deeper portion of the inner delta
(Fig. 17A) than if there were no flood (Fig. 17D). With more sand on
the outer part of the inner delta, there is more sediment transported
eastward along deeper contours than if the sand were deposited on
the inner part of the delta where tidal currents decrease. This small
difference inwhere sand is delivered by a floodmakes a large difference
in the sand transport pathways along the inner delta.

5.3. Substrate and habitat changes

Prior to dam removal, hydrodynamics over the delta and sedi-
ment supply limitations induced by river damming influenced the
substrate of the Elwha delta seafloor. Strong tidal currents and
long-period waves combined to produce high bottom boundary
shear stresses (Fig. 15) that winnowed away fine sediments leaving
a coarse, armored substrate (Gelfenbaum et al., 2009; Warrick
et al., 2011; Webster et al., 2013). Boulders of all sizes, which were
remnants left from eroding glacial deposits, remained scattered on
the seafloor. Rubin et al. (2011) characterized the pre-dam removal
delta substrate, based on mapping by Cochrane et al. (2008) and
Warrick et al. (2008), as predominately gravel- and cobble-sized
sediment, with areas of bedrock, boulders, and some sand. Rubin
et al. (2011) classified the subaqueous delta into habitat types
based on a series of SCUBA dive surveys to assess benthic habitat
and biological communities. These substrate types, from sand to bed-
rock, were favorable for a variety of submerged aquatic vegetation
(10 different species of kelp), invertebrates (65 different inverte-
brate taxa), and certain fish (24 different fish taxa).

During the dam removal process, turbid plumes were common and
portions of the seafloor substrate changed relative to pre-dam removal
conditions (Figs. 9 and 10). As sandy and muddy sediments deposited
on the inner part of the subaqueous delta, large boulders that were sit-
ting on the seafloor likely became buried and the seafloor lost some of
its rugosity. These grain size and roughness changes in seafloor sub-
strate are probably affecting habitat suitability. Initial results from dive
surveys of habitat and biological use one and two years after dam re-
moval show decreases in kelp density of 60–100% in the area adjacent
to the river mouth compared to pre-dam removal (Steve Rubin, USGS,
personal communication, 2014). The exact causes of the decrease in
kelp density are uncertain, but may result from a decrease in light avail-
ability during the kelp's growing periods, a decrease in rocky or hard
substrate for kelp to attach, scouring of kelp recruits by high suspended
sediment loads, or a combination of all three. Even as kelp density is re-
duced, though, other species may benefit or not be affected at all by the
rapid change in substrate (Thrush et al., 2004; Wheatcroft, 2006; Rubin
et al., 2011). Continued monitoring of habitat and community response
to increased sediment supply following Elwha River dam removal pro-
vides a unique opportunity to study the geological and the biological
consequences of river restoration in the coastal environment.

6. Summary

Two dams built in the early 1900s on the Elwha River in the U.S. Pa-
cific Northwest trapped ~20 million m3 of sediment, drastically reduc-
ing loads to the coast contributing to beach erosion and substrate
coarsening around the Elwha River delta. Removal of the two dams on
the Elwha River, which began in September 2011, has provided an op-
portunity to examine, at full scale andwithin a short time frame, the ef-
fects of changing sediment supply on delta morphology.

We measured the accumulation of sediment on the Elwha delta
prior to the start of and within the first two years of dam removal by
comparing detailed DEMs made from repeat surveys of beach topogra-
phy and nearshore bathymetry. We calculated a sediment budget from
volume changes in various portions of the delta and measured the
changes in substrate sediments on the beaches and offshore. In order
to help explain the measured patterns of sediment dispersal and accu-
mulation, we used a process-based numericalmodel to simulate the hy-
drodynamics and sediment transport. In summary, we show that:

• Prior to dam removal, eastside beaches were eroding and other por-
tions of the delta were relatively stable compared to the changes



Fig. 17.Model simulations of sediment transport under several scenarios showing importance of waves (wave resuspension) and river discharge events (floods) on sediment dispersal.
(A) Base case: waves increase suspended sediment concentrations enhancing tidally driven alongshore transport and flood events push region of sediment transport farther offshore.
(B) Time series of waves and river discharge used in base case and constant discharge. (C) No waves result in less tidally driven sediment carried east. (D) Constant discharge results
in sediment transport remaining closer to shore in shallow water.
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that would occur after the damswere removed. Prior to dam removal,
the inner delta was accumulating sediments slightly in some areas
and eroding in others. Beaches on the east side of the subaerial delta
were rapidly eroding up to tens of meters per year. During the first
two years after the initiation of dam removal, 2.5 million m3 of sedi-
ment accumulated on the delta, about a 100-fold increase compared
to pre-dam removal accumulation rates. Newly accumulated sedi-
ment caused the active depositional region of the delta to expand
hundreds of meters seaward and nearly 1 km to the east. Close to
the river mouth, the beaches prograded, but farther eastward the
beaches continued to erode even though sediment was accumulating
farther offshore.

• A sediment budget shows that during the first two years of dam re-
moval approximately 6% of the fine sediment (silt and clay) and 70%
of the coarse sediment (sand and gravel) transported down the river
can be found in the coastal zone (beaches, active delta, and relict sub-
aqueous delta).

• The coastal geomorphology of the active delta changed rapidly from a
wave-dominated shape to a river-dominated shape as sediment sup-
ply to the coast increased after dam removal began. This transition
may have been modulated by a seasonal change in wave characteris-
tics over the delta. The active delta seems to respond quickly to chang-
es in forcing and the river-dominated morphology observed at the
end of the second year of dam removal is not necessarily the final
equilibrium shape of the Elwha delta.

• The dominant processes of tides, waves, and river dischargewere cap-
tured in a hydrodynamic and sediment transport model that success-
fully predicted the complex patterns of sediment dispersal and
deposition. Together the model and in-situ field observations showed
that large-scale transient eddies, formed as the tides traversed the
delta, disperse fine sediments (silts and clays) west and east of the
river mouth. Interaction of the submarine delta and the tides induce
large residual eddies, offset eastward from the subaerial delta, that
drive a net eastward sand transport near the mouth of the river; and
the secondary deposit, east of the main deposit, was formed where
the large residual tidal eddies converged.

• Prior to dam removal, delta substrate was generally coarse and ar-
mored and the seafloor was rough, favoring specific fauna and flora
including several kelp species. Sediment newly deposited on the
inner delta derived from dam removal is finer and is changing sub-
strate, habitats, and community structure on a portion of the delta.
The majority of the larger submarine delta farther from the river
mouth has been unchanged by the dam removal thus far.
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