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a b s t r a c t
Sediment supply provides a fundamental control on the morphology of river deltas, and humans have
signiﬁcantly modiﬁed these supplies for centuries. Here we examine the effects of almost a century of
sediment supply reduction from the damming of the Elwha River in Washington on shoreline position and
beach morphology of its wave-dominated delta. The mean rate of shoreline erosion during 1939–2006 is
~ 0.6 m/yr, which is equivalent to ~ 24,000 m3/yr of sediment divergence in the littoral cell, a rate
approximately equal to 25–50% of the littoral-grade sediment trapped by the dams. Semi-annual surveys
between 2004 and 2007 show that most erosion occurs during the winter with lower rates of change in the
summer. Shoreline change and morphology also differ spatially. Negligible shoreline change has occurred
updrift (west) of the river mouth, where the beach is mixed sand to cobble, cuspate, and reﬂective. The beach
downdrift (east) of the river mouth has had signiﬁcant and persistent erosion, but this beach differs in that it
has a reﬂective foreshore with a dissipative low-tide terrace. Downdrift beach erosion results from foreshore
retreat, which broadens the low-tide terrace with time, and the rate of this kind of erosion has increased
signiﬁcantly from ~ 0.8 m/yr during 1939–1990 to ~ 1.4 m/yr during 1990–2006. Erosion rates for the
downdrift beach derived from the 2004–2007 topographic surveys vary between 0 and 13 m/yr, with an
average of 3.8 m/yr. We note that the low-tide terrace is signiﬁcantly coarser (mean grain size ~ 100 mm)
than the foreshore (mean grain size ~ 30 mm), a pattern contrary to the typical observation of ﬁning low-tide
terraces in the region and worldwide. Because this cobble low-tide terrace is created by foreshore erosion,
has been steady over intervals of at least years, is predicted to have negligible longshore transport compared
to the foreshore portion of the beach, and is inconsistent with oral history of abundant shellﬁsh collections
from the low-tide beach, we suggest that it is an armored layer of cobble clasts that are not generally
competent in the physical setting of the delta. Thus, the cobble low-tide terrace is very likely a
geomorphological feature caused by coastal erosion of a coastal plain and delta, which in turn is related to
the impacts of the dams on the Elwha River to sediment ﬂuxes to the coast.
Published by Elsevier B.V.

1. Introduction
The formation and form of deltas are dictated by geologic, coastal,
and ﬂuvial forces, including tectonic and glacial setting, tides, waves,
and ﬂuxes of water and sediment (Wright and Coleman, 1973; Wright,
1985). Although the morphodynamic processes of deltas are complex,
humans can alter these processes by directly modifying the delta or its
watershed. Humans have especially disturbed the amount, timing and
location of sediment ﬂux in watersheds, which have caused funda-
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mental changes in the morphology of many deltas (Syvitski et al.,
2005).
Dams are primary causes of reductions in sediment supply to the
coast, resulting in wetland loss, shoreline change, and loss of coastal
biologic productivity (e.g., Stanley and Warne, 1993; Anthony and
Blivi, 1999; Kowalewski et al., 2000; Poulos and Collins, 2002; Frihy
et al., 2008). Dams trap sediment within their reservoirs and may
modify the downstream discharge regime, reducing sediment transport capacities. A clear example of these downstream effects is the
Nile Delta of Egypt, where sediment reductions caused by the Aswan
Dam have induced severe shoreline erosion, reorientation of the
shoreline, and scour and coarsening of the seaﬂoor offshore of the
eroding beaches (e.g., Frihy et al., 2008).
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Here we examine the effects of dams on the sediment budget,
shoreline position and beach morphology of a wave-dominated delta
from a small, mountainous river within a glacial geological setting. We
investigate the beaches of the Elwha River delta, which formed from a
river that originates in the Olympic Mountains of Washington and
passes through two dams on its way to the southern Strait of Juan de
Fuca (Fig. 1a,b). The objective of this work is to characterize rates and
styles of beach change and to evaluate whether these changes have
had signiﬁcant effects on the resulting morphology of this shoreline.
The Elwha River delta is ideal for these studies because its dams have
produced well-recognized reductions in sediment supply (Randle
et al., 1996; Kloehn et al., 2008). Further, the Elwha River delta
shoreline has a mixed-grain size beach setting, owing to its glacial and,
perhaps, sediment supply histories and is thus an important system to
understand owing to the under-representation of mixed grain-size
beaches in the scientiﬁc literature (Buscombe and Masselink, 2006;
Holland and Elmore, 2008). Lastly, the Elwha River is an ideal study
site owing to a pending dam removal project intended to restore
salmon spawning habitat and sediment transport through the lower
river and coastal zone (NPS, 2005; Duda et al., 2008).
2. Regional setting
Glacial processes and coastal evolution are key elements to the
coastal geomorphology of the Strait of Juan de Fuca and Elwha River
delta (Galster and Schwartz, 1990; Shipman, 2008). During the
Vashon glaciation (15,000–20,000 calendar years before present, a),
the Strait of Juan de Fuca was covered with up to 1500 m of the Puget
lobe of the Cordilleran ice sheet, which advanced to approximately the
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present elevation contour of 1150 m along the Olympic Mountains,
while the upper Elwha River valley was incised by alpine glaciers
(Long, 1975; Tabor, 1987; Alt and Hyndman, 1995). These glacial
processes left clear geomorphic features on the landscape, including
thick till and outwash that can reach tens of meters thick and can be
observed throughout the lower Elwha River watershed (Polenz et al.,
2004). Following ice retreat, rapid isostatic rebound of ~ 150 m
occurred between approximately 13,000 and 11,000 a (Mosher and
Hewitt, 2004). The present-day delta region then experienced ~ 50 m
of relative sea level rise beginning about 10,000 a and ending ~6000 a
when relative sea level reached its present position (Dethier et al.,
1995; Mosher and Hewitt, 2004). Galster and Schwartz (1990) and
Mosher and Hewitt (2004) suggest that the shoreline position of the
Holocene Elwha River delta was erosional during the transgression, as
evidenced by drowned littoral spits 3–5 km offshore of the present
delta, but that the delta shoreline position has been relatively steady
since this transgression.
The present-day Elwha River delta lies within a littoral cell
described as extending from Freshwater Bay in the west to its
termination at Ediz Hook (Galster and Schwartz, 1990; Fig. 1b).
Investigation of this littoral cell has focused largely on Ediz Hook,
which serves as a natural breakwater for Port Angeles. Sediment
supply to Ediz Hook is derived from the Elwha River and eroding
coastal bluffs, both of which have been reduced owing to dams on the
river and ~ 5 km bluff armoring between the river and the hook
(USACE, 1971; Galster and Schwartz, 1990). As described more fully
below, the wave regime of this littoral cell is dominated by
northwesterly swell originating from the Paciﬁc Ocean. Although the
waves in this littoral cell are signiﬁcantly smaller than those observed

Fig. 1. Elwha River mouth and delta study area. (a) Regional map showing the Elwha River (ER), the Straight of Juan de Fuca (SJdF), and the location of NDBC 46087 (triangle). (b) The
Elwha River littoral cell including the location of Elwha Dam (dam), Observatory Point (OP), Freshwater Bay (FB), Port Angeles (PA), and the NOAA tidal station 9444090 (star).
(c) The mean high water (MHW) shoreline around the delta based on 1939, 1990, and 2006 aerial photographs. Regions of coastal accretion and erosion between these photos are
color shaded. Flood and erosion control structures, including river levees, shoreline riprap and a wooded seawall, are also shown. Historical locations of the river channel are shown
with stars.
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on the outer coast, the Elwha River delta shoreline is understood to be
wave-dominated owing to the importance of the oblique wave regime
on eastward littoral transport (Galster and Schwartz, 1990). The
region is also mesotidal with a spring tidal range of 2.15 m, and the
tides are mixed, predominately diurnal, using the Defant (1958)
classiﬁcation.
The Elwha River has an 831 km2 watershed that drains the Olympic
Mountains of Washington (Fig. 1a). Two dams were constructed on
the river for hydroelectric power generation, Elwha Dam completed in
1913 and Glines Canyon Dam in 1927, which trap over 90% of the
watershed drainage area (Wunderlich et al., 1994; Duda et al., 2008).
The dams effectively eliminated sediment from moving from the
upper river to the river mouth; estimates are that 13.5 million m3 of
sediment was stored in the reservoir deltas as of 1995. This sediment
is roughly 50% silt and clay and 50% sand, gravel and cobble (Gilbert
and Link, 1995; Childers et al., 2000). Although it is highly likely that
the dams have reduced sediment discharge in the lower Elwha River,
the amount and timing of this reduction is not known owing to an
absence of historic sediment transport measurements in the river
downstream of the dams. However, the Elwha River continues to
erode and redistribute ﬂoodplain sediment below the dams, as
reported from investigations of channel changes with time (Kloehn
et al., 2008; Draut et al., 2008), and sediment from these channel
changes are probably important, and perhaps the only, modern
sources of littoral sediment to the delta.
The present-day Elwha River delta has a sinuous planform much
like, for example, that observed by Wright et al. (1980) for the Jaba
River delta of Bougainville Island, Papua New Guinea. However,
Galster and Schwartz (1990) suggest that this form did not result

solely from river depositional patterns but rather from a combination
of sediment supply from the river, which kept the river mouth beach
position relatively steady during the past 6000 a, and over 1 km of
erosion (parallel to shoreline) of the adjacent coastal bluffs during the
past 6000 a in a strongly unidirectional (eastward) littoral cell.
The beaches of the delta are composed of mixed sediment grain
sizes (sand to boulder; Fig. 2), generally consistent with many of the
Strait of Juan de Fuca beaches (Shipman, 2008). A number of coastal
lakes, which are former river channels abandoned by channel
avulsions (Draut et al., 2008) exist along the shoreline (Fig. 2a). The
beaches of the delta can generally be divided into three reaches: (a)
the steep, cuspate beach west of the river mouth (Fig. 2b), (b) the river
mouth (Fig. 2a), and (c) the beach east of the river mouth that has a
distinct cobble low-tide terrace (Fig. 2d). Erosion control measures
include two river channel levees to prevent property damage from
channel change and ﬂooding (Fig. 1c), ~1 km of beach armoring along
the eastern delta (Fig. 1c, 2c), and a wooden seawall on the far eastern
portion of the delta (Fig. 1c).
Schwartz and Johannessen (1997) provide evidence from aerial
photos that the delta experienced net erosion between 1939 and the
1990s, especially near the present river mouth. This is consistent with
shorelines derived from aerial photo analyses as described below and
presented in Fig. 1c. Oral histories of the delta beaches exist largely
from the Lower Klallam Elwha Tribe, who have lived on and around
the delta for millennia. The oral history of the 20th century describes
losses of land due to erosion and a fundamental change of the low-tide
portion of the beach from being favorable shellﬁsh habitat to a coarsegrained substrate not conductive to shellﬁsh habitat (Reavey, 2007).
This appears to represent an ecological shift from a soft substrate

Fig. 2. Photographs of the Elwha River delta beaches. Inset shows the approximate locations and directions of photos (a–d). Tidal elevations for each photo are shown in the lower left
corner and were obtained from NOAA 9444090. (a) Oblique aerial photo of the river mouth showing the river mouth bar. (b) Example of the mixed grain-size cuspate beach
immediately west of the river mouth. (c) Approx. 1 m diameter riprap placed along the beach west of the river mouth (see Fig. 1c). (d) Example of the beach immediately east of the
river mouth with a mixed grain-size foreshore and cobble low-tide terrace. Photo (a) courtesy of Ian Miller.
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environment suited to benthic infauna to an environment dominated
by kelp and their associated epibenthic communities common to hard
substrates (Shaffer et al., 2008).
3. Materials and methods
3.1. Topographic surveys
The primary method used for data collection was topographic
surveys with Real-Time Kinematic Differential Global Positioning
System (RTK-DGPS). Details of our methods and raw data are provided
in Warrick et al. (2007), and further background on these techniques
can be found in Ruggiero et al. (2005). Here we provide a simpliﬁed
overview of the general techniques, data properties and application to
the Elwha River delta.
Topographic data were obtained from hiking by multiple personnel
with backpack systems consisting of a GPS receiver and mounted
antenna, while data were collected in RTK-DGPS mode and stored in a
handheld controller. Data were corrected for the receiver height of
each person and calibrated into the local geodetic network. Position
accuracy was assessed by duplicating lines with multiple personnel
and data collection over benchmarks. Although the manufacturer's
reported horizontal and vertical accuracies are ±3 cm and ±5 cm,
respectively (Trimble Navigation Limited, 1998), we found maximum
root mean squared (r.m.s.) errors during surveys of 10 cm, which is
consistent with Ruggiero et al. (2005) and Sallenger et al. (2003) for
these techniques.
Topographic data were collected along proﬁle lines that are
regularly spaced at 25 m and perpendicular to the shoreline (Fig. 3).
Actual line coverage and spacing varied for each survey owing to ﬁeld
conditions including the availability of personnel and equipment, and
weather and tidal conditions. Lines were generally hiked from the
upper portion of the beach berm to as low on the beach face as the tide
and waves allowed (Warrick et al., 2007). The r.m.s. horizontal
difference between the planned and actual lines was 0.82 m for all
data collected.
Topographic surveys have been conducted on a semi-annual basis
in March–April and August–September, which we term the “winter”
and “summer” surveys, respectively. One additional survey of a small
portion of the delta was added in January 2006 after a large storm, for
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Table 1
Summary of the Elwha River delta topographic surveys.
Survey number

Date

Number of surveyed proﬁle lines

1
2
3
4
5
6
7

Sept. 2004
March 2005
Aug.–Sept. 2005
Jan. 2006
April 2006
Sept. 2006
April 2007

38
61
73
41
110
141
137

which erosion and coastal ﬂooding was reported for the region
(Table 1).
We have also conducted bathymetric surveying with echosounders and bathymetric sidescan sonar from water craft (Warrick
et al., 2008; Cochrane et al., 2008), but these data were not collected as
consistently as the topography and are used to evaluate the shape and
changes of the river mouth bar (publication forthcoming) and
nearshore seaﬂoor type and habitats (Warrick et al., 2008).
Some of our results are plotted along with topographic data
provided by the Puget Sound LIDAR Consortium, which collected
airborne light detection and ranging (LIDAR) data of the study area in
2001. These LIDAR topography data are in the public domain and
available at http://pugetsoundlidar.ess.washington.edu/. Here we
present these data as hill-shaded slope maps of the terrestrial portion
of the study area, and note that the data were used along with a 1994
georeferenced aerial photograph from the Washington State Department of Natural Resources (cf. Draut et al., 2008) to evaluate breaking
wave angles along the delta shoreline.
3.2. Grain-size analysis
Sediment grain size was observed to vary from sand to boulders
around the delta (Fig. 2), and an attempt to characterize some of this
variation was conducted by sampling surﬁcial sediments by the
Cobble Cam digital photograph technique (Warrick et al., in review).
Digital photographs were obtained every 1 m along a transect
perpendicular to the shoreline using a camera mounted on an
aluminum arm extended horizontally ~0.5 m from a survey tripod.
Mean camera distance from the ground was ~1.2 m, although spatial

Fig. 3. Field work locations for the Elwha River delta, which is divided into three regions (West, River Mouth, and East) as shown in blue. RTK DGPS topographic survey lines from the
April 2006 survey are shown in yellow. Also identiﬁed are the example proﬁles for the three regions (red circles; see Fig. 4), sediment samples (orange circles; see Fig. 13), and nonsystematic shoreline change (green circles; see Fig. 8). The mooring site for the ADCP is shown with a star. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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scale in each photo was assessed with a ruler placed in the ﬁeld-ofview. Care was taken to obtain all photos in a direction nadir to the
ground surface. Topographic information for each photo was collected
by having an RTK-DGPS surveyor record a position while standing
directly in the center of the previous photo location. Photos were
obtained along 3 survey lines in the eastern portion of the delta (Fig. 3).
Grain size for each photograph was evaluated using the autocorrelation technique of Rubin (2004) calibrated with information
from actual clast measurements from the Elwha River delta beach
(Warrick et al., in review). Comparison of the estimated mean grain
size from autocorrelation and measured grain size on 19 samples
revealed that linear regression r2 was 0.94 and r.m.s. error was 19%
with no signiﬁcant bias.
3.3. Wave and tide measurements
Owing to the general lack of historical wave observations for the
Strait of Juan de Fuca, we measured wave conditions for several
months immediately offshore of the river mouth. Waves were
measured using an 1200 kHz RD Instruments (RDI) acoustic Doppler
current proﬁler (ADCP) installed on a bottom mounted tripod at 10 m
water depth from January 26 to May 2, 2006 (Fig. 3). Directional
waves were measured during 20 minute bursts at 2 Hz every hour.
Summary wave statistics, including signiﬁcant wave height, dominant
wave period, and direction of the dominant wave period (Komar,
1998), were generated for each hourly observation using the RDI
Wavesmon program (RDI, 2008).
Wave measurements were compared to observations from the
NOAA's National Data Buoy Center's (NDBC) Station 46087 (Neah Bay,
Washington; Fig. 1a). Wave statistics for buoy 46087 were measured
hourly and obtained from the historical data archives available at the
NDBC website (http://www.ndbc.noaa.gov/; accessed June 18, 2008).
Tidal observations were obtained from the NOAA tidal gauge at
Port Angeles (Station 9444090; Fig. 2b). The measured stage,
predicted stage, and constituents of the 18.6-year tidal epoch are
available for this station from the NOAA Center for Operational
Oceanographic Products and Services website (http://www.co-ops.
nos.noaa.gov/index.shtml, accessed on June 18, 2008).

(Fig. 4). We constructed MHW shorelines by digitizing the mid-point
between the waterline or low-tide terrace transition and the berm
crest. Maximum error in the digitization is 20 m, which is the
maximum distance between the interpreted shoreline and the lowtide terrace, water surface, or berm crest.
Total error in the shoreline comparison can be assessed by
combining the uncertainties of the DOQ registration and the shoreline
digitization (Gaeuman et al., 2003; Hapke and Reid, 2007). If the
uncertainties are not independent, the worst case error is equal to the
sum of all uncertainties, or 56 m for the worst case comparison of 1939
to 2006. However, because registration and digitization errors should
be independent, they can be combined by summing in quadrature, i.e.,
the root sum of the squares (Draut et al., 2008). This results in a
maximum error of shoreline position of 22 m, and a worst-case
shoreline change detection limit of 42 m. We note that this value is
highly conservative owing to the use of a maximum digitization error.
4. Results
4.1. Shoreline and beach proﬁle change
4.1.1. Shoreline change from aerial photos
Coastal changes from orthophoto shoreline analysis exceed the
maximum uncertainty for these techniques along most of the delta

3.4. Coastal change analyses
Seasonal to multi-annual coastal change was assessed with the
topographic data discussed in Section 3.1 above. Decadal-scale
changes were assessed with historical digitally orthorectiﬁed quadrangles (DOQs) of the delta from 1939, 1990, and 2006. A detailed
summary of the DOQs and their spatial registration error is provided
by Draut et al. (2008). The 1939 photograph is a US Army Corps of
Engineers aerial photo obtained at ~ 1:30,000 with registration error
of ~11 m. The 1990 aerial photo is a black and white U.S. Geological
Survey (USGS) DOQ of the Angeles Point quadrangle with 1 m pixel
resolution and a reported horizontal r.m.s.e. of 2.4 m. The most recent
photo is a 2006 color DOQ from the U.S. Department of Agriculture's
National Agriculture Imagery Program (NAIP). This image has 1 m
pixel resolution and reported horizontal accuracy of within ±5 m.
Schwartz and Johannessen (1997) suggested that the clear
transition between the foreshore and the low-tide terrace, which
occurs at an elevation of approximately 0.5 m local mean lower low
water (MLLW) (see Fig. 2d), could be used to identify shoreline
position. Unfortunately this transition does not exist for the entire
study area considered here, was probably subaqueous in the 1939
DOQ (an accurate time of acquisition for this image has not been
identiﬁed), and was approximately at the water line in the 1990 DOQ
(predicted tide = 0.3 m MLLW with approximately 0 to 1 m of wave
run-up). Thus, shoreline digitization was conducted by interpreting
the Mean High Water (MHW, equivalent to 1.926 m MLLW) shoreline,
which is found to lie near the center of the 20–40 m-wide foreshore

Fig. 4. Example time-series of topographic proﬁles from the three regions of the Elwha
River delta beach. Proﬁle locations shown in Fig. 3. (a) West of river mouth, (b) River
mouth, and (c) East of river mouth.
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(Fig. 1c). Erosion has been greatest along the beach east of the present
river mouth, where it ranged 10 to 160 m during the 67 years between
photos. No discernable change is observed along the beach west of the
river mouth (i.e., along Elwha Dike Road), except for in the vicinity of
the levee built in 1964 (Fig. 1c). Approximately 150 m of accretion was
observed immediately surrounding this levee between 1939 and 1990,
followed by ~ 50 m of erosion between 1990 and 2006 (Fig. 1c). The
location of the river mouth has changed signiﬁcantly too. In 1939
there were two river mouths that were approximately equal in size
(Fig. 1c). Only the western river mouth remained by 1990, because the
eastern channel was abandoned by a river avulsion resulting in the
formation of a coastal lake. The location of the western and present
river mouth has shifted eastward during the observations (Fig. 1c),
which is consistent with interpretations of Draut et al. (2008).
A couple of other patterns of shoreline change can be noted from
the aerial photo analysis. First, although both erosion and accretion
have been observed along the delta shoreline, there has been average
net erosion of 38 ± 7 m between 1939 and 2006, resulting in an
average erosion rate of 0.6 ± 0.1 m/yr, where the uncertainty shown is
the standard error of the mean assuming independent errors in
measurements. Considering only the beach east of the present river
mouth, this average rate of erosion is 0.9 ± 0.2 m/yr. Secondly, the rate
of shoreline erosion for the entire delta has increased signiﬁcantly
from 0.4 ± 0.2 m/yr during 1939–1990 to 1.2 ± 0.2 m/yr during 1990–
2006. An increase in erosion rate is also calculated if only the beach
east of the river is considered, as shown by average erosion rates
increasing from 0.8 ± 0.2 m/yr to 1.4 ± 0.2 m/yr during the two time
intervals. These results are consistent with the aerial photograph
analysis results of Schwartz and Johannessen (1997), which suggest
approximately 44,000 m2 of total land lost to erosion between 1939
and the 1990s. We calculate 43,000 m2 of land lost to erosion during
approximately the same period of time (1939–1990), and an
additional 49,000 m2 of erosion between 1990 and 2006.
4.1.2. Beach morphology and change from topographic surveys
Topographic data from the RTK-DGPS surveys provide insights to
the morphology and changes in the delta. For example, the evolution
of three representative proﬁles is shown in Fig. 4. The beach to the
west of the river mouth has a steep ~40 m wide foreshore (Fig. 4a),
and it is consistently observed to be cuspate (e.g., Fig. 2b). In contrast,

Fig. 5. Comparison of the slope–elevation relationships from summer and winter
topography surveys on either side of the river mouth. Data plotted are the median
(darker color) and two quartiles (lighter colors) of all data in 10 cm elevation groupings.
(a) West of river mouth, and (b) East of river mouth.
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Table 2
Beach characteristics of the Elwha River delta.
Parameter

West beach

East beach,
foreshore

East beach,
low-tide terrace

Mean slope (tanβ)
Berm height (m MLLW)
Foreshore beach widtha (m)
Grain size — beach

0.10
4.8 ± 0.3
~ 40
Mixed
sand–cobble
Sand

0.17
3.8 ± 0.2
~ 20
Mixed
sand–cobble
Mixed
sand–cobble
~1
Reﬂective
Oblique
Erosional

0.02
n.a.
n.a.
Cobble

Grain size — nearshoreb
c

Surf-scaling parameter (ε)
Beach typec
Wave angle
Beach change

~1
Reﬂective, cuspate
Normal
Negligible

Mixed
sand–cobble
~ 20
Dissipative
Oblique
Negligible

The west and east beach sections are divided by the location of the river mouth, and the
east beach foreshore and low-tide terrace division is assessed at 0.5 m MLLW.
n.a. = not applicable.
a
Foreshore beach width is deﬁned to be the horizontal distance between the berm
crest and the MLLW elevation was estimated from the average slope and berm height
values.
b
After Cochrane et al. (2008) and Warrick et al. (2008).
c
After Guza and Inman (1975) and Wright and Short (1984).

the river mouth is characterized by irregular topography resulting
from the main river channel, side-channels, and river mouth bar(s)
(Fig. 4b). The beach east of the river mouth is distinctive owing to its
broad low-tide terrace that is dominated by cobble (e.g., Fig. 2d) and a
~20 m wide foreshore (Fig. 4c).
These differences in the beaches to either side of the river mouth
are observed in a compilation of the slope–elevation relationship
(Fig. 5). Beach slope (β) was calculated along every beach proﬁle at
1 m horizontal spacing by ﬁtting a linear regression through the
nearest 5 m of proﬁle data and is presented throughout this paper as
tanβ. West of the river mouth the beach slope is fairly constant
(tanβ ~ 0.1) for the proﬁles, although steeper slopes (~0.15) with
higher variance occur above ~2.5 m MLLW (Fig. 5a). The eastern beach
consistently has a ﬂat (~0.02) low-tide terrace that transitions to
higher slopes (~ 0.17) at an elevation between 0 and 1 m MLLW
(Fig. 5b; Table 2). Signiﬁcant differences (p = 0.05) between the
slopes of the western and eastern beaches are observed below 1 m
MLLW, where the western beach is much steeper. These topographic
patterns are steady seasonally, and no statistically signiﬁcant
differences (p = 0.05) were observed between winter and summer
slope–elevation relationships for the two regions, as shown by overlap
in the seasonal slope–elevation data (Fig. 5).
Other differences across the Elwha beach include berm crest
elevations, which were calculated from the maximum proﬁle
elevations in the topographic surveys if a clear crest could be
observed, such as for the proﬁle shown in Fig. 4c. A strong spatial
pattern in berm crest elevation existed, with the highest crests
(mean = 4.8 m MLLW) along the western beach and lower crests
(mean = 3.8 m MLLW) east of the river (Table 2). For proﬁle lines with
multiple measured crest elevations in time, mean variation among
these measurements was 0.15 m with a maximum 0.30 m, suggesting
that these elevations were somewhat constant with time.
Temporal changes differed signiﬁcantly along the delta. Little
change was observed in the proﬁles west of the river mouth, where
horizontal differences among proﬁles were generally less than 4 m
(Fig. 4a). This contrasts with the river mouth region where multiple
changes were commonly observed between the surveys, including bar
growth and erosion, main channel movement, side-channel development and ﬁlling, and foreshore and berm development and erosion
(Fig. 4b). The proﬁles east of the river mouth were consistently
erosional (Fig. 4c). Changes in these eastern beach proﬁles consisted
of foreshore erosion with negligible change in the proﬁle below 0.5 m
MLLW (Fig. 4c). Thus, as the foreshore and berm receded, the low-tide
terrace was observed to be steady in elevation and to broaden inland.
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Further, as the berm migrated landward, sediment was deposited
landward of the berm crest (Fig. 4c), an observation consistent with
overwash sediment deposits (i.e., washover) discussed in Section 4.1.3
below.
The results from the example proﬁles above are consistent with the
morphology and change from proﬁles within the three broad regions
of the delta. Comparisons of topographic change over annual to multiannual intervals reveal little to no net change in the western beach,
complex changes in the river mouth, and erosion of the foreshore
along the eastern beach (i.e., above ~ 0.5 m MLLW) and little change in
the eastern beach low-tide terrace.
The rate of erosion between the topographic surveys was assessed
by tracking the horizontal positions of reference elevations for each
proﬁle. Here we show results of the MHW datum (1.926 m MLLW),
because it was present in all proﬁles and it provided a measure of the
shoreline in the mid-foreshore, where high rates of beach change
occurred (cf. Fig. 4). The river mouth is an approximate transitional
boundary between the western beach with relatively negligible multiannual change and the eastern beach that is dominated by erosion
(Fig. 6). West of the river mouth, change in the MHW position over
two years ranged between −3.77 to 2.89 m with a median and mean
of 1.11 m and 1.2 m, respectively (Fig. 6). In contrast, the change of the
MHW shoreline of the eastern beach varied between −24.51 m and
0.67, with a median and mean of −7.74 m and −9.65 m, respectively
(Fig. 6). The greatest rates of erosion occurred near the river mouth
and in the easternmost proﬁles surveyed.
Seasonal comparisons of the MHW shorelines reveal variations in
the rate and location of change, even though fewer data exist to
calculate these rates, with the western beach relatively steady with
time and the eastern beach erosional (Fig. 7). Erosion trends have
been greatest in the three winter seasons and least in the summers.
For example, mean erosion rates for the combined eastern beaches
during winter (− 2.9 m) were over 3 times larger than during the
summer (− 0.9 m; Fig. 7). These winter rates vary by a factor of 3.4 as
they range from −1.5 to −5.2 m, the greatest value occurring during
the 2005–06 winter. Mean winter erosion rate of the western beach
(−1.6 m) is balanced by the mean summer accretion (1.6 m),
resulting in changes that are not signiﬁcantly different from zero
(Fig. 7).
Shoreline change of the eastern beach is not always monotonic in
direction however, as shown by a topographic proﬁle obtained
shoreward of a large coastal lake of the delta (Fig. 8; see Fig. 3 for
location). Consistent with the entire eastern beach, change in this
proﬁle occurs only in the foreshore portion of the proﬁle (Fig. 8).
However, these topographic data show that the proﬁle experienced a

Fig. 6. Total across-shore change of the location of the mean high water level (MHW) in
topographic proﬁles during two years for all available proﬁles with both Sept. 2004 and
Sept. 2006 survey data.

Fig. 7. Mean seasonal across-shore change in the position of the mean high water
(MHW) position on topographic proﬁles grouped by location with respect to the river
mouth (West and East). Only proﬁles with data on all survey dates are included,
resulting in fewer proﬁles (n) than shown in Fig. 6. Shaded regions are the cumulative
standard error of the mean position. Winter seasons emphasized with black bars on xaxis.

period of erosion followed by accretion (labeled 1 and 2; Fig. 8). It is
important to note that the accretion was observed during the period of
time between the special survey added in January 2006 and the
“winter” survey in March 2006. Without the additional January
survey, very little evidence for accretion would have existed in the
topographic data. It is also important to note that the presence of the
coastal armoring along the low-tide terrace (“riprap” in Fig. 8;
photograph shown in Fig. 2c) did not stop the beach from undergoing
these changes.
4.1.3. Further observations of change
Other evidence for coastal change of the Elwha River delta exists in
the morphologic features and in the historical aerial photos. Mixed
sediment overwash deposits are observed throughout the study area,
but especially along the beach east of the river mouth, where this
sediment commonly buries coastal vegetation that does not reestablish in subsequent years (Fig. 9a). A number of changes have been
observed along a large coastal lake of the eastern beach (see proﬁle in
Fig. 8). Along the transition between the foreshore and low-tide
terrace of this section of the beach, a partially unconsolidated silty soil
proﬁle was exposed during spring 2006 (Fig. 9b), immediately
following the largest observed erosion of this region (cf. Fig. 8).
Trees have been dying and eroding from the back-beach into the
foreshore and ocean, presumably from undercutting and/or saltwater

Fig. 8. Non-systematic change along a beach topographic proﬁle along a portion of the
beach backed by a coastal lake (see green circle in Fig. 3 for location). Periods of both (1)
erosion and (2) accretion are observed in the foreshore of this site. The location of the
~ 1 m riprap on the low-tide terrace is also shown. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 9. Photographs showing evidence of shoreline change from the beach east of the Elwha River mouth. (a) Overwash sediment burying shrubs. (b) Exposed partially
unconsolidated silty delta deposits in the lower foreshore. (c) Dead and toppled trees along the beach berm. (d) Tree trunks along beach berm with shoreward bark scoured off the
bottom 40 cm (the green notebook is 20 cm by 13 cm). All photos were taken in May 2006.

intrusion, and those left standing have their lower bark scoured, but
only on the shoreward side (Fig. 9c,d).
These observed changes are consistent with comparisons of the
beach from the 1990 and 2006 orthophotos. For this comparison we
focus on the easternmost beach of the delta, where the observed
changes are greatest (Fig. 10). A number of coastal lakes can be
observed in the 1990 photo, and all of these lakes show reductions in
size in the 2006 photo (Fig. 10). Lake reduction is generally greatest on
the shoreward side of the water bodies, thus suggesting ﬁlling by
overwash deposits rather than inﬂuence of water stage. Almost all of
the trees that backed the beach in 1990 are gone or dead in the 2006
photo (Fig. 10). This cannot be a seasonal effect on foliage as evidenced
by the consistent foliage patterns in the remaining trees of the photos.

wave breaking angles from a 1994 aerial photograph and the 2001
LIDAR survey – both obtained when breaking waves could be easily
observed and when wave crests suggest that northwest direction was
dominating – are shown in Fig. 12. Breaking waves are observed to be
normal (θ ~ 0) on the beach west of the river mouth (labeled “W”),
whereas oblique wave breaking angles (|θ| N0) are consistently
observed along the remainder of the delta. Except for the region
within ~ 300 m of the river mouth (and labeled “R” in Fig. 12), the
breaking wave directions are uniformly downcoast, or toward Puget
Sound (negative values in Fig. 12). Breaking wave angles are especially
steep (N15°) downcoast of the northernmost point of the delta
(labeled “E2” in Fig. 12). Thus, under the dominant northwest wave
conditions, there is probably less potential for longshore transport
west of the river mouth than east of the river mouth.

4.2. Volumetric change and littoral transport
4.2.1. Potential for littoral transport
Above we show that there is consistent evidence for erosion of the
beach east of the river mouth in a littoral cell that has been described
as strongly unidirectional (Wallace, 1988; Galster and Schwartz,
1990). Because there is little evidence for across-shore storage of this
eroded sediment from our echo sounder sonar surveys (Warrick et al.,
2008), eastward littoral drift is a likely pathway for the eroded
sediment. This hypothesis is supported by observations of waves from
the offshore mooring deployed during 2006, which reveal that waves,
whether long-period swell or short-period wind waves, were
dominantly generated from the northwest (Fig. 11). Below we show
that these winter and spring observations of wave direction are
consistent with expected conditions for the remainder of the year.
The northwest wave direction induces variable breaking wave
angles along the Elwha River delta, which in turn will determine the
direction of littoral drift (Komar, 1998). A compilation of measured

4.2.2. Volumetric change and sediment ﬂux divergence
An estimate for the rate of littoral sediment ﬂux divergence from
the delta can be made using the foreshore erosion rates and
morphology. The rate of erosion for the eastern beach averaged
~0.8 m/yr for 1939–1990, ~1.4 m/yr for 1990–2006, and ~ 3.8 m/yr
during our topographic surveys (2004–2006), although it is not
constant in space, as shown by both survey and aerial photo analyses
(Figs. 1, 6). For the eastern beach, the mean cross-sectional change in
the shoreline proﬁle per unit 1 m of erosion is ~ 20 m2, which includes
removal of foreshore sediment and ﬁlling from overwash deposits
(cf. Figs. 4, 8). If extrapolated to the 2-km beach east of the river
mouth, every 1 m of erosion will result in ~ 40,000 m3 of sediment ﬂux
divergence from the beach. Thus, the 0.8–4 m/yr mean erosion rates
reported above correspond to ~ 32,000 to ~ 160,000 m3/yr of littoral
sediment divergence from the eastern Elwha beach. We note that this
rate of sediment loss is probably lower than the total littoral drift,
owing to the possibility of uniform littoral transport rates along the
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Fig. 10. Aerial photographs from 1990 and 2006 of the eastern Elwha River delta beach showing evidence for shoreline erosion and wetland loss.

Fig. 11. Wave and tide statistics for the Elwha River mouth study area. (a–c) Signiﬁcant wave height, dominant wave period, and direction of the dominant wave period from the ADCP
measurements of waves during Jan. 26 to May 2, 2006. Percentages in (c) show the proportion of time waves were in the NW and NE quarters. (d) Histogram of the predicted water
level for Port Angeles, Washington (NOAA 9444090) during an 18.6-yr tidal epoch. Tidal statistics (MHHW, MHW, MSL, MLW, and MLLW) are also shown.
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Fig. 12. Breaking wave angle (θ) along the Elwha River delta during northwest waves as
measured from aerial photo and LIDAR surveys (LIDAR data shown). Positive (+) and
negative (−) angles refer to westward and eastward angles, respectively. Four distinct
regions of the delta are identiﬁed: the western region (W), the river mouth (R), and the
near and far eastern delta (E1 and E2, respectively).

beach balanced by some sediment supply from the river or other
upcoast supplies (cf. Hicks and Inman, 1987).
4.2.3. Application of empirical formulations of littoral drift
The potential littoral drift can also be assessed with empirical
sediment transport relationships and wave, tide and morphological
observations of the delta. A fundamental question we address here is
whether the foreshore and low-tide terrace of the beach east of the
river mouth are predicted to be equally mobile. For this analysis we
note that Van Wellen et al. (2000) report that most longshore
sediment transport formulas for coarse-grained beaches have the
form:
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section of the beach (Fig. 13). The coarsest sediment consistently
exists below 1 m MLLW, where mean grain sizes were 104 ± 44 mm,
and ﬁner-grained sediment exists on the foreshore and berm, (Fig. 13).
These data suggest that there are signiﬁcant differences in the grain
size across the eastern beach and that D50fs/D50ltt is of the order of 0.3.
Thus, if the ratio of afs/altt were unity, Eq. (2) would predict 7–14
times more littoral transport along the foreshore than the low-tide
terrace.
However, a ﬁrst-order assumption provided by Finlayson (2006)
for low-energy, mixed sediment Puget Sound beaches is that littoral
transport is centered approximately on the instantaneous waterline
due to the combined importance of wave breaking and swash on
littoral transport along reﬂective gravel beaches. This is supported by
recent measurements showing the importance of wave-impacts and
swash on sediment transport and morphology of gravel beaches
(Pedrozo-Acuña et al., 2008). Using this assumption, the ratio afs/altt
should be approximately equivalent to the ratio of tidal stage
frequency distribution (Fig. 11d) within each section of the beach
proﬁle. Thus, the ratio afs/altt would be equivalent to ~ 5, resulting in
35–70 times more littoral transport along the foreshore than along the
low-tide terrace using Eq. (2). We acknowledge that there is high
uncertainty in the estimates of a, but even if our estimates were off by
an order of magnitude, this exercise convincingly shows that
signiﬁcantly more sediment transport should be expected along the
foreshore than along the low-tide terrace owing to differences in slope
and grain size.
5. Discussion
5.1. Conceptual model for beach morphodynamics

Q = c0 ð1 + eÞðρs −ρÞ

−1

c1 c2

c3

c4

Hs T ðtan βÞ D50 ½sinð2θÞ

c5

ð1Þ

where Q is the volumetric sediment transport rate, c0 to c5 are
empirical coefﬁcients and exponents, e is the void ratio of the
sediment, ρs and ρ are the densities of sediment and the coastal water,
respectively, Hs is the representative signiﬁcant wave height, T is a
representative wave period, β is the beach slope, D50 is the median
sediment diameter, and θ is the breaking wave angle. Summary
statistics from the beach (Table 2) suggest that many of these beach
parameters vary across the Elwha River delta, and wave and tidal data
(Fig. 11) provide information to assess transport relationships.
To get a ﬁrst-order estimate of the relative transport between the
foreshore and the low-tide terrace of the east Elwha beach (Qfs/Qltt),
we assume that e, ρs, ρ, Hs, T, and θ are equivalent and nonzero, and
consider the two settings as discrete sites (cf. Miles and Russell,
2004):
c3

c4

Qfs = Qltt = ðtan βfs = tan βltt Þ ðD50fs =D50ltt Þ ðafs = altt Þ

The Elwha River littoral cell is dominated by northwest wind
waves and swell (Fig. 11). Although we have only provided wave
observations for the winter and spring, a period of time that western
swell from the Paciﬁc Ocean is largest and has the longest periods
(Tillotson and Komar, 1997), the remainder of the year is also likely to
be dominated by northwest waves. During the summer, wave heights
and wave periods on the outer Washington coast are smaller and wave
generation tends to be much more local (Tillotson and Komar, 1997).
The summer is also when westerly winds through the Strait of Juan de
Fuca tend to be greatest, increasing the likelihood for wave generation
in the Strait (Lange, 1999, 2003). Thus, although wave energy may be
reduced in the summer and fall, the wave directions would continue
to be dominated by the northwest quadrant.
The morphology of the Elwha River delta beaches within this
obliquely-directed wave setting can be separated into two distinct
sections. West of the river, where breaking wave angles are normal to

ð2Þ

where fs is the foreshore, ltt is the low-tide terrace, and a is a
coefﬁcient representing the fraction of total wave energy ﬂux exerted
toward sediment transport on fs or ltt, accounting for the effect of
water level (i.e., tidal stage) and differences in transport not predicted
in Eq. (1) owing to processes such as wave-impact (e.g., PedrozoAcuña et al., 2008). The coefﬁcient c3 is approximately 0.75 to 0.88,
and c4 is −0.25 to − 0.62 (Van Wellen et al., 2000). Thus, the relative
rate of longshore sediment transport between the two morphological
regimes should be proportional to the beach slope, grain size, and the
cross-shore distribution and mode of wave-induced shear stresses,
longshore currents, and wave dissipation.
The beach slopes are shown in Table 2 and, using the average tanβ
for each section, we determined a tanβfs/tanβltt ratio of ~8.5. For
sediment grain-size information, three cross-shore proﬁles were
measured in the eastern beach to characterize the variation across
the foreshore to the low-tide terrace. These measurements reveal that
surﬁcial-sediment grain size is strongly related to elevation in this

Fig. 13. The relationship between sediment grain size and elevation for three acrossshore proﬁles of the beach east of the Elwha River mouth (see Fig. 3 for proﬁle
locations).
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the shoreline, we found the beach to be steep (~0.1 slope), cuspate,
mixed sand-to-cobble grain size, and with a high berm crest (Table 2).
In contrast, the beach east of the river has obliquely breaking waves, a
steep sand-to-cobble foreshore (~0.17 slope), ﬂat cobble low-tide
terrace (~0.02 slope), a distinct transition between these sections at
~ 0.5 m MLLW, and a lower berm crest (Table 2).
These beach characteristics can be classiﬁed into morphodynamic
types with the surf-scaling parameter (ε; Guza and Inman, 1975;
Wright and Short, 1984):
2

2

e = Hb ω = 2g tan β

ð3Þ

where Hb is the wave breaker height, ω is incident wave radian
frequency (ω = 2π/T), and g is the acceleration of gravity. The
foreshore is thus characterized as reﬂective along the entire delta
study area, with ε on the order of 1–2 and surging breakers (Table 2).
In contrast, the eastern low-tide terrace is dissipative (ε ~ 20) with
breakers commonly observed to be plunging to spilling (Table 2).
We also note that the nearshore (−3 to −7 m MLLW) sediment
textures are considerably different between the western and eastern
beaches as shown by Warrick et al. (2008). The nearshore of the
western beach is a continuous body of ﬁne- to medium-grained sand,
and the nearshore of the eastern beach is mixed sand-to-cobble with
overstory Bull Kelp (Nereocystis luetkeana) (Warrick et al., 2008).
The cobble low-tide terrace is fairly unique compared to regional
and global inventories of beaches. Finlayson (2006) shows that four
primary modes of beach morphology exist in the Puget Sound, three
having various kinds of low-tide terraces. However, Finlayson (2006)
shows that Puget Sound low-tide terraces are characteristically ﬁner
(sand) than their respective foreshores (gravel), an observation
consistent with most low-tide terraces of mixed sediment beaches
reported throughout the world (e.g., Masselink and Hegge, 1995;
Mason and Coates, 2001; Jennings and Shulmeister, 2002). Only two
instances of gravel-to-cobble pavement were observed on the lowtide terraces of Puget Sound by Finlayson (2006), which were
associated with rapidly eroding beach segments, an observation
consistent with those at the Elwha River delta.
5.2. Conceptual model for coastal change
The erosion rates reported here are consistent with the reduction
in sediment ﬂux from the Elwha River. Although the rates of river
sediment discharge before and after damming have not been
adequately measured, an order-of-magnitude estimate of the impacts
of the Elwha River dams can be generated by calculating the
sedimentation rate of littoral-grade sediment behind the dams. As
noted in Section 2, Gilbert and Link (1995) found 13.5 million m3 of
new sediment in the Elwha River reservoirs, which equates to an
average sedimentation rate of ~ 170,000 m3/yr during the duration of
the dams. Assuming 25–50% of the sediment falls within the littoral
cutoff diameter (cf. Limber et al., 2008), 40,000 to 85,000 m3/yr of
littoral sediment has been trapped by the dams, values close to the
sediment ﬂux required for the decadal-scale mean erosion rate of
1 m/yr.
A conceptual model for these changes in the Elwha River delta is
shown in Fig. 14. Prior to the dams, the river freely discharged
sediment to the river mouth, resulting in relatively steady shoreline
positions during the late Holocene (~ 5000 a to ~ 1900 A.D.) as
suggested by Galster and Schwartz (1990; Fig. 14a). During this time
the river mouth probably exited at numerous points along the coastal
margin, as evidenced by abandoned channels and coastal lakes in
much of the Elwha River ﬂoodplain (Polenz et al., 2004; Draut et al.,
2008). Due to the oblique wave direction, littoral transport was largely
to the east, except for the beach immediately to the west of the
present river mouth, which accreted 200–300 m from the coastal bluff
(Fig. 14a).

Fig. 14. Conceptual model of the Elwha River delta littoral transport and shoreline
change both (a) before the dams and (b) following damming of the river.

Following dam construction, sediment ﬂuxes in the river were
probably reduced by an order of magnitude, although not completely
extinguished, largely owing to reworking of ﬂoodplain and glacial
deposits (USACE, 1971; Kloehn et al., 2008; Draut et al., 2008; Fig. 14b).
This reduction in sediment resulted in sediment divergence and
erosion of the downdrift beach, which resulted in ~ 100,000 m2 of land
lost from the coastal plain between 1939 and 2006. These kinds of
effects of dams on sediment supply and coastal change are not unique
to the Elwha, but rather are consistent with other deltas worldwide
(e.g., Anthony and Blivi, 1999; Frihy et al., 2008).
Beach changes along the eastern portion of the delta were
observed largely on the foreshore, resulting in broadening of the
cobble low-tide terrace toward land. Retreat of the foreshore is similar
in geometry to the “parallel retreat” end-member of Nordstrom and
Jackson's (1992) inventory of low energy sandy beaches, which are
indicative in turn of longshore sediment divergence. Our ﬁndings are
consistent with these interpretations.
We also found that the rate of erosion and sediment divergence
along the delta increased signiﬁcantly during the observation
intervals. This may be a result of (a) an increase in wave heights
with time in the Strait of Juan de Fuca, such as is suggested for the
outer coast of Washington (Allan and Komar, 2006), (b) gradual (i.e.,
decadal-scale) rather than immediate decreases in the littoral-grade
sediment supply from the Elwha River with time as regulated by
sediment supplies downstream of the dams and river transport of this
sediment (cf. Kloehn et al., 2008; Draut et al., 2008), and/or (c) a
nonlinear relationship between measurement interval length and
erosion rate owing to incompleteness as described by Turcotte (1997,
p.202–208). It is not clear, unfortunately, from the data currently
available, which of these hypotheses may be most important to our
ﬁndings, although future work may be able to evaluate this with
further data collection or analyses.
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As discussed above, we suggest that the low-tide terrace is
primarily an erosional feature consisting of lag clasts that rarely
move. It is not clear whether the clasts are derived from the river and
transported along the foreshore, or from a more local ﬂoodplain
sediment source exposed during erosional events. However, it is
important to note that the low-tide terrace appears to have coarsened
substantially over the 20th Century. Oral histories of the Lower Elwha
Klallam Tribe told to the lead author and documented by Reavey
(2007) describe a low-tide beach along the central and eastern delta
that was sandy and ideal for shellﬁsh collection and harvesting. These
sandy low-tide terrace conditions have not existed since the middle of
the 20th Century.
6. Conclusions
In summary, we have found that the beaches of the Elwha River
delta have distinct geomorphic patterns related to wave exposure and
prior shoreline change on the delta. Because the rate of erosion is
balanced approximately by the storage of littoral-grade sediment
behind the two dams on the river over the same time, there is
reasonable evidence for dam inﬂuence on the sediment budget and
erosion of the delta beach. The cobble low-tide terrace of the eastern
beach appears to be a distinct geomorphic feature caused by this
erosion, due to its unique coarseness, formation from foreshore
erosion, steady elevation proﬁle with time, low potential for transport,
and apparent origin during the 20th Century. Although this effect is
human-caused and modern, we note that the formation of a coarse
low-tide terrace at the Elwha may serve as a modern analogue for
ancient eroding shorelines and deltas.
Although much smaller than many of the world's deltas, the Elwha
River and its delta have responded in similar manners (i.e., erosion
and coarsening) to the larger, and better studied, dammed systems of
the world (e.g., Frihy et al., 2008). One signiﬁcant difference, however,
is that the Elwha River delta beaches will be experiencing an initial
sediment release and long-term sediment restoration from the river
due to dam removals planned during the coming decade. The data and
results presented here should assist with future studies to describe the
amount and rate of change following this unique restoration event.
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