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ABSTRACT
LONG-TERM GEOMORPHIC EFFECTS OF THE GLINES CANYON DAM
REMOVAL ON THE ELWHA RIVER
WASHINGTON, USA
by
Alyssa D. DeMott
June 2021
The Elwha River once provided vital habitat for a variety of salmonid species, but
after two dams were emplaced on the river in the early 1900s, habitat diminished, and
salmon populations declined. From 2011-2014, the dams were finally removed to restore
the Elwha ecosystem. To understand the long-term geomorphic impacts of the Glines
Canyon Dam removal on the Elwha River, I quantified changes in four parameters: inchannel large wood, main channel sinuosity, channel braiding, and sedimentation. Highresolution imagery from 2012-2020 was used to map large wood and digitize main and
secondary river channels, and field surveys were completed at study sites to assess
sediment-size distribution six years after the completion of the dam removal. Analysis of
large wood revealed that the number of individual logs peaked during the dam removal
but decreased after the removal and remained low. Logjam area increased steadily
throughout the eight-year study period while the number of logjams stayed constant,
suggesting that individual logs were recruited into existing logjams over time. Main
channel sinuosity increased during and after the removal. After peaking in 2017,
sinuosity decreased but has yet to return to conditions present before the dam removal.
iii

Channel braiding peaked during the dam removal process, dropped, and remained
relatively consistent for the remainder of the study period, reaching an equilibrium state
that is more braided than before the dam removal. Six years after the completion of the
dam removal, sediment bars contain a mixture of grain sizes, in contrast to the armored,
coarse sediment when the dam was in place or the blanket of fine sediment released
during the dam removal. The results demonstrate the complexity and interconnectedness
of various geomorphic and ecological parameters and suggest that while some
geomorphic parameters may establish a new equilibrium in the years following a dam
removal, others will continue to evolve over longer timescales.
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CHAPTER I
INTRODUCTION
Over the last century, dams have become widespread in the contiguous United
States, leaving many fluvial systems altered by these manmade features (Heinz, 2002;
Burroughs et al., 2009). Dams are constructed for a variety of reasons including, but not
limited to, hydroelectricity, flood control, recreation, general water supply, and irrigation
water storage (Heinz, 2002). Though dams are prevalent worldwide, around 2.5 million
dams have been constructed in the United States alone (National Research Council, 1992;
Burroughs et al., 2009). After the surge in dam construction in the mid-1900s (Heinz,
2002), scientists began to investigate the ways that dams influence riverine ecosystems
and aquatic habitat (Burroughs et al., 2009).
Ecological Impacts of Dams
Today, after decades of scientific investigation, the environmental impacts of
dams are well understood. Reduced sediment and wood transport downstream of dams
can cause lower reaches to undergo many changes. Large wood creates complexity
within a river channel by slowing flow, creating pools, and providing refuge for fish
(Dolloff and Warren, 2003). Some species also rely on large wood for shelter, feeding,
nesting, and spawning (Dolloff and Warren, 2003). When wood transport is blocked by
an upstream dam, this cuts off large wood input downstream, thus changing the channel
form and complexity while also taking away vital fish habitat. Dams also cause
downstream changes in channel pattern where naturally braided rivers transform into a
more single-channel pattern (Ligon et al., 1995). Lack of complexity and single-channel
incision can disconnect a channel from the floodplain. Hydrologic studies have found that
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compared to unregulated stretches of river, stretches regulated by large dams have 79%
less active floodplain area (Graf, 2006). This not only affects the groundwater hydrology
along these reaches, but also the riparian habitats which serve many functions in an
ecosystem, like providing habitat for wetland species and altering flow, sediment
transport, and nutrient transport (Bennett and Simon, 2004).
Another notable impact of dam emplacement is the change in river flow,
especially peak flows. When a dam is added to a river system, the flow becomes
regulated, and this generally decreases the peak flow events and increases low flows,
allowing the flowing water to adjust to ambient air temperatures more quickly which can
raise the water temperature above natural levels (Ward and Stanford, 1982; McCartney,
2009). Many aquatic species, particularly salmonids (salmon, trout, and char), require
cool rivers to thrive, 13-18o C being the ideal water temperature for most juvenile and
adult salmonids (Washington State Dept. of Ecology, 2000). Changes in stream
temperatures can affect the survival of salmonids during all life stages (McCullough,
1999). In addition to altering stream temperatures, dams without fish passages create a
barrier for anadromous species, fish that migrate from the ocean into rivers to spawn, and
reduces their available spawning habitat (Pess et al., 2008).
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Project Purpose and Hypotheses
The Elwha River in Washington, USA once had a thriving aquatic ecosystem, but
in the early 1900s, two dams were constructed on the river (Fig. 1). The construction cut
off downstream transport of sediment and wood and created two large reservoirs behind
the dams. When scientists, indigenous peoples, and the public began to recognize the
damage these dams had inflicted on the ecosystem and anadromous fish for nearly a
century, the fight to remove the dams and restore the ecosystem began. After decades of
planning, the two dams were removed from 2011 to 2014. Although researchers have
examined the geomorphic impacts during and immediately following the dam removals
on the Elwha (Gelfenbaum et al.,
2015; Magirl et al., 2015; Randle
et al., 2015; Warrick et al., 2015;
East et al., 2018; Ritchie et al.,
2018), less is known about the
longer-term geomorphic changes
that have occurred on the river in
the years following the
completion of the dam removal.
The purpose of this study was to
assess the long-term geomorphic
impacts of the removal of the
upstream Glines Canyon Dam
(GCD) on the middle reach of the

Figure 1. Watershed map of the Elwha River with
location of dams noted. Study area noted with red line.
Modified from Pess and others (2008).
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Elwha River, which is the reach between the two dams (Fig. 2). The geomorphic
assessment involved quantification of multiple parameters over an eight-year study
period (2012-2020), including large wood, main channel sinuosity, and channel braiding,
as well as 2020 field assessments of sediment-size distribution on the study reach.
I hypothesized that logjam area and channel sinuosity would initially increase
after the dam removal, but the rate at which these parameters increase would slow over
time. I also hypothesized that the increases in these parameters would promote sediment
bar formation, and the sediment-size distribution in the study reach would increase
compared to 2014. I expected that large wood presence would cause sediment to
accumulate, creating sediment bars near large logjams, and that log recruitment and
logjam growth over short timescales would cause increased sediment trapping and
accumulation near large wood.
Significance
Large dam removals are a relatively new phenomenon, and the rate of dam
removals has only increased in the last few decades (Foley et al., 2017). Despite the
growing number of dam removals happening across the United States, research focusing
on the long-term geomorphic impacts of dam removals is lacking. This study will fill a
gap in knowledge because the geomorphological literature currently focuses on the shortterm impacts of dam removals.
On the Elwha River, channel migration has continued since the dam removal,
washing out a road and closing two campgrounds in Olympic National Park. This sort of
property destruction could happen on other rivers after dam removals, and both public
and private property may be vulnerable to damage.

4

Figure 2. Middle reach of the Elwha River with study locations. Black boxes denote the
five sediment survey sites for this study, and the location of the former Glines Canyon
Dam is represented by a red marker. White crosses represent distance markers measured
from the former Glines Canyon Dam site. Study site locations are overlain on a GigaPan
image from February 2020. GigaPan image from Andy Ritchie/United States Geological
Survey (USGS)/National Park Service (NPS).
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Understanding both short-term and long-term channel evolution after the Glines Canyon
Dam removal can help to forecast the changes that may occur after future dam removals.
This information could assist planners and engineers in mitigating damages to property.
Because the goal of the Elwha River Restoration project was to restore the Elwha
ecosystem and improve habitat for anadromous fish, a detailed assessment of the
geomorphic impacts of the dam removal could be useful for biologist and ecologists
studying the Elwha. Because channel morphology and aquatic habitat are interconnected,
understanding changes in channel morphology, especially changes in large wood, could
help scientists better understand how aquatic habitat is evolving after the dam removal.
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CHAPTER II
BACKGROUND
Geologic Setting
The Elwha River of northwestern Washington State runs north from the Olympic
Mountains to the Strait of Juan de Fuca (Fig. 1). The Olympic Mountains are composed
of Eocene to Miocene metasedimentary and igneous rocks (Tabor, 1978; Brandon et al.,
1998; Draut et al., 2015; Warrick et al., 2015), and tectonic activity along the Cascadia
subduction zone causes vertical uplift to occur in the region (Brandon et al., 1998;
Montgomery and Brandon, 2002; Warrick et al, 2015). Glacial processes have also
shaped this landscape. Continental ice sheets and alpine glaciers scoured the region
during the Quaternary, creating abundant glacial outwash alluvium in the region
(Easterbrook, 1986; Porter and Swanson, 1998; Mosher and Hewitt, 2004; Polenz et al.,
2004). The middle reach of the Elwha River is dominated by Holocene alluvium and
landslide deposits with some units of glacial till and late Pleistocene alluvium (Polenz et
al., 2004). While the Elwha River is bounded by bedrock units in some areas, the
majority of the study reach is alluvial floodplain (Draut and Ritchie, 2015).
Because the Elwha River is located on the Olympic Peninsula, the region
experiences high amounts of precipitation. The elevation and climate of the region causes
the Elwha watershed to receive a combination of rain and snow during the winter, and
high flow events occur primarily during winter and spring (Duda et al., 2011; Warrick et
al., 2015). Summer months are relatively dry, making low flows more common from July
to September (Duda et al., 2011; Warrick et al., 2015). Seasonality and discharge
fluctuation on the Elwha River will be considered in this study.
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Elwha River Restoration Project
The Elwha River once supported a diverse aquatic ecosystem and was home to an
impressive variety of anadromous salmonid species including chinook, chum, coho, pink
and sockeye salmon, as well as steelhead, cutthroat throat, bull trout, and Dolly Varden
(Wunderlich et al., 1994). When the Elwha and Glines Canyon Dams were emplaced on
the Elwha River in the early 1900s, many geomorphic and ecological changes arose that
damaged fish habitat, and subsequently fish populations. Aside from blocking fish from
migrating upstream, the dams blocked gravel and wood transport downstream which left
fish with inadequate substrate for their spawning process, and reduced channel
complexity, thus degrading fish habitat (Wunderlich et al., 1994; Pess et al., 2008). Like
many dams around the world, the reservoir formation behind the dams promoted heat
storage which raised the water temperatures in the downstream reaches during late
summer and early fall (Wunderlich et al., 1994), and as noted previously, salmonids
require cool water temperatures to thrive. Overall, the dams reduced salmonid habitat by
90% (Pess et al., 2008).
After years of advocacy from indigenous peoples, environmental groups, and
other stakeholders, Congress passed the Elwha River Ecosystem and Fisheries
Restoration Act in 1992 (Wunderlich et al., 1994; Gelfenbaum et al., 2015; Magirl et al.,
2015). The passage of this act allowed the United States Department of the Interior to
purchase the two hydroelectric dams so they could be removed (Randle et al., 2015). The
aim of the act was to restore the riverine ecosystem and the native fisheries by either
adding fish passages to the existing dams, or by removing both dams (Wunderlich et al.,
1994). Ultimately, it was decided that the dams needed to be removed. After decades of
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planning, the dam removal project began in September 2011. The upstream dam, the
Glines Canyon Dam, stood at 64 m high and Lake Mills, an impoundment reservoir,
formed behind it (Fig. 1). The Elwha Dam was 32 m tall and behind the dam was Lake
Aldwell (Fig. 1). Because of the quantity of sediment stored in the two reservoirs, an
incremental dam removal process was used to avoid massive sediment pulses from
damaging the downstream reaches; this staged removal allowed for the river to slowly
erode impoundment sediment, gradually reducing the reservoir material, and transporting
it downstream (Randle et al., 1996; Magirl et al., 2015). The Elwha Dam was fully
removed in May 2012 while the Glines Canyon Dam removal was not completed until
August 2014.
Geomorphic Impacts of Dam Removals
To understand the geomorphic changes that occur downstream of a dam removal,
the changes in morphology that happen in the impoundment reservoir upstream of the
dam must also be acknowledged. Channel evolution models (CEM) illustrate the
observed morphological changes that occur after dam removals (Simon and Hupp, 1986;
Doyle et al., 2002; Pizzuto, 2002; Doyle et al., 2003; Wildman and MacBroom, 2005).
By comparing Simon and Hupp’s (1986) CEM and their own field observations, Doyle et
al. (2002) created a six-stage CEM for upstream reservoirs after dam removals. Stage I of
the CEM occurs before a dam removal when geomorphic conditions upstream of the dam
are stable. Stage II represents the immediate conditions after a dam removal when water
level is lowered, but there have not been any significant sediment disturbances in the
impoundment material. Stage III is rapid incision of the impoundment material. Stage IV
is a widening of the channel through mass wasting of the channel banks in response to
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incision. Stage V is increased sediment deposition downstream of the reservoir from the
upstream degradation. Because this stage involves deposition, the depth of the
downstream channel bed often decreases, therefore decreasing the channel bank height
and halting mass wasting and channel widening. The final stage is semi-equilibrium
when deposition has slowed down, and a more stable channel has been established. This
stage often involves vegetation development on the stable sediment (Simon and Hupp,
1986; Doyle et al., 2002). The final stage of this CEM will be the focus of this study.
Morphologic shifts also occur downstream of dam removal sites from changes in
erosion, sediment transport, and deposition triggered by changes in the upstream
reservoir. After a dam removal, impoundment sediment deposition in downstream
reaches can decrease channel depth which can cause width-to-depth (w/d) channel ratio
downstream of a dam site to increase (Doyle et al., 2003; Burroughs et al., 2009). In
some cases, these changes are only temporary, and the channel morphology may return to
its initial state within months of the removal (Doyle et al., 2003). Sediment pulses from
the impoundment area also cause pools in the downstream reaches to fill with sediment
that is typically finer than the normal bed material (Harris and Evans, 2014; East et al.,
2015; Zunka et al., 2015; Foley et al., 2017; Major et al., 2017).
The influx of sediment during the dam removals on the Elwha filled in pools, thus
smoothing the channel bottom (Ritchie et al., 2018). Deposition of new sediment
downstream of dam removals can also cause increased channel braiding, which is often
short-lived because the channel can incise through this new material rather quickly
(Pearson et al., 2011; Wilcox et al., 2014; East et al., 2015; Foley et al., 2017). Because
dams are removed using different techniques, in some cases, this channel incision can

10

take longer, on the order of years rather than days or months (Foley et al.; 2017; Major et
al., 2017). Rapid dam removals often result in rapid channel response and stabilization,
while incremental dam removals allow the river to respond and stabilize over longer
timescales (Grant et al., 2015; O’Connor et al., 2015). Changes in sinuosity, as well as
channel braiding, can also be attributed to deposition of large wood in downstream
reaches after a dam removal (Ritchie et al., 2018). Although the morphologic changes
that occur downstream may differ for various river systems, alluvial rivers often undergo
changes in channel morphology, deposition of impoundment material, channel braiding,
and sinuosity, making these parameters relevant characteristics to investigate over longer
time periods.
Substrate-size is another parameter that often changes following the release of
upstream impoundment sediment. In the Pine River, a slight increase in substrate-size
occurred downstream after the dam removal; however, this was attributed to the
degradation of the various sedimentary layers from the impoundment area because the
impoundment sediment became coarser with depth (Burroughs et al., 2009). In the
Baraboo River, a flux of fine sediment and sand downstream following the dam removal
was recorded, but the sediment did not stay in the channel, and the deposition was only
temporary (Doyle et al., 2003).
On the Elwha River, researchers recorded a fining of substrate downstream after
the dam removal, which the researchers tied to a sediment pulse from the upstream
impoundment (East et al., 2015; Free, 2015). Reservoir sediment studies revealed that at
the time of the dam removal, ~16 million m3 of sediment was stored behind the Glines
Canyon Dam and ~44% of the sediment was silt and clay, while ~56% was sand-sized or
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larger (Randle et al., 2015; Warrick et al., 2015). The substrate-size that aggrades
downstream after a dam removal is dependent on a variety of factors including time and
sediment supply from upstream (Doyle et al., 2003). Investigating sediment-size
distribution in the years following a large dam removal can help us understand how
impoundment material is reworked and transported over time.
Large wood release after dam removals also has an immense impact on
downstream channel morphology. Presence of in-channel wood creates obstructions to
stream flow which can promote scouring in some areas, but can also slow flow velocity,
thus promoting sediment trapping and retention (Cherry and Beschta, 1989; Daniels and
Rhoads, 2003; Brooks et al., 2004; Davidson and Eaton, 2013; Leung, 2019). This
sediment trapping can promote sediment bar or island formation, which drives channel
avulsion and ultimately changes the morphology of a river channel (Montgomery et al.,
1995, 2003; Abbe and Montgomery, 1996; Piégay and Gurnell, 1997; Brooks et al., 2003;
O'Connor et al., 2003; Ravazzolo et al., 2015). Though large wood presence can affect a
river at the reach-scale by creating obstacles that increase sediment storage (Gippel et al.,
1996; Mutz, 2000; Davidson and Eaton, 2013), large wood can also cause small-scale
morphology changes in river channels, like pool formation (Abbe and Montgomery,
1996). Root wads on logs promote scouring which creates pools in the channel bed, and
as the area of the root wads increase, so does pool size (Leung, 2019). These features are
important for aquatic habitat because they provide refuge for anadromous fishes (Abbe
and Montgomery, 1996), which are a significant part of the Elwha River’s aquatic
ecosystem.
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During and immediately following the Glines Canyon Dam removal on the Elwha
River, researchers found that once upstream wood was introduced to the middle reach,
the influx of impoundment sediment increased lateral channel mobility, which promoted
logjam recruitment (Leung, 2019). The increased log recruitment caused logjam area to
increase in this reach of the river (Leung, 2019). Ultimately, the more mobile a channel
is, the more wood it can mobilize, thus promoting logjam growth. Others observed that
the addition of large wood from the upstream reservoir formed obstructions in the
channel, causing flow velocity to decrease which drove sediment deposition in these
areas (Free, 2015). Understanding how in-channel wood affects a river channel can help
us understand what long-term changes we may expect on a river when large wood is
introduced after a large dam removal.
Study Site Locations
Though most of the geomorphic parameters investigated in this study were
measured along the entire study reach, the sediment-size analysis was completed at select
field sites. Five study sites were selected for sediment-size analysis based on
accessibility, sediment bar presence and previous field surveys (Fig. 2). The five sites
were named based on their location along the study reach measured in river-kilometers
downstream of the former Glines Canyon Dam site (Fig. 2). Three of the five study sites
were locations where previous sediment surveys were completed during and immediately
following the dam removal (Free, 2015). If transects establish by Free (2015) were still
accessible at these three study sites, sediment surveys were repeated there in 2020. If not,
new transects were established along existing sediment bars to understand the sediment-
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size distribution across the entire bar. Each individual study site will be described below
based on 2020 observations.
Site km1.75
Site km1.75 is located just downstream of Altair Bridge, 1.75 km from the former
Glines Canyon Dam site (Fig. 3). Transects at this site are located across sediment bars
on both sides of the river. Transects A and B are located on the west side of the river and
run across a small sediment bar that had minimal vegetation and large wood presence
during 2020 field surveys. The other three transects are located on a larger sediment bar
on the east side of the river. Large wood was abundant on this sediment bar in 2020, and
some transects were established near large jams.

Figure 3. Study site km1.75. Black lines represent transects where sediment-size distribution
surveys were conducted for this study. White crosses represent distance markers measured
from the former Glines Canyon Dam site. February 2020 GigaPan image from Andy
Ritchie/USGS/NPS.
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Site km2.50
Site km2.50 is located along a relatively straight reach, 2.50 km downstream of
the former dam site (Fig. 4). In 2020, the main channel ran along the west bank of the
river, while a smaller secondary channel flowed along the east bank, leaving a large
sediment bar in between. Four transects were spread out along a portion of this sediment
bar, which had minimal large wood and some short, sparse vegetation.

Figure 4. Study site km2.50. Black lines represent transects where sediment-size
distribution surveys were conducted for this study. White crosses represent distance
markers measured from the former Glines Canyon Dam site. February 2020 GigaPan
image from Andy Ritchie/USGS/NPS.
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Site km3.25
Site km3.25 is located about 3.25 km downstream of the former dam site (Fig. 5).
At this site, the river contains a large U-shaped bend, and based on 2020 observations,
two main channels are typically active during high flow events, one on the west side of
the valley (the U-shaped bend) and one on the east side of the valley. The eastern channel
is the main channel. The river bifurcates at the upstream end of this site and reconnects at
the downstream end of the site. A large sediment bar in between the two channels did not
contain notable vegetation or large wood, but noticeable sediment-size differences were
present on the bar.

Figure 5. Study site km3.25. Black lines represent transects where sediment-size
distribution surveys were conducted for this study. White crosses represent distance
markers measured from the former Glines Canyon Dam site. February 2020 GigaPan
image from Andy Ritchie/USGS/NPS.
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Site km5.75
Site km5.75 is located near the Madison Falls parking lot, at the National Park
boundary about 5.75 km downstream from the former Glines Canyon Dam site (Fig. 6).
The ~0.25 km-long sediment bar at this site lies on the east side of the river and bears
minimal large wood and some short, sparse vegetation based on 2020 observations. Two
transects were established across the width of the bar in the middle and downstream end
of the bar. The main channel is relatively straight and lacks complexity at this site.

Figure 6. Study site km5.75. Black lines represent transects where sediment-size
distribution surveys were conducted for this study. White crosses represent distance
markers measured from the former Glines Canyon Dam site. February 2020 GigaPan
image from Andy Ritchie/USGS/NPS.
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Site km6.25
Site km6.25 is located farthest downstream, approximately 6.25 km from the
former dam site (Fig. 7). This site is located beyond the park boundary but can be
accessed from public land. Here, the main channel bends to form a wide U-shape, and a
point bar on the east side of the river was surveyed with five different transects.

Figure 7. Study site km6.25. Black lines represent transects where sediment-size
distribution surveys were conducted for this study. White crosses represent distance
markers measured from the former Glines Canyon Dam site. February 2020 GigaPan
image from Andy Ritchie/USGS/NPS.
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CHAPTER III
METHODS
Large Wood Analysis
To quantify changes in large wood in the middle reach of the Elwha River, highresolution GigaPan imagery was used to digitize individual logs and logjams. The
GigaPan imagery utilized for this project was collected by Andy Ritchie of the United
States Geological Survey (USGS). Photographs of the Elwha River were taken with a
Canon D10 camera mounted on an airplane, and images were mosaicked within Agisoft
PhotoScan using structure-from-motion (GigaPan, 2013; Ritchie et al., 2018). Flights
were scheduled during various seasons from 2012-2020 to capture high-resolution
imagery of the river as it evolved. Late winter and early spring imagery was chosen for
the mapping in this project because this time of year typically has relatively moderate
river discharge and minimal tree cover, making it an ideal time to map large wood and
channel morphology. Similarly, late summer and early fall images were used because this
time of year also tends to have moderate to low river discharge. 11 GigaPan images were
mapped in total, spanning an eight-year period from 2012-2020. Ideally, for mapping
channel morphology, it is preferable to have some consistency in discharge. Because
images were taken periodically throughout the year, choosing imagery with the similar
discharge values over an eight-year period proved difficult. Selecting imagery based on
seasonal trends was the best option. The daily mean discharge value was recorded for
each date imagery was collected (USGS, 2020; Table 1).
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Table 1. Elwha River average discharge values for dates when GigaPan imagery was
collected. Discharge data from USGS (2020).
Date

Discharge (ft3/s)

8/10/2012

1030

3/27/2013

1420

3/10/2014

4580

11/21/2015

2060

9/30/2016

274

5/19/2017

1870

9/22/2017

295

3/12/2018

788

9/5/2018

322

3/19/2019

611

2/20/2020

1230

Because the changes in large wood during and immediately after the dam removal
have been assessed in previous studies (Free, 2015), only four images were mapped from
2012-2015. Seven images were mapped for the 2016-2020 timespan.
Individual logs greater than or equal to 1.9 m in length were digitized with
straight polylines using ArcMap (Table 2). This length was chosen based on GigaPan
image resolution and uncertainty in mapping. For consistency, individual logs that were
obscured by vegetation in summer images were not mapped in any images. Digitization
of individual logs was completed for all 11 images. Similar to mapping techniques used
by Free (2015), a group of five or more individual logs touching one another was
considered a logjam. Logjams were digitized at 1:500 scale for every image using
polygons in ArcMap (Table 2). The main body of the logjams, where individual logs
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overlap, was outlined during logjam digitization. Individual logs that extended out from
the main body of the jam were not included in the digitization. Previous studies used
different criteria to map logjams, and logjam digitization included logs that extended out
from the main body of the jam (Leung, 2019), so inconsistencies in the numerical data
are expected.
Table 2. Large wood mapping criteria for this study. Criteria modified from Free (2015).
Log and Logjam Mapping Criteria
1. Mapping completed at 1:500 scale
2. Logs greater than or equal to 1.9 m in length were mapped
3. Logs were mapped as a straight line from end to end, even if log is curved
4. At least 1.9 m of the log must be within mapping boundary
5. Five logs touching one another is considered a logjam
6. Individual logs within logjams were not mapped with polylines
7. Logs and jams under summer leaf-on tree canopy were not mapped
8. Logs along the roadside bank at Madison Falls were not mapped (human
alteration)
9. Logs in heavily forested areas or on heavily vegetated bars were not mapped

Channel Sinuosity and Braiding
Both the main channel and additional active channels were digitized for each
image to quantify changes in channel sinuosity and channel braiding. For this study, the
main channel was defined as the widest channel that appeared to have the most water
flowing in it (Table 3). Any additional channels that actively had water flowing through
them were mapped to quantify channel braiding. Only channels that bifurcate and
reconnect to the main river channel were mapped, meaning tributaries and distributaries
were not considered in the channel braiding calculations (Table 3). Main channel
sinuosity values were calculated for each image by measuring the length of the digitized
main channel line and dividing the length by the straight-line distance of the river valley
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(Hong and Davies, 1979; Equation 1). Similar methods have also been used to calculate
channel sinuosity on the middle and lower reaches of Elwha River (Ritchie et al., 2018).
(1) Sinuosity = Main Channel Length (m)
Straight valley distance (m)
The straight valley distance was calculated by mapping the general shape of the river
valley with a straight line (Equation 1). A geologic map was also used to discern the
general shape of the river valley (Polenz et al., 2004). Sinuosity values were calculated
for all 11 GigaPan images from 2012-2020, and for two Google Earth images in August
2004 and September 2009 to quantify the sinuosity of the Elwha River channel before
and after the dam removal (Table 3).
Table 3. Criteria for sinuosity and channel braiding digitization.
Sinuosity and Channel Braiding Digitization Criteria
1. Mapping completed at 1:1000 scale
2. Only active channels that have water flowing in them when the image was
taken were digitized
3. The center of the channel was digitized
4. Only fully visible channels were mapped
5. Abandoned channels, or channels that end in ponded water were not mapped
6. Active channels must reconnect to main river system—tributaries or
distributaries were not mapped
7. Some form of sediment/bar must separate channels for them to mapped as
different channels

Because there are many ways to calculate channel braiding, from bar and island
indices to channel count indices (Egozi and Ashmore, 2008), two different braiding
methods were employed. The first method was to take the sum of the lengths of all the
channels digitized in each image, known as the cumulative channel length (Table 3).
Each cumulative channel length was also divided by the straight valley length to yield a
braiding index value. Similar braiding methods have been employed by Hong and Davies
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(1979) and Friend and Sinha (1993), where the sum of lengths of the channel “links” or
segments are divided by the reach length (Egozi and Ashmore, 2008; East et al., 2018).
Similar methods have been used to assess channel braiding on the Elwha River before,
during, and immediately following the dam removal (East et al., 2018; Ritchie et al.,
2018). For this study, braiding index values were calculated for all 11 images, and for the
same two 2004 and 2009 Google Earth images.
The second method used to quantify braiding included the creation of transects
every 0.25 km along the entire study reach. These transects span the entire width of the
river. Similar to techniques used by Howard and others (1970) and Hong and Davies
(1979), after transects were defined along the study reach, the number of active channels
crossing each transect was recorded. For each GigaPan image, the average number of
channels along the study reach was calculated. These averages were compared from year
to year as another way to quantify how channel braiding changed over time. The two
main methods used to quantify channel braiding were compared to ensure channel
braiding results were consistent.
Sediment Surveys
To understand surficial sediment-size distribution along the study reach, pebble
counts were completed at five different sites using pebble count methods from Wolman
(1954). Three of the five study sites were locations where sediment surveys were
completed prior to 2015 by Free (2015). If the previously established transects were
accessible, repeat surveys were completed along the same transects. In addition to preexisting transects established by Free (2015), new transects were established on the same
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bars, and across different sediment bars to provide a better picture of sediment-size
distribution at the study sites.
Pebble counts were completed by laying out a tape measure across the established
transect and measuring a surficial sediment clast every 1-meter along each transect.
Sediment was measured to the nearest millimeter, but sediment smaller than 1 mm was
labelled as such because it could not be accurately measured in the field. The goal was to
collect 100 measurements at each transect, so if the established transect was less than 100
m in length, additional measurements were made along parallel transects adjacent to the
original transect (1 m north, 1 m south, 2 m north, etc.) Sediment surveys were completed
in early August and early November of 2020. In addition to the pebble counts, surficial
sediment samples were collected from each transect. For the first field visit, two sediment
samples were collected from each transect. Some repeat sediment samples were collected
on the second field visit to identify any changes in the sediment after high flow events.
Because the pebble counts include all sizes of surficial sediment above 1 mm, the
purpose of the sediment sample collection was to analyze the finer sediment matrix
surrounding the coarse sand, gravel, and cobbles measured in the field.
Camsizer Sample Analysis
Sediment samples were analyzed using the Retsch Technology Camsizer IIP4II.
Before analysis, samples were dried and split; the sample volume for this instrument
ranges from <20 mg to 500 g (Microtrac Retsch GmbH, 2021), so large samples are not
necessary for the analysis. The Camsizer uses digital image processing that allows the
sediment samples to slowly move past two cameras that capture shape parameters for
each grain at a rate of 60 frames per second (Miller and Henderson, 2010). All sediment
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samples were run through the instrument, and particle size, shape, and area were recorded
for each grain. These data were recorded and exported into Excel for analysis. Percent of
passing sediment was plotted versus size class, and data for each study site were
compared.
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CHAPTER IV
RESULTS
To better understand how the study reach has evolved over the study period, the
results of each geomorphic parameter are presented, starting with the imagery analysis,
which included large wood, main channel sinuosity, and channel braiding analyses. These
results are followed by the results of the sediment analyses, which are organized by site
location (upstream to downstream).
Large Wood Analysis
Both individual logs and logjams were digitized in ArcMap to quantify changes in
large wood from 2012 to 2020. All large wood digitization figures are included in
Appendix A. In August of 2012, prior to the first major release of sediment from the dam,
the individual log quantity was ~400 (Fig. 8). This was the lowest number recorded
during the study period (Fig. 8). This quantity quickly surged to its highest point (~1860
logs) in March of 2013, following the initial sediment release in October 2012 (Fig. 8).
By March of 2014, the number of individual logs went back down to ~720 logs, and then
fluctuated between ~1000 and ~500 logs for the next five years (Fig. 8). In 2020, the
quantity of individual logs reached the lowest value since 2012 (Fig. 8). The pattern in
individual logs shows a low quantity in the early stages of the dam removal followed by a
large spike (Fig. 8). This spike was then followed by a five-year fluctuation in individual
logs before the individual log quantity returned to a low value, close to its initial 2012
value, in 2020 (Fig. 8).
Logjam quantity was lowest (11 logjams) in 2012, during the early stages of the
dam removal process (Fig. 9). This was followed by a spike in the number of logjams in
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March of 2013 when the quantity reached 86 jams (Fig. 9). For the next six years, the
logjam quantity fluctuated between 73 and 98 jams (Fig. 9). In September of 2017, the
fluctuations became less pronounced and in 2019, logjam quantities leveled off to ~90
logjams (Fig. 9). In 2020, this value only decreased by two jams (Fig. 9).
Logjams were digitized with polygons in ArcMap, so logjam area could be
quantified for each jam. The sum of the logjam area values was calculated for all 11
GigaPan images. The pattern in the sum of logjam area values is a straightforward one. In
2012, the sum was the lowest at ~3000 m3 (Fig. 10). The sum of logjam area values
increased linearly until the end of the study period in 2020, when the sum was ~25,300
m3 (Fig. 10). In 2017, the sum of logjam area values deviated slightly from the linear
trend, but the overall trend from 2012 to 2020 shows a consistent increase in the sum of
logjam area values (Fig. 10). Figures 11 and 12 show large wood mapping at two
locations that experienced significant changes in large wood over time.

Figure 8. Individual log quantity and Elwha River discharge over study period. Gray dashed lines
denote important events in the dam removal process. Blue circles represent dates when river discharge
was moderate or high. Orange diamonds represent dates when river discharge was notably low.
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Figure 9. Logjam quantity and Elwha River discharge over study period. Gray dashed lines denote
important events in the dam removal process. Blue circles represent dates when river discharge was
moderate or high. Orange diamonds represent dates when river discharge was notably low.

Figure 10. Sum of logjam area values for each date and Elwha River discharge over study period. Gray
dashed lines denote important events in the dam removal process. Blue circles represent dates when
river discharge was moderate or high. Orange diamonds represent dates when river discharge was
notably low.
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A 08/10/2012

B 03/27/2013

C 09/22/2017

D 02/20/2020

Figure 11. Stretch of the middle reach ~4 km downstream of the former Glines Canyon Dam site
that underwent notable changes in large wood quantity and distribution over the study period.
Large wood digitization from four dates during the study period overlain on GigaPan imagery
from the corresponding dates. White crosses represent distance markers measured from the
former Glines Canyon Dam site. Imagery from Andy Ritchie/USGS/NPS.

29

A 08/10/2012

B 03/27/2013

C 09/22/2017

D 02/20/2020

Figure 12. Stretch of the middle reach ~2 km downstream of the former Glines Canyon Dam site
that underwent notable changes in large wood quantity and distribution over the study period.
Large wood digitization from four dates during the study period overlain on GigaPan imagery
from the corresponding dates. White crosses represent distance markers measured from the former
Glines Canyon Dam site. Imagery from Andy Ritchie/USGS/NPS.

Channel Sinuosity
The trend in sinuosity was a relatively inconsistent one from 2012 to 2020.
Channel sinuosity was lowest in 2012 at ~1.13 (Fig. 13). A slight increase occurred in
2013 when the sinuosity reached a value of 1.16 (Fig. 13). This was followed by a dip in
2014 when the sinuosity decreased to ~1.15 (Fig. 13). The period from 2012 to 2014 was
also characterized by relatively low peak discharge values compared to the rest of the
study period (Fig. 13). After 2014, the sinuosity gradually increased and then peaked in
September of 2017 when it reached ~1.19 (Fig. 13). Following this peak, the sinuosity
decreased slightly and levelled out to ~1.17 from March of 2018 to March of 2019 (Fig.
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13). Sinuosity then decreased to one of its lowest points, ~1.15, in 2020 (Fig. 13). Figure
13 also includes two sinuosity data points from before 2012. These data points provide a
baseline for what channel sinuosity on the Elwha looked like before the Glines Canyon
Dam removal. Sinuosity was calculated for August 2004 and September 2009 using
Google Earth. These data points plot between ~1.12 and 1.13, like the 2012 sinuosity
value (Fig. 13). Figure 14 shows the straight-line digitization of the study reach used for
sinuosity calculations. Figure 15 shows the main channel sinuosity digitization for all 11
images. Main and secondary channel digitization figures are included in Appendix B.

Figure 13. Main channel sinuosity for each date and Elwha River discharge over the extended study
period. Gray dashed lines denote important events in the dam removal process. Open circles represent
dates when digitization was completed with Google Earth (2020). Blue circles represent dates when
digitization was completed with GigaPan imagery during moderate or high river discharge. Orange
diamonds represent dates when digitization was completed with GigaPan imagery during notably low
river discharge.
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Figure 14. Main channel sinuosity digitization for February 2020 and straight-line
distance of the river used for sinuosity calculation overlain on GigaPan image from
the corresponding date. White crosses represent distance markers measured from the
former Glines Canyon Dam site. GigaPan image from Andy Ritchie/USGS/NPS.
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Figure 15. Main channel sinuosity digitization for all 11 dates mapped during the
study period. Sinuosity lines are overlain on a February 2020 GigaPan image from
Andy Ritchie/USGS/NPS. White crosses represent distance markers measured from
the former Glines Canyon Dam site.
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Channel Braiding
The first method used to quantify channel braiding utilized the braiding index
calculation. The braiding index in August of 2012 was ~1.71, a relatively low value (Fig.
16a). In 2013, the index increased to ~2.90; this was during the dam removal (Fig. 16a).
In March of 2014, the year the dam removal was completed, the braiding index lowered
to 2.16 (Fig. 16a). From this point on, the braiding index generally stayed around 2.002.16, except for two points in September of 2016 and 2017 (Fig. 16a). For these two data
points, channel braiding was significantly lower (1.69 and 1.82) (Fig. 16a). During these
two periods, stream discharge on the Elwha was unusually low (Fig. 16a; Table 1). These
unusually low discharge points are denoted with orange diamonds for all plots (Fig. 16a).
Aside from these two points, the braiding index does not stray far from a braiding index
of 2.00, and the 2018, 2019, and 2020 braiding index values all plot between 1.99 and
2.08 (Fig. 16a). Figure 16a also includes the two data points from before 2012 from
Google Earth digitization. The 2004 and 2009 data points plot at 1.76 and 1.62,
respectively (Fig. 16a). This shows a consistent trend in channel braiding before the dam
removal.
The alternative method for calculating channel braiding was the transect method.
This method yielded the average number of channels along the study reach for the 20122020 study period (Fig. 16b). This method resulted in a similar trend in channel braiding.
It should be noted the numerical values for this method are not braiding index values,
they are the average number of channels for the transects along the study reach. The 2012
image resulted in a value of 1.5 (Fig. 16b). Values increased to 2.28 and 2.50 in 2013 and
2014, respectively (Fig. 16b). 2014 represented the peak in braiding (Fig. 16b). The
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average number of channels decreased to 1.72 in 2015 (Fig. 16b). Values stayed
relatively consistent, fluctuating between 1.64 and 1.75, from 2015 to 2020; however,
like the braiding index plot, there are two low values in September of 2016 and 2017, the
2016 point being drastically lower (Fig. 16b). Again, these two points were also periods
of unusually low discharge (Fig. 16b; Table 1). From early 2018 to 2020, channel
braiding saw little to no change (Fig. 16b).

A
Figure 16. (A) Braiding index values for
each date and Elwha River discharge
over the extended study period. Open
circles represent dates when digitization
was completed with Google Earth
(2020). (B) Average number of channels
along the study reach for each date and
Elwha River discharge over the study
period. For A and B, gray dashed lines
denote important events in the dam
removal process, blue circles represent
dates when digitization was completed
with GigaPan imagery during moderate
or high river discharge, and orange
diamonds represent dates when
digitization was completed with
GigaPan imagery during notably low
river discharge.

B
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Sediment-Size Distribution
Pebble counts were completed along transects at five different sites in August of
2020. Three of these sites (km1.75, km3.25, and km6.25) were sites where sediment-size
distribution data was collected before 2015 by Free (2015). At these three sites, sediment
data from 2020 field visits were compared to data collected in 2012 and 2014. Repeat
pebble counts were also completed at four of the five sites in November of 2020, and
sediment data from the first and second field visits were compared. Table 4 summarizes
the results of these sediment surveys and includes the average D84 values for each site.
Figures 17, 20 and 22 show the sediment-size distribution data from the August 2020
field survey, as well as 2012 and 2014 data from Free (2015). Figures 18, 19, 21, 23 show
the sediment-size distribution data for both 2020 field surveys. Figure 24 shows a
comparison of 2012 data collected by Free (2015) during the dam removal, but before the
fine sediment release, and 2014 data collected by Free (2015) immediately following the
completion of the dam removal.
Camsizer Sample Analysis
Because the sediment-size distribution data includes all surficial sediment along
the transects from 1mm to boulder-sized, sediment samples were only collected for the
“matrix” sediment. The finer sediment beneath and in between the larger clasts was
collected for particle size analyses. Particles between 0 mm and 100 mm were measured
with the Camsizer instrument. There were no clear patterns in the matrix sediment
between study sites; however, all sites showed an irregular distribution of sediment sizes
within the sites (Appendix C). Matrix sediment size was not homogenous along an
individual sediment bar, or even along a particular transect in some cases (Appendix C).
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Table 4. D84 values for each sediment survey transect from this study and average D84
values for study sites surveyed before 2015 by Free (2015).
Site

D84 Values for Sediment-Size Distribution Surveys (mm)
Site
Average

Transect
A

Transect
B

Transect
C

Transect
D

Transect
E

Transect
G

9/2012
(Free,
2015)

612

-

-

-

-

-

-

8/2014
(Free,
2015)

44

-

-

-

-

-

-

8/2020

198

98

212

-

262

256

160

11/2020

220

98

240

-

282

308

174

8/2020

159

180

88

208

158

-

-

11/2020

146

134

92

198

160

-

-

9/2012
(Free,
2015)

226

-

-

-

-

-

-

8/2014
(Free,
2015)

50

-

-

-

-

-

-

8/2020

124

-

124

80

168

-

-

8/2020

96

92

100

-

-

-

-

11/2020

106

112

100

-

-

-

-

9/2012
(Free,
2015)

350

-

-

-

-

-

-

8/2014
(Free,
2015)

70

-

-

-

-

-

-

8/2020

206

216

92

176

256

290

11/2020

212

-

78

180

282

306

km1.75

km2.50

km3.25

km5.75

km6.25
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Figure 17. Site km1.75 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. Average surface sediment-size distribution for this site in September 2012
and August 2014 are in purple and teal, respectively. 2012 and 2014 surface sediment data from Free
(2015). D84 line shows that 84% of sediment grains are finer than this value.
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Figure 18. Site km1.75 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. The same transects surveyed in November 2020 are in blue. D84 line
shows that 84% of sediment grains are finer than this value.
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Figure 19. Site km2.50 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. The same transects surveyed in November 2020 are in blue. D84 line
shows that 84% of sediment grains are finer than this value.
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Figure 20. Site km3.25 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. Average surface sediment-size distribution for this site in September 2012
and August 2014 are in purple and teal, respectively. 2012 and 2014 surface sediment data from Free
(2015). D84 line shows that 84% of sediment grains are finer than this value.
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Figure 21. Site km5.75 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. The same transects surveyed in November 2020 are in blue. D84 line
shows that 84% of sediment grains are finer than this value.
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Figure 22. Site km6.25 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. Average surface sediment-size distribution for this site in September 2012
and August 2014 are in purple and teal, respectively. 2012 and 2014 surface sediment data from Free
(2015). D84 line shows that 84% of sediment grains are finer than this value.
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Figure 23. Site km6.25 surface sediment-size distribution values. Transects surveyed in this study in
August 2020 are in orange. The same transects surveyed in November 2020 are in blue. Note that
transect A was not surveyed in November because it was inaccessible. D 84 line shows that 84% of
sediment grains are finer than this value.
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Figure 24. Comparison of average 2012 and 2014 surface sediment-size distribution at study sites
collected by Free (2015). Note the differences in sediment-size distribution between sites during each
survey year, as well as the dichotomy between 2012 and 2014 sediment-size distribution. Data from
Free (2015). D84 line shows that 84% of sediment grains are finer than this value.
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Summary of Results
Results of large wood analyses showed a spike individual logs during the dam
removal process which then decreased throughout most of the study period. Though
logjam quantity also surged during the dam removal, the quantity remained high
throughout the study period. The cumulative logjam area, on the other hand, grew
relatively steadily throughout the study period, peaking in 2020. Trends in channel
sinuosity and braiding were less straightforward. In general, main channel sinuosity
increased throughout much of the study period, peaking in late 2017. This was followed
by a decrease in sinuosity for the remainder of the study period. However, the 2020
sinuosity value did not reach a value as low as those recorded before 2012. The results of
the braiding analysis revealed that the braiding index peaked around 2013, during the
dam removal process, decreased the following year, and remained constant, at a value
slightly higher than the values recorded before the dam removal, for most of the study
period.
Similar patterns in sediment-size distribution were observed across the study sites.
In general, a comparison of 2012, 2014 and 2020 sediment-size distributions showed that
2020 D84 values fell between the 2012 and 2014 values. Repeat short-term sediment
surveys did not show significant changes in sediment-size distribution at the study sites
from August to November of 2020. Camsizer sediment sample analyses did not show any
significant changes in the ‘matrix’ sediment size between sites or over the AugustNovember period.
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CHAPTER V
DISCUSSION
The geomorphic parameters in this investigation are interconnected. To best
convey this complexity, separate discussions of large wood, channel sinuosity and
channel braiding before, during and after the Glines Canyon Dam removal are followed
by a discussion of the relationships among these three parameters over the same period.
The next section focuses on sediment-size distribution in the five study sites within the
study reach. I compare the size distribution patterns in 2020 to those observed by Free
(2015) in 2012 and 2014. I also discuss the spatial and temporal patterns in the sedimentsize distribution observed in repeat field visits in 2020, both within individual study sites
and across the entire study reach. I wrap up with a discussion of the relationships between
sediment-size distribution and large wood. River discharge will also be considered in the
discussion of these parameters.
Large Wood Variation and Accumulation
The patterns in large wood observed at the two sites shown in figures 11 and 12
are representative of the more general patterns that occurred along the study reach during
the study period. The numerical data show that the number individual logs peaked early
in the study period, then plummeted over time while the number of logjams peaked and
remained high, and logjam area increased steadily over time. These two sites show this
same pattern, while also providing a glimpse into the mechanisms that control large wood
deposition in the study reach. At both sites, the influx of sediment and individual logs
occurred between 2012 and 2013, and deposition was concentrated around already
existing sediment bars and islands. Because obstructions like bars and islands slow flow
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velocity, sediment and logs tend to accumulate around these obstructions. Once logs
accumulate and coalesce to form jams, these jams also create obstructions and slow river
flow, which promotes further deposition of sediment and logs. High flow events can
mobilize individual logs and cause them to be deposited or “recruited” around jams, thus
allowing the jams to grow. Overall, the patterns in the large wood data reveal that once
wood was introduced to the study reach, logjams began to form and remained long-term
fixtures in the river, accumulating wood and growing over the study period.
Individual log quantity was at its lowest value in August of 2012, roughly one
year after the start of the Glines Canyon Dam removal process (Fig. 8). The Glines
Canyon Dam removal was an incremental dam removal process, making the actual
removal, or notching process, a major controller of the Lake Mills drawdown, as well as
sediment and wood mobilization (Magirl et al., 2015). The notching process occurred on
and off throughout the first year of the dam removal process, allowing the Lake Mills
surface-water elevation to decrease (Gelfenbaum et al., 2015; Magirl et al., 2015; Randle
et al., 2015). By October of 2012, the stored water had emptied out of the reservoir, and
the elevation of the dam had intersected the stored reservoir sediment, allowing sediment
and logs to spill over and move to downstream reaches (Draut and Ritchie, 2015; East et
al., 2015, 2018; Gelfenbaum et al., 2015; Magirl et al., 2015; Randle et al., 2015; Warrick
et al., 2015).
Once sediment and wood were able to move downstream, a spike in individual
logs occurred in spring of 2013 (Fig. 8). The individual log plot indicates that many of
these logs were deposited in the study reach. After spring of 2013, however, individual
log quantity decreased (Fig. 8). The decrease was not significant enough to return
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quantities back to the 2012 level, but the number of individual logs has not come close to
the spring 2013 level again (Fig. 8). Though the individual logs increased slightly in fall
2016 and spring 2017, quantities generally decreased after that, reaching the lowest value
since the dam removal in the winter of 2020 (Fig. 8). These patterns reveal that after the
peak in 2013, individual logs were recruited into existing logjams, formed new jams, or
were transported out of the study reach and into the lower reaches of the river.
Leung (2019) found that during and immediately following the Glines Canyon
Dam removal, logjam development occurred quickly in former Lake Aldwell, the
reservoir upstream of the former Elwha Dam. Tagging of upstream logs in Lake Mills
before the dam removal revealed that after the removal, much of the tagged wood was
transported into the middle reach (Leung, 2019). Out of the 62 pieces of tagged wood that
were relocated within or out of former Lake Mills after the Glines Canyon Dam removal,
51 pieces were deposited in the middle reach of the river, while only seven pieces were
deposited in the lower reaches (Leung, 2019). It is probable that the decrease in
individual logs observed after 2013 is attributed to logjam recruitment within the study
reach. Though the increase in logs mapped in the fall of 2016 and spring of 2017 for the
current study may seem out of place, it is probable that high flow events on the river
transported more logs out of the reservoir, thus increasing the individual logs in the study
reach (Fig. 8). A relatively high flow event occurred in winter of 2015 (Fig. 8). Overall,
the somewhat steady decrease in logs since spring 2017 indicates that individual logs
were consistently being recruited to logjams.
Like the pattern in individual logs, the logjam quantity was at its lowest value in
August of 2012 (Fig. 9). The logjam quantity then increased quite drastically in March of
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2013 (Fig. 9). This pattern reveals that after the incremental dam removal began, logs
were released from the upstream reservoir as the river migrated and mobilized them; the
influx of logs in the study reach allowed logjams to form. Logjam initiation typically
begins with what researchers have termed a ‘key piece’ (Keller and Swanson, 1979;
Nakamura and Swanson, 1993; Abbe and Montgomery, 1996; Collins et al., 2012). This
‘key piece’ is usually a log, or multiple logs, that are long, have a large diameter and a
large root wad, thus allowing the log or logs to resist mobilization from the river flow
(Keller and Swanson, 1979; Nakamura and Swanson, 1993; Abbe and Montgomery,
1996; Braudrick and Grant, 2000; Abbe and Montgomery, 2003; Collins et al., 2012).
When these key pieces become established on a river, they can ‘recruit’ or accumulate
wood on the upstream end of the key piece, thus building a logjam (Collins et al., 2012).
After the peak in logjams in 2013, the logjam quantities fluctuated between 73 and 98
(Fig. 9). Considering the 2012 value for logjam quantity was 11, the number of logjams
stabilized at a relatively high value close to the value of the initial 2013 peak (Fig. 9).
The pattern in logjam quantity reveals that several new logjams formed immediately after
the reservoir sediment release in October 2012, and these logjams persisted. Because
logjam quantity does not consider logjam area, the minor fluctuations after 2013 could be
attributed to logjams forming and breaking up after high flow events (Fig. 9). There is
some uncertainty in mapping large wood because both individual logs and logjams could
be inundated or exposed depending on the river discharge when the GigaPan image was
taken. Another source of uncertainty comes from the stretches of the middle reach that
experienced drastic channel migration where, in some cases, areas that were previously
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covered in dense forest in earlier years were exposed active channels with large wood
presence in later years.
The sum of logjam area values had a clear trend. The lowest value for logjam area
occurred in August of 2012 (Fig. 10). In general, the sum of logjam area values increased
quite steadily from 2012 to 2020, the highest value occurring in winter 2020 (Fig. 10).
This consistent increase in the sum of logjam area values reveals that as logs were
released from the reservoir into the study reach, these logs were reworked in the study
reach and were recruited to existing logjams. This increase in logjam area over the study
period is consistent with pattern observed in the logjam quantity data: after the initial
peak in logjam quantity in 2013, the number of logjams remained relatively stable and
high (Fig. 9). This supports the idea that once logjams became established in the study
reach, they persisted and continued to accumulate logs, which allowed the logjams to
grow throughout the study period. In general, the mechanism that drives this recruitment
is the decreased flow velocity surrounding logjams (as well as other in-stream
obstructions) due to the hydraulic resistance these obstructions create within the river
channel (MacFarlane and Wohl, 2003; Andreoli et al., 2007; Yochum et al., 2012; Wohl
and Scott, 2017). Fluctuating river discharge as well as channel migration in the upstream
reservoir could rework and transport logs that were then added to logjams. Flooding
reworks large wood, particularly in large channels, and deposition of this remobilized
large wood is typically concentrated at sediment bars and existing logjams (Marcus et al.,
2002; Hinshaw et al., 2020). The steady increase in logjam area from 2012 to 2020 is
consistent with other large wood studies on the Elwha (Leung, 2019).
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Some general patterns in large wood accumulation were observed in the mapped
GigaPan imagery. When comparing the large wood presence during the dam removal
(2012-2014) and after (2014-2020), it was noticeable that in the earlier period, large
wood presence in the upstream portion (~0-1.25 km) of the study reach was more
common than after 2014 (Appendix A). In the earlier imagery, some logjams were
present in this upstream section, but after 2014, few to no logjams were present in this
section (Appendix A). This indicates that the large wood presence in the upstream section
early on was merely a transition phase as the large wood worked its way down the river.
The upstream section of the river did not accumulate much large wood later in the study
period.
Another major pattern was that typically logs and logjams did not accumulate in
straight reaches. On occasion, individual logs were present on the banks of these straight
reaches, but typically, the large wood accumulated near bends in the river, islands,
sediment bars, and locations where the channel narrowed. Generally, throughout the
study period, the more morphologically complex a reach was, the more likely it was for
large wood to accumulate there. Along some of the straighter stretches within the study
reach, overcoming the flow is much more difficult when there are not bends, islands, or
other features that may reduce flow velocity.
One area where notable large wood change was observed over the study period
was between 3.5 km and 4.5 km along the study reach (Fig. 11). A comparison of this
stretch at four different dates shows how large wood evolved after the dam removal at
one of the more complex stretches (Fig. 11). The 2012 image shows the sparse log
presence in this reach, with only a few small logjams (Fig. 11). In 2013, however, the
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number of logs and small jams increased quite significantly (Fig. 11). Bars and islands
also accumulated some new (and unvegetated) sediment in 2013, and that is where much
of the new large wood accumulated in 2013 (Fig. 11). It is likely that the spike in large
wood was directly related to the release of sediment and wood from the upstream
reservoir because the dam removal was in progress at this time. In general, this stretch of
river had a higher sediment load than it did in 2012, which would cause obstructions and
decreased flow velocity, thus promoting large wood accumulation (Fig. 11). It is also
likely that the establishment of key pieces and logjam growth near already existing
bars/islands prompted sediment to accumulate in these areas. Large wood presence can
decrease channel flow, thus reducing sediment entrainment and transport which promotes
sediment deposition (MacFarlane and Wohl, 2003; Andreoli et al., 2007; Collins et al.,
2012; Yochum et al., 2012; Wohl and Scott, 2017), so logs could encourage sediment
deposition in these areas (Fig. 11).
Examination of this same area in 2017 reveals that the number of individual logs
has decreased significantly, but logjams have become larger (Fig. 11). The increase in
logjam area is quite drastic in this image. Although some jams are still small, several
relatively large logjams have been established by this time (Fig. 11). The 2017 image also
reveals that sediment bars had established to the degree that in some areas the river
changed course (Fig. 11). Around the 3.5 km marker, a sediment bar had accumulated so
much sediment that the main channel of the river migrated to the east, creating a more
severe bend in the channel (Fig. 11). This sediment bar was also an area where logjams
grew quite significantly (Fig. 11). A similar pattern occurred just north of this area near
the 3.75 km marker (Fig. 11). A sediment bar grew on the east side of the river, causing
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the main channel to bend around the bar to the west (Fig. 11). This bar also had two
relatively large jams on it in 2017 (Fig. 11). From 2013 to 2017, there was also a shift in
large wood around the 4.25 km marker (Fig. 11). An area that had a large quantity of
individual logs and very small jams in 2013 had significantly fewer logs in 2017, but
large logjams had become established on the sediment bars (Fig. 11). This shows that the
high quantity of individual logs in 2013 coalesced to form the large logjams observed in
2017. Some of the small logjams observed in this area in 2013 may have joined together
or recruited individual logs to form more substantial logjams in 2017.
Examination of this same stretch in 2020 reveals that even more area is covered
by logjams, and there are still far fewer individual logs than in 2013 (Fig. 11). This
reveals that established logjams continued to recruit individual logs, or small jams
coalesced to form larger jams, thus increasing the area that is covered by logjams. A
major morphologic change also occurred between when the 2017 and 2020 images were
taken: the road washout on Olympic Hot Springs road. A channel just smaller than the
main channel established to the east of the main channel (Fig. 11). Though secondary
channels had existed to the east of the main channel, this channel runs further east, and is
much larger in size (Fig. 11). The activation of this new channel caused logjams and
individual logs to settle farther east than they previously had.
Another location that experienced significant changes in large wood was between
1.75 km and 2.5 km near Altair Bridge (Fig. 12). In the 2012 image, some individual logs
were present around islands and sediment bars, but only one logjam was present (Fig.
12). The 2013 image showed an influx of individual logs, as well as an influx of sediment
that accumulated mainly around already established sediment bars and islands (Fig. 12).
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The individual logs accumulated in similar areas, indicating that the same mechanisms
that allow sediment deposition (slower flow velocity) also allow the deposition of large
wood. Although some logjams had formed at this point, most were small, and individual
logs were certainly more common (Fig. 12). By 2017, individual logs had become less
abundant in this area, while logjams became more abundant and grew (Fig. 12). Many of
these jams formed along a sediment bar near the 2 km marker on the river, east of the
main channel (Fig. 12). By 2020 jams had grown on this sediment bar, and the number of
individual logs on this stretch, and along this bar, decreased (Fig. 12). This reveals that as
logjams established themselves on sediment bars, they recruited individual logs and small
jams, allowing them to grow larger. This likely happened during high flow events when
sediment bars were inundated, or partially inundated, and large wood was mobile.
Main Channel Migration and Sinuosity
The main channel sinuosity in the study reach fluctuated significantly during the
study period. Though sinuosity generally increased for the first five years after the start of
the dam removal, since 2017, sinuosity has been in decline. Because the 2020 sinuosity
value is approaching, but still higher than the 2012 values, this suggests that the river
may be returning to its previous sinuosity conditions from before the removal; however,
only time will tell if the sinuosity values continue to decrease, fluctuate, or if they will
stabilize around 1.15, the 2020 value. The latter would tell us that the study reach
established a new “equilibrium” for channel sinuosity after the dam removal, but the drop
in sinuosity from 2019 to 2020 indicates that sinuosity has not yet reached a new
equilibrium.
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The pattern in channel sinuosity after the start of the Glines Canyon Dam removal was in
stark contrast to the stable and relatively low sinuosity before the dam removal (Fig. 13).
Unlike the stable channel sinuosity before the removal, sinuosity surged in the study
reach after the initial sediment release from the upstream reservoir and generally
increased until 2017, when it began to decline (Fig. 13). The lowest channel sinuosity
value occurred in August of 2012 and generally increased over time until 2017, as the
river migrated and became more sinuous immediately after the dam removal. After 2017,
the channel sinuosity began to decrease. Comparison of the main channel digitization
from 2012 and 2020 reveals that in some locations (~2 km and ~3 km), the 2020 main
channel reoccupied, or activated a channel close to the 2012 main channel. This indicates
that, in some cases, the decline in sinuosity during the last few years of the study period
can be attributed to reactivation of formerly occupied main channels. In 2020, the
channel sinuosity had reached its lowest value since before the dam removal (Fig. 13).
This indicates that the increased channel sinuosity was only temporary after the dam
removal, and sinuosity returned to values similar to before the removal over the eightyear period. Though the sinuosity values from this study differ from the values calculated
in a 2018 study, the general patterns in sinuosity were consistent, with spikes in sinuosity
occurring in early 2013 and mid-2016, and a decline after 2016 (Ritchie et al., 2018; Fig.
13).
Channel sinuosity observations indicate that sediment and large wood influx
heavily influence the channel sinuosity, not discharge alone, although it may play a role.
Past researchers looking at sinuosity patterns on the middle reach of the Elwha have
documented that the sinuosity patterns observed in this reach are attributed to high flow
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events (Ritchie et al., 2018). Though for some periods, increases in channel sinuosity
occur during periods with multiple high flow events (e.g., 2014-2016), the highest flow
observed in the eight-year study period did not support this idea, as sinuosity decreased
after the highest flow event in November of 2017 (Fig. 13). For the channel sinuosity
plots, low flow does not correlate with a decrease in sinuosity. When imagery was
collected in September 2017, the river discharge was extremely low, but the river also
was the most sinuous on this date out of all the images mapped (Fig. 13). The two data
points from before the dam removal also reveal that even with normal seasonal
fluctuations in discharge, the channel sinuosity stayed constant from 2004 to 2012 (Fig.
13).
Possible sources of error in the sinuosity calculations were minimal. Digitizing
the main channel required some judgement about which channel had the most water
flowing through it. For the most part, this was easy to identify, but for some stretches of
river, two channels appeared to have almost the same amount of water in them; in these
cases, the channel that appeared to have slightly more water in it was designated as the
main channel. The sinuosity value for 2013 seemed to be an outlier, as it plotted
significantly higher than the 2012 and 2014 value. Though the sediment pulse in 2012
may have caused the spike in sinuosity, this outlier may have been caused by an error in
the digitization process attributed to the discharge during the time the image was taken.
The sharp drop in sinuosity from 2019 to 2020 could also be an outlier; however, future
sinuosity analyses could assess whether sinuosity values continue to drop over time.
Calculated sinuosity values from this study were consistently lower than those calculated
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by Ritchie and others (2018). This indicates a difference in the selection of the straight
valley distance.
Though the main channel sinuosity did change throughout the study period, some
stretches stayed relatively constant while some stretches experienced significant changes
in main channel location. Significant main channel changes occurred between 1.75 km
and 4.5 km (Fig. 15). One major shift that occurred after 2012 was the switch in the main
channel location between 2 km and 3 km (Fig. 15). In 2012, the main channel flowed to
the west of the large, vegetated island, but the 2013 image, and all images after that, show
that the main channel shifted to the channel east of the bar (Fig. 15). Perhaps the influx of
sediment released from the upstream reservoir caused the western channel to become
“clogged” with sediment, thus causing the eastern channel to be the preferred flow
pathway.
Just downstream of the 3 km marker, there was a shift in the main channel (Fig.
15). In 2012, the main channel was near the east side of the river valley, but slowly
shifted to the west over time; each year mapped showed the main channel slightly
shifting westward (Fig. 15). However, in 2020, the main channel had moved farther east
than in 2012 (Fig. 15). This bend became more sinuous over time, but then reverted to a
less sinuous path. Erosion of the cut bank and sediment accumulation along the point bar
were likely responsible for the westward shift in the channel from 2012 to 2019. The shift
back to a more eastern main channel location is less clear, but there are a few
possibilities. Beginning in 2013, or earlier, secondary channels activated on the eastern
side of the bar when discharge was high enough. Channel activation on this side of the
sediment bar would promote erosion and allow the river to bifurcate around the bar, thus
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splitting the river flow. Though the main channel pathway was to the west for much of
the study period, a secondary channel was usually active on the east side of the sediment
bar as well. In 2020, the upstream end of the sediment bar had accumulated enough
sediment that it pushed the main channel back over to the east even though a significant
amount of flow was still present in the western channel.
Another significant change in the main channel occurred in a stretch between 3.5
km and 4.5 km (Fig. 15). The main channel had a relatively straight path between 3.5 and
4.0 km from 2012 to 2014 but beginning in 2015 this stretch took a more sinuous path
(Fig. 15). At ~3.5 km, the main channel moved east around a sediment bar, and migrated
west around a sediment bar at ~3.75 km (Fig. 15). The main channel maintained this
more sinuous path until 2018. The two 2018 GigaPan images show that the main channel
established a new path to the east of the previous channel, washing out Olympic Hot
Springs Rd in two locations (Fig. 15). Though most of the river flow ran through this new
channel in 2018, the main channel shifted back to its previous sinuous path in 2019 and
maintained this path in 2020 (Fig. 15). Though the main channel shifted back in 2019, the
new channel pathway (that caused the road wash-out) was still active in 2020 (Fig. 15).
Multiple factors likely drove the main channel sinuosity changes in this stretch of
the Elwha. One factor is increased sedimentation and large wood deposition. Between
2014 and 2015, sediment bar growth paired with logjam establishment likely caused the
main channel to flow around the channel bars, thus creating a more sinuous main
channel. The GigaPan imagery reveals that by 2015, a logjam began to form where the
main channel and the eastern channel split, and this jam grew from 2015 to 2018, which
may have blocked some of the flow to this eastern channel (Appendix B). However, some
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of the jam had been mobilized, allowing more water to flow through the eastern path.
The driving force behind the main channel shift that caused increased flow through the
eastern channel in 2018 was likely a high flow event that occurred around November 23,
2017. By 2019, the logjam had grown, blocking some flow to the eastern channel
(Appendix B). By 2020, some of the jam had become dislodged again, allowing more
water to flow in the eastern channel (Appendix B). As of 2020, it appears that this eastern
channel may be a permanent fixture on the river because it seemed to have a discharge
similar to the main channel in 2020 (Appendix B).
Channel Braiding through Time
The overall pattern in the study reach reveals that channel braiding was low and
stable before the dam removal began but increased after sediment and wood was released
from behind the dam. Following a spike in 2013, channel braiding declined and remained
constant in the years following the removal once new channel pathways became
established. The consistency in the channel braiding index after the 2013 peak indicates
that channel braiding has reached a new equilibrium in the study reach, one that is
slightly more braided than before the dam removal (Fig. 16). By averaging the number of
channels that cross the braiding transects along the entire study reach, I observed very
similar patterns to the braiding index method. This method showed that the lowest
average number of channels occurred in 2012, a peak shortly after, and then a “quasiequilibrium” period from 2015 to 2020; however, like the braiding index method, this
method showed low braiding index values for two of the low flow dates.
One of the lowest braiding index values occurred at the start of the study period in
2012, but the following image, on March 17, 2013, showed the highest braiding index
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recorded out of all 11 GigaPan images (Fig. 16a). This is consistent with the early 2013
braiding index peak observed in two 2018 studies (East et al., 2018; Ritchie et al., 2018).
Because the 2013 peak observed in all three studies did not occur during a high flow
event but rather a period of relatively low river discharge, this peak was likely related to
the influx of sediment and large wood after about half of the Glines Canyon Dam had
been removed (East et al., 2018; Ritchie et al., 2018). Though the sum of logjam area
values was still low at this point, but steadily increasing, it is likely that the increase in
channel braiding during in spring of 2013 was related to the large wood influx in the
study reach.
Large wood heavily influences channel morphology. Logs can coalesce to form
logjams, and establishment of logjams can promote sediment accretion, thus creating
stable patches of sediment around the jams, or causing already-existing bars to
accumulate sediment (Brummer et al., 2006; Collins et al., 2012). The accumulation of
sediment and the obstructions created by this wood can cause flow to divert around the
wood and ‘stable patches’, thus increasing the number of active channels, or in some
cases, causing channel-switching avulsions to occur on the river (Sedell and Froggatt,
1984; Harwood and Brown, 1993; Nanson and Knighton, 1996; Collins et al., 2002;
Abbe and Montgomery, 2003; Jeffries et al., 2003; O’Connor et al., 2003; Wohl, 2011;
Collins et al., 2012). Figure 25 demonstrates this mechanism. In 2017, logs began to
accumulate in the center of an active channel, and by 2020 additional wood and sediment
had accumulated which forced the flow to divert around the obstruction, resulting in two
separate channels (Fig. 25). Large wood can also cause sediment bars, or pioneering
islands to form within a channel if they continue to accumulate sediment (Montgomery et
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al., 1995, 2003; Abbe and Montgomery, 1996; Piégay and Gurnell, 1997; Brooks et al.,
2003; O’Connor et al., 2003; Ravazzolo et al., 2015). Again, this forces the river to
bifurcate to divert flow around the islands or bars, increasing channel braiding. It is likely
that this was the case in the spring of 2013 because log and logjam quantity increased in
the study reach at this time. The influx of both large wood and sediment from the
upstream reservoir would certainly explain this peak in the braiding index (Fig. 16a).

B 02/20/2020

A 09/22/2017

Figure 25. Site along the Elwha where channel bifurcation occurred from 2017 to 2020 from
wood and sediment accumulation. White crosses represent distance markers measured from the
former Glines Canyon Dam site. GigaPan image from Andy Ritchie/USGS/NPS.

By March of 2014, the braiding index decreased and did not return to the 2013
level for the remainder of the study period (Fig. 16a). In general, the braiding index
remained between 2.0 and 2.17 for the rest of the study period other than in fall of 2016
and 2017 when the braiding index decreased (Fig. 16a). Similar to previous studies (East
et al., 2018; Ritchie et al., 2018), the relatively stable braiding index after 2013 indicates
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that channel braiding reached a new equilibrium shortly after the influx of sediment and
wood (Fig. 16a). Because logjams and sediment were introduced to the study reach, this
new equilibrium is slightly higher than the before the dam removal.
GigaPan imagery from the fall of 2016 and 2017 both showed braiding index
values that were significantly lower than the other values from 2014 to 2020 (Fig. 16a).
One explanation for this pattern is discharge. The fall 2016 and 2017 images had
relatively low discharge values (Table 1), which may have affected the braiding index.
Unlike sinuosity, channel braiding is more likely to change quickly as discharge changes.
If river flow is low, channels that might normally have water in them could be dry, or
inactive. Though low discharge values may have resulted in lower braiding index values
for some dates, the overall trend in channel braiding was stable from 2014 to 2020.
Some notable changes in channel braiding occurred along a stretch of the study
reach from 3.0 km to 4.0 km (Appendix B). One area near 3.25 km shifted from a single
channel to ~five active channels from 2012 to 2013 (Appendix B). There was an influx of
sediment deposited in this area, and increased braiding was likely caused by the high
sediment load in the river. This was also the case further upstream at the head of the
island around ~3.5 km (Appendix B). Increased sediment and large wood were deposited
at the top of this in-channel island, and the number of channels shifted from one or two
main active channels, to multiple small, active channels (Appendix B). The high
sediment load and large wood deposition forced the channels to bifurcate and divert
around these newly deposited obstructions. Another area that experienced a significant
increase in channel braiding from 2012 to 2013 was the stretch between 4.0 km and 4.5
km (Appendix B). This area had established vegetated in-channel bars prior to 2012,
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causing multiple channels to be present, but in 2013, the channel braiding in this stretch
increased significantly once sediment and large wood content increased in the reach
(Appendix B).
After 2013, it seemed that channel braiding decreased in some of these stretches.
The multiple active channels that were present in some stretches seemed to reduce to only
a couple active channels over time (Appendix B). In some stretches, the large wood and
sediment became more “organized” over time. At locations like the 4.0 km and 4.5 km
stretch, sediment and large wood seemed to have a chaotic distribution, causing multiple
small in-channel bars that flow had to divert around (Appendix B). After 2013, both
sediment and large wood mobilized and worked their way to a few key areas, like
sediment bars and larger islands. 2013 may have been a time when the river was
mobilizing and depositing the influx of sediment and wood from the dam removal, but it
had not been deposited in its more permanent resting place. By 2020 sediment bars had
accumulated sediment, and logjams had grown. Though in general, the channel braiding
had decreased compared to the 2013 values, the 2020 braiding index was still higher than
before the removal. This is expected considering new sediment and large wood was
introduce to the study reach from the upstream reservoir. Because the large wood analysis
showed that a portion of the large wood transported into the study reach remained in the
reach to create logjams, logjam growth would be expected, and the sediment they trap
would change the morphology of the river and create new flow pathways.
A comparison of the main channel sinuosity and channel braiding index data
reveals the two very different patterns. Though both parameters increased in 2013 after
the Glines Canyon Dam sediment release, sinuosity continued to increase until 2017 (Fig.
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13), while channel braiding decreased and stabilized after 2013 (Fig. 16). It is likely that
these two parameters are related. When channel braiding spiked in 2013, some of the
secondary channels that were established during this spike persisted in the following
years. The secondary channels established around 2013 formed new pathways that the
main channel could migrate into, which could explain the increase in channel sinuosity
observed from 2013 to 2017 (Fig. 13). Comparison of the secondary channels from 2013
and the main channels from 2014-2017 reveals that in some locations, the main channels
migrated to a path that was an established secondary channel in 2013. Some of the most
pronounced examples of this main channel shift were at ~1 km, 2 km, and 6.5 km in 2014
(Appendix B). Main channel migration into formerly established secondary channels
could explain the fluctuations in sinuosity throughout the study period, as well as the
irregularities, like the anomalous drop in 2014 (Fig. 13).
Sediment-Size Distribution through Time
During the first year of the dam removal process, both the middle and lower
reaches of the Elwha experienced floodplain deposition of sediment that was sand-sized
or finer (East et al., 2015). The fine sediment that accumulated throughout the river, in
pools, within the thalweg and on riffles (Warrick et al., 2015), during the dam removal
process contrasted with the armored, cobble-dominated channel observed from 19942011, when the dam was in place (Draut et al., 2011; East et al., 2015). Draut and Ritchie
(2015) noted that during the dam removal process, the percentage of mud retained along
river was higher than expected. Though grain size in the middle reach increased slightly
by the winter of 2012-2013 and the river began incising through the newly deposited fine
sediment (Draut and Ritchie, 2015; Warrick et al., 2015; East et al., 2018), 2014 analyses

61

showed that the middle reach sediment-size remained fine compared to the sedimentsizes observed before the Glines Canyon Dam sediment release during the dam removal
(Free, 2015).
The data from this 2020 study reveals that from 2014 to 2020, some of this fine
sediment was removed from sediment bars; however, because the 2020 sediment-size
distributions fall between the 2012 and 2014 distributions (Table 4), it is evident that
some of this fine sediment did remain in the channel, and perhaps mixed with the
armored sediment that was observed before the sediment release. It is likely that if the
fine sediment has become mixed with the armored cobbles, this fine sediment may
remain on the river, especially if the fine sediment has become trapped in between larger
clasts. The shift in sediment-size patterns that were observed at the study sites from 2012
to 2020 indicate that the study reach is shifting to a more “natural”, less well-sorted
sediment-size distribution rather than an armored, coarse distribution that has been
observed on the dammed reaches of the Elwha (Pohl, 2004; Kloehn et al., 2008; Draut et
al., 2011; Free, 2015).
Though sediment-size distribution was analyzed during the dam removal process
and immediately after the removal (Free, 2015), this study is the first to document the
long-term sediment-size distribution within the study reach. Across each study site where
2012, 2014 (Free, 2015) and 2020 sediment surveys were completed, the sediment-size
distribution curve for 2020 fell between curves for 2012 and 2014, indicating a more
mixed sediment-size distribution in 2020 (Table 4; Fig. 17, 20, 22). This pattern shows
that while much of the fine sediment deposited in 2014 has been removed from the
sediment bars in the study reach, some of the fine sediment has mixed with the coarser,
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armored clasts observed in 2012. Across all sites that were surveyed in both August and
November of 2020, no significant changes in sediment-size distribution were observed
over this short timescale (Table 4; Fig. 18, 19, 21, 23). Sediment-size distribution patterns
across various sites indicate that presence of large wood and vegetation promote finesediment trapping.
Site km1.75
While all the transects in 2020 have sediment distributions between the 2012 and
2014 values, the distributions are not homogeneous across the site (Fig. 17; Table 4).
This is in stark contrast to the homogeneity in sediment-size distribution observed both
across individual sites, and between study sites in 2012 and 2014 (Free, 2015). The
variation in sediment-size distribution observed in 2020 is most likely a result of
differences in channel morphology across the site, and large wood likely plays a
significant role in this heterogeneity because it can slow river flow which promotes
sediment deposition (MacFarlane and Wohl, 2003; Andreoli et al., 2007; Collins et al.,
2012; Yochum et al., 2012; Wohl and Scott, 2017). While the D84 values for transects B,
D, and E for this site are very similar, transects A and G have relatively finer D 84 values
(Fig. 17; Table 4). Transect A is located on the upstream end of a small sediment bar
(point bar) suggesting that the point bar is trapping finer sediment (Fig. 3). Transect G
also has a relatively fine distribution and is located between two large logjams (Fig. 3).
The orientation of some of the logs in this logjam, which noticeably stick out across the
transect and are oriented parallel to the river (root wads facing upstream) (Fig. 3). This
orientation would promote sediment deposition on a central bar along the length of the
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log (Abbe and Montgomery, 1996), which might explain why this transect has a slightly
finer size distribution.
Site km2.50
Though there were no significant changes in distribution between August and
November of 2020 (Fig. 19; Table 4), the sediment-size distribution values across the
study site did differ slightly. Most of the D84 values for the transects at this study site fell
between 134 mm and 208 mm, but the D84 values at transect B for August and November
2020 were noticeably finer (Fig. 19; Table 4). While the sediment bar at this study site
had only small amounts of wood, there was one small log jam present in 2020, just
upstream of transect B (Fig. 4). This log jam might slow river flow and promote
deposition during high flow events, but there is no key member of the jam that is oriented
in a way that would promote central bar formation like the jam at Site km1.75 (Abbe and
Montgomery, 1996) (Fig. 4). Because transect B also had sparse, short vegetation
growing along most of the transect, some of this vegetation may slow flow and cause
deposition of fine sediment when parts of the bar are inundated at high flows. Because
vegetation can create drag when water is flowing across it, this can reduce the sediment
transport capacity of the flow, thus causing sediment deposition (López and García,
1998).
Site km3.25
Because Site km3.25 was not accessible in November of 2020, repeat pebble
counts were not completed at the site to monitor short-term changes in sediment-size
distribution; however, data was collected in August of 2020, 2012 and 2014 (Free, 2015).
Like the sediment distributions from Site km1.75, the 2020 sediment-size distributions
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were not uniform across all the transects. Though the D84 values range from 84 mm to
170 mm for the 2020 survey, all three values are between the 2012 and 2014 values (Fig.
20; Table 4), indicating that variations in large wood and channel morphology across the
study site are responsible for the differences in sediment-size distributions.
One major difference in transects C and D, the two transects where sediment-size
varies the most, is that C is an old sediment bar that has been somewhat abandoned by the
main channel, whereas D is a newer bar located closer to the active main channel (Fig. 5).
In the field, the boundary between the two bars was relatively clear and was defined by a
slight elevation change and a difference in surficial clast size. The new bar, represented
by transect D, had a much coarser sediment-size distribution, indicating that the
proximity of the bar to the active channel allows the flow to remove finer sediment while
maintaining the coarser, armored clasts. Transect C, on the other hand, has been
abandoned and is relatively disconnected from the main channel under average discharge
conditions (Fig. 5). This means that the sediment present on the bar when the main
channel became disconnected stayed there. When the fine blanket of sediment was
deposited in the middle reach around 2014 (Free, 2015), some of this sediment was likely
retained on parts of the bar that gradually became disconnected from the river flow that
would normally mobilize this fine sediment. Transect B plots in between C and D for
sediment-size distribution (Fig. 20). Because B is located across the upstream end of the
entire sediment bar, this transect includes a portion on the “old bar” that is still able to
make contact with main and secondary channel flow during moderate to high river flow
(Fig. 5). The center of the transect is more representative of the old bar, while the ends of
the transect are still affected by active channel flow, making them more similar to the
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newer bar; this explains the sediment-size distribution that falls in between transects C
and D (Fig. 5).
Site km5.75
There was no 2012 or 2014 sediment data collected at this site, so only data from
the two 2020 trips were analyzed. Despite being ~75 m apart, sediment-size distribution
values along transects A and B were extremely similar (Fig. 21; Table 4). Though both
transects had finer sediment-size distributions than some other sites, the transects did not
have any significant differences. Field observations and aerial imagery revealed that there
were no significant obstructions, like mature vegetation or large wood (Fig. 6). Aside
from young, short vegetation along some of the transect, there was not much complexity
at this site, other than a very small secondary channel along the eastern bank with finer
sediment (Fig. 6).
Site km6.25
One transect at Site km6.25, transect B, had a sediment-size distribution that was
very similar to the August 2014 distribution at Site km6.25 (Fig. 22; Table 4). Both
sediment-size distributions were extremely fine (Fig. 22; Table 4). The 2014 data reflects
the influx of fine sediment being released from the upstream reservoir during the dam
removal process, but the 2020 this distribution is likely related to vegetation. Unlike
some of the other transects, much of transect B was covered in vegetation ranging from
short vegetation near the river to mature forest (Fig. 7). Because vegetation creates drag
and reduces flow velocity which promotes fine sediment trapping (López and García,
1998; Cotton et al., 2006), it is likely that during the dam removal process when sediment
influxes occurred in the study reach, some fine material was trapped and retained by the
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young vegetation that existed there at the time. Now, with the vegetation ranging from
very young to mature, it is likely that this heavily vegetated transect continues to trap fine
sediment. Forests can promote the development of soils (Boyle, 2005), and because leaf
litter was abundant along this transect, it is likely that forest soil development may be
occurring along some of the transect, thus skewing the distribution to a much finer one
compared to other transects (Fig. 22; Table 4).
Aside from transect B, the main pattern that can be seen across this site is that
transects D and E have coarser D84 values than A and C (Fig. 22; Table 4). The 2020
GigaPan image shows that D and E are located on the upstream end of the bar with
almost no large wood around them (Fig. 7). A, B, and C are located farther downstream
on the bar in an area with significant vegetation and large wood (Fig. 7). This indicates
that vegetation and large wood promote deposition of finer sediment, whereas the
upstream end of the bar does not have as many obstructions to trap sediment, thus
causing a coarser distribution.
When performing repeat pebble counts along established transects, there are some
sources of uncertainty. One source comes from the use of the GPS and identifying the
start and end points of the established transects; there is ~3 m uncertainty with the UTM
coordinates. With this comes the uncertainty from human error and the precision at which
the field assistant, or me, is measuring. All measurements were made to the nearest
millimeter.
Though no significant changes in sediment-size were observed between the
August and November 2020 field surveys, sediment-size could change in the future.
Presence of large wood and vegetation on sediment bars in the study sites promoted fine
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sediment deposition. As of 2020, many of the sediment bars in the study reach are
dominated by young, short vegetation, as well as large wood. As time passes and this
vegetation matures and becomes more widespread, it is likely that fine sediment trapping
would increase, thus shifting the sediment-size distribution to a finer one. However, this
is also dependent on sediment supply and discharge. Because the upstream reservoir is
still dominated by fine sediment, high flow events may be able to mobilize material and
transport it into the study reach. The logjam area pattern in this study also suggests that
logjams will continue to grow over time, which could also promote fine sediment
deposition in the years to come. Both vegetation growth and logjam growth may be
factors of increasing importance when it comes to sediment-size distribution in the study
reach. Future studies will reveal if the 2020 sediment-size distribution remains in the
study reach, or if vegetation and logjam growth results in a finer sediment-size
distribution.
The common pattern between matrix sediment samples from each study site is
that each site had a variation in matrix sediment sizes (Appendix C). There were not clear
patterns or differences in size distribution between each site, nor were there clear patterns
within particular sites (Appendix C). This indicates that a range of fine sediment sizes
were trapped between larger clasts when the fine sediment influx occurred on the study
reach. In some cases, some of the transects had slightly coarser or finer matrix sediment,
like transect km3.25B and km6.25A, respectively (Table 4). Generally, each site has a
range of matrix sediment size values. However, this suggests a more overarching pattern
that there are complexities across individual study sites and sediment bars that might
cause finer or coarser matrix sediment to become trapped between the larger clasts.
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Though this data does not reveal any significant patterns, it would be useful to see how
the matrix sediment distribution years from now compares to the data from this study.
Though no significant patterns were revealed with these data, uncertainties that
come with the data should be addressed. First, the target depth for collecting surficial
samples was a maximum of 5 cm, but some might have been slightly deeper. Though
sediment samples from trips one and two were collected using the same UTM
coordinates, there is some error that comes from the use of GPS to find these sample
locations again.
Future Directions for Large Wood and Channel Morphology
Over the study period, the interconnected relationship between large wood,
sedimentation, and channel morphology has been observed. However, how these
parameters interact over longer timescale is poorly understood. Gaps in knowledge
involving temporal fluctuations in large wood load, recruitment, and transport (Wohl,
2017) make predicting future changes in large wood, sediment accumulation and channel
complexity difficult. Most studies that focus on these temporal changes in wood occur on
timescales of only a few years (Wohl, 2017); this was one goal for pursuing this longerterm study on the Elwha.
Despite the gap in knowledge involving long-term wood fluctuations and channel
morphology, the future trends in large wood and channel morphology on the Elwha can
be predicted based on analyses of buried logjams in a similar setting on the Olympic
Peninsula (Montgomery and Abbe, 2006). Field surveys along the Queets River revealed
that stable logjams can create “hard points” where aggradation of sediment can occur and
riparian vegetation and forests can be protected from flow disturbances (Montgomery and
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Abbe, 2006). The elevated landforms created by these hard points can promote channel
avulsions and allow riparian forests to take over which, over long timescales, could
provide more large wood that could create hard points (Montgomery and Abbe, 2006).
Along the Elwha, riparian vegetation and immature forest is already becoming
established on sediment bars, and large logjams appear to have stabilized on the river.
Field observations from 2020 also reveal that some sediment bars with large logjams
have already accumulated adequate sediment to protect them from disturbances under
moderate and low flows. The feedbacks observed along the Queets River suggest that in
the future, the Elwha River may experience similar feedbacks involving hard point
establishment and sediment aggradation that results in the formation of elevated
landforms where riparian forests can proliferate.
Project Significance
Since the removal of the Glines Canyon Dam, the Elwha River has experienced
an influx of large wood, logjam formation and growth, increased channel braiding, and a
shift to a more mixed sediment-size distribution. These changes are characteristic of
natural river systems. Though humans have been influencing riverine landscapes in North
America since European colonization (Wohl et al., 2017), researchers have been able to
gain a better understanding of what these untouched rivers looked like before human
alteration. Historically, log and logjam abundance in western Washington rivers was
much higher than it is today as a result of logging and clearing of in-channel wood
(Collins et al., 2002). The historic presence of large wood also promoted a more braided,
or anastomosing channel pattern that created more spatial heterogeneity (Collins et al.,
2002; Wohl et al., 2017). Though we cannot predict how the Elwha will evolve in the
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years to come, it appears that the current state of the river is certainly closer to a natural
system than it was before the dam removal.
The changes in large wood and channel braiding that were observed in this study
may have significant impacts on the Elwha River ecosystem. The spatial heterogeneity
associated with wood presence and a braided, or anastomosing, channel pattern allows
both aquatic and riparian ecosystems to thrive. Presence of in-channel wood promotes
secondary channel formation and inundation of floodplain and riparian areas which
allows for aquifer recharge and preservation of wetland areas (Wohl et al., 2017).
Riparian wetlands are transitional environments between aquatic ecosystems and
terrestrial ecosystems, and these areas provide numerous ecosystem services like nutrient
cycling, sediment storage, and bank stabilization (National Research Council, 2002;
Wohl et al., 2017). Not only do these transitional environments enhance biodiversity in
general (National Research Council, 2002; Wohl et al., 2017), but riparian wetlands can
also provide habitat for salmonids during their early life-stages (Groot and Margolis,
1991; Collins et al., 2002). Presence of in-channel wood is also beneficial for salmonids
during all life-stages because it can create low-velocity areas and pools that fish can use
as refuge (Dolloff and Warren, 2003).
The removal of the Glines Canyon Dam has not only reconnected the upper and
lower reaches of the Elwha River, but it has also prompted a shift from a less complex
river system, to one that is more representative of an unaltered, natural channel. The large
wood presence, logjam growth, and increased channel braiding observed six years after
the completion of the dam removal reveal a more complex, spatially heterogeneous river
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system that is more capable of supporting aquatic species like salmonids, as well as other
species that inhabit riparian areas.
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CHAPTER VI
CONCLUSION
Large wood, sediment-size distribution and channel geomorphology are
inherently interconnected; the introduction of large wood to the middle reach of the
Elwha River during the dam removal prompted logjam establishment and growth which
promoted sediment deposition and encouraged channel bifurcations, thus increasing
channel braiding. An increase in individual logs in the study reach shifted to an increase
in logjams, which grew throughout the study period from 2012 to 2020.
Surficial sediment shifted from a cobble-dominated, armored bed, to a more
mixed sediment-size distribution that is more characteristic of undammed, natural
channels. The increase in sediment-size from 2014 to 2020 supports my initial hypothesis
that sediment-size would increase compared to 2014 values. The spatial variation in
sediment-size distribution values within the study sites also support my hypothesis that
large wood promotes sediment accumulation; however, the results indicate that
vegetation also plays a large role.
Large wood influx and high sediment load combined with discharge fluctuations
during and after the dam removal process shifted the main channel sinuosity and channel
braiding in the study reach. Sinuosity increased after the dam removal began, but that
trend reversed in 2017; by 2020 it had reached a value slightly higher than before the dam
removal, but it has not yet reached a new equilibrium. This trend negates my hypothesis
that sinuosity would initially increase after the dam removal and the rate would slow over
time. I expected a similar trend for channel braiding, but the results did not support this
hypothesis. The braiding index initially spiked near the beginning of the dam removal,
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then decreased and stabilized after 2014 at a value slightly higher than before the dam
removal.
Though the introduction of large wood and sediment caused a period of
geomorphic instability in the study reach, by 2020, some parameters of the river
geometry had reached a new equilibrium. This equilibrium is characterized by a braiding
index that is slightly higher than before the dam removal, significantly higher logjam
quantity and area, and a more mixed sediment-size distribution along sediment bars. The
number of logjams in the middle reach increased drastically after the influx of wood and
sediment during the dam removal process; however, logjam quantity stabilized after the
removal, and logjam area continued to increase. This indicates that the geomorphic
settings that were conducive to trapping and retaining logs quickly established logjams;
instead of new logjams forming in other settings along the study reach, the areas where
logjams had already been established continued to recruit logs and grow.
Because the study reach is no longer receiving large influxes of wood and
sediment from the reservoir, log and logjam quantity will likely remain relatively stable.
Logjam area will likely continue to increase slowly as downed trees from the upstream
watershed are transported into the study reach at natural rates, but the logjam area values
from recent years suggest that the rate of change is slowing, though it has not yet
stabilized. The trend in logjam area supports my initial hypothesis that logjam area would
increase, but the rate at which it increases would slow over time. Sediment-size is also
likely to stay “mixed” because it appears that much of the fine sediment has settled into
the interstices between larger clasts, which may protect the matrix material from
mobilizing.
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Though the changes in other parameters have slowed or established a new
equilibrium, channel sinuosity still seems to be evolving. The spike in channel braiding
during the dam removal established new secondary channels which allowed the main
channel to migrate into these inactive channels in some locations. Because more
pathways are available for the main channel, it is possible that the main channel will
continue to shift in the future. Sediment-size distribution along the middle reach is now
finer than it was when the dam was in place (Table 4), thus the river will be able to
mobilize sediment under lower discharge values, which could promote channel avulsions.
Overall, this study revealed that while some geomorphic parameters can establish
a new equilibrium within a six-year timespan after a large dam removal, some parameters
require longer timescales. This study documents that on alluvial rivers that undergo
incremental dam removals, timescales on the order of a decade may be required for the
river to establish a new equilibrium. This timescale may be relevant for property owners
that live near rivers undergoing restoration, scientists studying habitat changes on
restored rivers, and engineers and planners working on future dam removal projects.
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APPENDIXES
APPENDIX A—LARGE WOOD MAPS

Map A1. Log and logjam distribution from August 10, 2012. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.

85

Map A2. Log and logjam distribution from March 27, 2013. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A3. Log and logjam distribution from March 10, 2014. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A4. Log and logjam distribution from November 21, 2015. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A5. Log and logjam distribution from September 30, 2016. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A6. Log and logjam distribution from May 19, 2017. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A7. Log and logjam distribution from September 22, 2017. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A8. Log and logjam distribution from March 12, 2018. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A9. Log and logjam distribution from September 5, 2018. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A10. Log and logjam distribution from March 19, 2019. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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Map A11. Log and logjam distribution from February 20, 2020. Individual logs are
represented by solid lines and logjams are represented by polygons. White crosses
represent distance markers measured from the former Glines Canyon Dam site.
GigaPan image for the corresponding date from Andy Ritchie/USGS/NPS.
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APPENDIX B—CHANNEL SINUOSITY AND BRAIDING MAPS

Map B1. Main channel and secondary channel digitization for August 10, 2012.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B2. Main channel and secondary channel digitization for March 27, 2013.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B3. Main channel and secondary channel digitization for March 10, 2014.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B4. Main channel and secondary channel digitization for November 21, 2015.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B5. Main channel and secondary channel digitization for September 30, 2016.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B6. Main channel and secondary channel digitization for May 19, 2017.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B7. Main channel and secondary channel digitization for September 22, 2017.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B8. Main channel and secondary channel digitization for March 12, 2018.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B9. Main channel and secondary channel digitization for September 5, 2018.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B10. Main channel and secondary channel digitization for March 19, 2019.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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Map B11. Main channel and secondary channel digitization for February 20, 2020.
Braiding transects were used to calculate the average number of channels along the
study reach. White crosses represent distance markers measured from the former
Glines Canyon Dam site. GigaPan image for the corresponding date from Andy
Ritchie/USGS/NPS.
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APPENDIX C—CAMSIZER SAMPLE GRAPHS
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Graph C1. Site km1.75 matrix sediment samples from August 2020 and November 2020. Cumulative
percentage of particle sizes for each sample were calculated using the Camsizer Particle Analyzer. A
minimum of one sediment sample was collected from each sediment survey transect.
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Graph C2. Site km2.50 matrix sediment samples from August 2020 and November 2020. Cumulative
percentage of particle sizes for each sample were calculated using the Camsizer Particle Analyzer. A
minimum of one sediment sample was collected from each sediment survey transect.
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Graph C3. Site km3.25 matrix sediment samples from August 2020 and November 2020. Cumulative
percentage of particle sizes for each sample were calculated using the Camsizer Particle Analyzer. A
minimum of one sediment sample was collected from each sediment survey transect.
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Graph C4. Site km5.75 matrix sediment samples from August 2020 and November 2020. Cumulative
percentage of particle sizes for each sample were calculated using the Camsizer Particle Analyzer. A
minimum of one sediment sample was collected from each sediment survey transect.
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Graph C5. Site km6.25 matrix sediment samples from August 2020 and November 2020. Cumulative
percentage of particle sizes for each sample were calculated using the Camsizer Particle Analyzer. A
minimum of one sediment sample was collected from each sediment survey transect.
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