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A decades-long, progressive loss of channel capacity in the Skokomish River, a 622 km2 basin draining the southeast
Olympic Mountains of Washington State, has caused increasing flooding with severe consequences to endangered
salmon runs, infrastructure, and private property. To differentiate among multiple potential drivers of the capacity
loss, we analyze the geomorphic evidence for the potential effects of: flow regulation by two dams constituting
the Cushman Hydroelectric Project, which began regulating flow in the river's North Fork in 1925 and diverting
water out of the basin in 1930; sediment production from mid-twentieth century logging in the river's South Fork
basin; and twentieth century river engineering in the mainstem. Bankfull channel capacity in the mainstem has
steadily declined since about 1940 from 370 m3 s−1 to b100 m3 s−1 due partly to the narrowing of the Skokomish
River,which in 2015was only 45%aswide as itwas in 1938. The capacity loss is also due to sedimentfilling the chan-
nel, with nearly 2 m of aggradation measured at a stream gauge since 1965. Comparison of channel cross sections
surveyed in 1994, 2007, and 2016 show that about 20,000 m3 yr−1 (34,000 Mg yr−1) of sediment is accumulating
in the Skokomish River. The nature, timing, and spatial pattern of this channel narrowing and shallowing are consis-
tent with the response expected from the Cushman Project, which exports water out of basin and thus substantially
reduces downstream flows, but, because the dams were built below a natural lake, does not reduce the sediment
supply. While sediment yield from the South Fork is high, accounting for about three-fourths of the total sediment
supplied to the Skokomish River, it is dominated by the progressivewidening of the channel and recruitment by lat-
eralfluvial erosion of glacial sediments in alluvial terraces; landslides associatedwith logging in the South Fork basin
produced a small amount of sediment relative both to the sediment produced by channel widening in the upper
South Fork and to the rate of aggradation in the mainstem Skokomish River. The naturally-high sediment load
from the South Fork and the flow reduction in the North Fork result in the unusual effect of flooding having in-
creased downstream of the dams despite substantial reductions to peak flows. This case study illustrates how a
watershed-scale analysis of multiple land uses and flowmanagement and their interactionwith the basin's geology
and geomorphology can make use of geomorphic evidence to differentiate among the possible drivers of channel
change and associated flooding.
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1. Introduction

The Skokomish River, which drains 622 km2 of the southeast Olym-
pic Mountains into Hood Canal, an arm of Puget Sound in western
Washington (Fig. 1), floodsmultiple times annually andwith increasing
frequency; the river has crested above flood stage 126 times in the last
20 yr (WY 1998–2017), 51 times in the last 5 yr (WY 2013–2017) and
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28 times in the last 2 yr (NOAA, 2018), or 6.3, 10.2 and 14 times yr−1,
respectively. The frequent flooding damages farmland and threatens in-
frastructure. It also endangers salmon runs in both summer andwinter:
in summer and early fall of most years, the channel dewaters, blocking
salmon access to upstream habitat (Fig. 2A), and during late fall and
winter floods, when the bulk of floodwater is repeatedly forced out of
the channel, salmon swimming upstream to spawn are stranded on
the floodplain (U.S. Army Corps of Engineers (USACOE), 2014). While
it is generally accepted that flooding has resulted from a reduction in
the channel's bankfull channel capacity due to sediment accumulating
in the channel (Jay and Simenstad, 1996; Stover and Montgomery,
2001; Bountry et al., 2009; USACOE, 2014), the cause or causes of the
channel capacity loss has not been systematically examined. Although
much effort and funding has been expended to improve habitat or
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Fig. 1. Topography of the Skokomish River watershed in Washington State. Hatching shows extent of Pleistocene glacial drift (Qg) and stippled pattern shows Holocene alluvium (Qal),
generalized from Logan (2003).
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mitigate flooding, a lack of clarity about the cause(s) of capacity loss in-
hibits effective planning to remedy or adapt to the problem.

The river's two forks have different geologic and human histories and
feature in two different hypotheses that have been advanced to explain
flooding in the mainstem. The North Fork, draining 304 km2 and heading
in Olympic National Park, has been impounded and diverted out of basin
by the Cushman Hydroelectric Project since 1930 (U.S. Department of
Energy (USDOE), 2010). The Cushman Project consists of two dams, 14
and 17 river kilometers (rkm) upstream of the North Fork's confluence
with the South Fork. Cushman No. 2, the lower of the two dams, transfers
water out of the Skokomish basin to a powerhouse on the Hood Canal
(Fig. 1), substantially reducing flood peaks in the mainstem. This flow re-
duction has been invoked to explain at least part of the conveyance loss
(Jay and Simenstad, 1996; Stover and Montgomery, 2001; Bountry et al.,
2011). The South Fork basin, draining 205 km2 (269 km2 inclusive of the
Vance Creek basin; Fig. 1) and owned by private timber companies and
the U.S. Forest Service, has not been dammed, but experienced extensive
timber harvesting in the second half of the twentieth century, and erosion
associated with timber harvesting has been invoked to explain part (Jay
and Simenstad, 1996; Stover and Montgomery, 2001) or all (Simons and
Simons, 1997; Curran, 2016) of the downstream capacity loss. Along the
mainstem, levees built in the last third of the twentieth century tomanage
flooding have been speculated to be a third potential cause of sedimenta-
tion and channel conveyance loss (Bountry et al., 2009; Curran, 2016).

While understanding the causes and persistence of flooding in the
Skokomish River is an important regional issue, it also exemplifies sev-
eral broader concerns: First, in assessing or predictingflood risk, there is
often the need to differentiate between changes to channel capacity and
changes to streamflow (Slater et al., 2015) and whether changes to
channel capacity, in turn, may be caused by climate change (Slater
and Singer, 2013), land use, or river engineering. Second, planning for
development or removal of hydropower dams must be informed by
an understanding of potential downstream impacts.Whereas a number
of case studies on the downstream effects of dams (see Grant, 2012, for
review) provide a basis for predictive models of channel response
(Grant et al., 2003; Schmidt andWilcock, 2008; Curtis et al., 2010), rel-
atively few studies have placed damswithin a broader context of multi-
ple watershed drivers to channel change (Grant, 2012). Finally, this
study illustrates how geomorphic evidence can be used to determine
the causes and potential solutions to flooding in a river system having
multiple natural and anthropogenic influences on sedimentation and
flooding. To systematically evaluate several hypotheses on the causes



Fig. 2. (A)Dewatered reach of the Skokomish River (see Fig. 4B) inAugust 2016; arrow shows flow from right to left. (B) Eroding face of terrace formed in unconsolidated glacial sediments
in the upper South Fork River at South Fork rkm 29. Maximum bluff height is 60 m; flow is from right to left.
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of flooding in the Skokomish River, we evaluate historic change to:
(1) channel morphology, (2) bed elevation, (3) peak streamflow, and
(4) sediment inputs and yield.

2. Study area

2.1. Geology and topography

The transport of sediment from most of the North Fork's basin
downstream to the mainstem was limited historically by the presence
of the natural, moraine-dammed Lake Cushman (Bretz, 1913), which
the Cushman hydroelectric project enlarged (Fig. 1). While the natural
Lake Cushman was smaller than the modern reservoir, historical maps
(e.g., U.S. General Land Office, 1878; Jones, 1925) and early descriptions
(e.g., by the 1890 O'Neil Expedition, in Wood, 1976, pp. 69–70) show
the historical lake was large enough to have functioned as an effective
sediment sink for coarse sediment, with a surface area in the late
1800s of about 2 km2 (U.S. General Land Office, 1878, 1893). Because
82% (248 km2) of the 304 km2 of the North Fork basin drained into his-
torical Lake Cushman, the sediment load of the North Fork at its conflu-
ence with the South Fork would historically have been lower than that
of the South Fork, which drains a 269 km2 basin.

The upper South Fork flows through a glaciated valley having steep
valley slopes and a broad valley bottom (Fig. 1) and is forested except
at the highest elevations. The gradient of the South Fork (Fig. 3A) de-
clines from its steep headwaters to a moderate gradient (0.004–0.02)
in the upper, glacier-carved valley, where the river is flanked by alluvial
terraces consisting of unconsolidated sediments (Fig. 2B) from alpine
and continental glaciations (Dragovich et al., 2002). A previous study
(Washington State Department of Natural Resources (WADNR),
1997b) inferred that lateral stream erosion of these terraces is the dom-
inant source of sediment to the upper South Fork. Elsewhere in the re-
gion where extensive Pleistocene glacial deposits fill valley bottoms,
remobilization of these sediments, or “paraglacial sedimentation”
(Church and Ryder, 1972), can dominate basin sediment yields
(e.g., Church and Slaymaker, 1989), and may explain why sediment
yield from the Skokomish watershed is high relative to comparable
non-glacierized Puget Sound basins (Czuba et al., 2011).

Downstream of the upper valley, the South Fork descends through a
generally steep (Fig. 3B), confined bedrock gorge (Fig. 1) carved into the
basaltic Crescent Formation (Dragovich et al., 2002) before entering the
lowland Skokomish Valley (Fig. 1). This lowland valley, likely created by
sub-glacial runoff in the late stages of the Fraser glaciation (Booth,
1994), is broad (2–3 kmwide) andhas a lowgradient (0.002). On enter-
ing the lowland Skokomish Valley, the South Fork downstream of the
gorge and above the confluence with the North Fork (referred to here
as the “lower South Fork;” Fig. 1) has an average channel gradient of
0.0025 (Fig. 3C). Only three river kilometers downstream of its gorge,
the South Fork joins the North Fork, which has built an extensive Holo-
cene alluvial fan into the Skokomish Valley. Downstream of this conflu-
ence, the Skokomish River's channel gradient declines by a factor of two,
to 0.0013 (Fig. 3C).

The South Fork has built a valley-wide depositional ramp (Figs. 4 and
5A) into the Skokomish River valley; downstream of the confluence of
the North and South forks this ramp narrows to an alluvial ridge up to
3 m higher than the flood basins that flank the river (Fig. 5B-D). This
valley-bottommorphology is similar to that formed by rivers in the east-
ern Puget Sound lowland also flowing in troughs carved by sub-glacial
runoff (Collins and Montgomery, 2011) and causes flooding to be deep
and persistent; the original public land survey maps and field notes de-
scribe extensive backswamps in the valley's flood basins (U.S. General
Land Office, 1861).

Because of a progressive increase to the channel's bed elevation in
the last half century, the channel of the North Fork avulsed in about
2004 (Fig. 4) from its historic location, and has since flowed down-
valley parallel to the Skokomish River, in the topographic low between
theNorth Fork's Holocene fan to the north and the SkokomishRiver's al-
luvial ridge to the south (Fig. 5B), for two river kilometers before a
valley-bounding glacial terrace forces it to join the Skokomish River
(Fig. 4).

The SkokomishValley is a natural depositional reach, but existing es-
timates indicate that recent deposition rates recorded at a stream gauge



Fig. 3. (A) Longitudinal profile of the Skokomish River and forks, from 30-m digital
elevation model (DEM). (B) Channel slope of the Skokomish and South Fork Skokomish
rivers, from lidar and 30-m DEM. (C) Slope of the Skokomish River mainstem and lower
South Fork Skokomish River, from average bed elevations measured by cross sections
surveyed in 2007.
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(Stover and Montgomery, 2001) are greater than late Holocene rates
implied by radiocarbon dating (Bountry et al., 2009). Because the valley
is only about 10 km in length, the entire coarse sediment load from the
two forks deposits in a relatively short distance before the river reaches
sea level at the Hood Canal (Fig. 1). Regional sea level rise over the last
1000 yr has been b1 m (Eronen et al., 1987; Beale, 1990). There was at
least 1 m of likely co-seismic uplift and tilting at the delta front about
1000 yr ago; this has had the effect of maintaining the river's position
near to the valley's south wall in the lower-most three river kilometers
(Arcos, 2012). Stratigraphic descriptions by Bountry et al. (2009) indi-
cate the river has occupied the same general part of its valley for the
last 500–2000 yr (Bountry et al., 2009, p. 40) during which time sedi-
mentation rates, indicated by 11 radiocarbon dates, averaged
0.002myr−1 (Table C-1 in Bountry et al., 2009). In contrast, rates of ver-
tical sediment accumulation in the active channel in the last half century
has averaged about 0.03 m yr−1 (Stover and Montgomery, 2001), N10
times the late-Holocene valley sedimentation rates implied by the ra-
diocarbon dates from Bountry et al. (2009).

2.2. History of forest cutting

Logging proceeded up-valley in three phases, beginning in the last
three decades of the nineteenth century. While the Skokomish Valley's
first logging camp was established in 1887 “six miles upriver”
(Richert, 1984), the progress of logging farther up-valley was limited
by river-filling log jams that prevented downstream log transport
(U.S. General LandOffice, 1861; Richert, 1984). River-filling jams appear
to have been removed by 1892 (Richert, 1984), and federal land cover
mapping (Rankine and Plummer, 1898; Plummer et al., 1902) shows
that by 1898 logging and conversion of the valley to farming had
proceeded up-river to within 1 km of the South Fork gorge and 2.5 km
up the Vance Creek valley. The first aerial photos show that, by 1929,
logging had been limited to the valley sides of the Skokomish Valley
and to a patch in the southwest corner of lower Vance Creek where rail-
road logging had recently entered the watershed from the west
(Fig. 6B). A second wave of logging from the last years of the 1930s
through the 1940s used tractor-logging techniques on the gently- to
moderately-sloping terrain in the lower part of both forks (Figs. 1 and
6C). A third wave of logging, in the last four decades of the twentieth
century, extended into the steeper upper South Fork and Vance Creek
watersheds, primarily on U.S. Forest Service land (Fig. 6D–E), and used
cable-logging techniques along an extensive network of roads. Most
logging in themost recent two decades has been of lower-elevation sec-
ond growth forest first cut in the 1930s and 1940s (Fig. 6F).

2.3. Cushman hydroelectric project

Cushman No. 1 was completed in October 1925 (Perrin et al., 2014)
at which time the Cushman Reservoir began to fill and downstream
flow regulation began (U.S. Geological Survey (USGS) streamflow gaug-
ing station 12057500); a second, downstreamdam, CushmanNo. 2, was
completed in 1930 (USDOE, 2010). CushmanNo. 1 generates power in a
powerhouse located about 200 m downstream of the dam, while Cush-
man No. 2 withdraws water from the North Fork through a penstock to
a generating facility on Hood Canal (Fig. 1). Prior to 1988, the project
diverted between 35 and 42% of the total annual flow of the Skokomish
basin (USDOE, 2010). An instream flow requirement of 0.8 m3 s−1

(30 ft3 s−1) was instituted in July 1988 (USDOE, 2010) and increased
to 6.8 m3 s−1 (240 ft3 s−1) in 2008 (USDOE, 2009). Prior to 1988, flow
in the North Fork immediately downstream of the Cushman Project
was limited to seepage or spill during floods or project maintenance.

2.4. History of river engineering

Local interests,with federal support, primarily in the 1930s, usedwing
dams and revetments to prevent bank erosion at several locations in the
mainstem (WA Dept. of Conservation and Development, 1935; Dunn,
1941). Notes by USGS stream gauging personnel indicate that the
Washington Department of Highways removed gravel in the early
1930s from the lower Skokomish River. Federal agencies (Dunn, 1941)
straightened the channel at rkm 6, bracketed by aerial photos to between
1938 and 1940, by eliminating two adjacent meanders (Fig. 4A). Finally,
mapping by the Bureau of Reclamation (Bountry et al., 2009) and aerial
photos indicate that 5 km of discontinuous levees were later constructed
in the eight river kilometers downstream of the North Fork confluence
(Fig. 4B).

3. Approach

To assess capacity loss in the Skokomish River, we characterized
temporal change to the channel capacity by: mapping the channel



Fig. 4. The Skokomish Valley, 1938 and 2015. (A) The 1938 active channel (gravel bars and low flow channel) and forest patches digitized from aerial photos. Downstreamof theHighway
101 bridge dashed line shows channel identified as “overflow channel” on a 1935 map (Washington Dept. of Conservation and Development, 1935) and two channel meanders cutoff
between 1938 and 1940. (B) The 2015 active channel and location of levees and their approximate dates of construction, and locations of channel cross sections surveyed in 1994,
2007, and 2016 (Fig. 10), valley cross sections from lidar (Fig. 5), and portion of the channel that typically dewaters in summer.
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planform from maps and aerial imagery from 1929 through 2015; sur-
veying channel cross sections in 2016 at locations of cross sections
that had been previously surveyed in 2007 and 1994; and characterizing
changes to channel-bed elevation at USGS stream gauges. To evaluate
the hypotheses that levee building along the mainstem or flow reduc-
tion from the Cushman Projects caused the capacity loss, we compared
the timing of levee and dam building with the timing, magnitude, and
spatial occurrence of capacity loss. To evaluate the hypothesis that ca-
pacity loss resulted from increased rates of sediment production from
forestry or a systematic increase to peak flows, we: quantified sediment
sources from an existing landslide inventory and from field- and photo-
measured rates of streamerosion of alluvial terraces andfloodplains; re-
constructed thehistorical spatial extent and timing of forest harvest; ex-
amined stream gauging records for evidence of systematic change
through time; and estimated the yield of sediment from the Skokomish
River from analysis of existing suspended and bedload sediment mea-
surements combinedwith ourmeasurements of channel sediment stor-
age change.

4. Methods

4.1. Peak flow history

Flood peaks in the Skokomish basin have been recorded at several
gauges since 1914 but not continuously at any gauge (Table 1). Peak
flows in theNorth Forkweremeasured at the upstreamdam site (Cush-
man No. 1) in WY 1914–1929 (North Fork Skokomish River near
Hoodsport, WA, USGS 12057500, herein referred to as “North Fork at
Cushman No. 1”); within the period WY 1914–1925, flows were unaf-
fected by flow regulation. Peak flows of the regulated North Fork were
gauged at a site downstream of Cushman No. 2 and 2.3 rkm above the
confluence (North Fork Skokomish River near Potlatch, WA, USGS
12059500, herein referred to as “lower North Fork”) (Fig. 1). We esti-
mated pre-regulation peak flows (1914–1925) at the lower North
Fork gauge using flows at the North Fork at Cushman No. 1 gauge and
the drainage area ratio method of Thomas et al. (1994) with an expo-
nent of 0.98 from Knowles and Sumioka (2001). Upstream of the Cush-
man Projects and the natural Lake Cushman, unregulated peak flows in
the North Fork were measured in WY 1925–2016 (North Fork
Skokomish River below Staircase Rapids near Hoodsport, WA, USGS
12056500, herein referred to as “North Fork above Cushman”). We
used these flows to estimate unregulated peak flows in the mainstem
Skokomish, as described below.

The longest record on the South Fork (1932–1984 and 1996–2016)
is from a gauge at the downstream end of the South Fork's gorge
(South Fork Skokomish River near Union, USGS 12060500, herein re-
ferred to as “South Fork”). We used linear regression to estimate peak
flows at the South Fork gauge for the WY 1985–1995 period from the
Skokomish River near Potlatch gauge (USGS 12061500, herein referred
to as the “mainstem” gauge) and for 1924–1931 from an upstream
gauge on the South Fork (South Fork Skokomish River near Potlatch,
WA, USGS 12060000, herein referred to as the “upper South Fork”),
which was gauged in WY 1924–1932 and WY 1947–1964.

Gauging of the mainstem Skokomish River did not begin until 1944,
after the Cushman Project was completed. Since WY 2010, the USGS
has not gauged flows greater than about 110–140 m3 s−1 (4000–
5000 ft3 s−1) because the river overflows its banks upstream into several
channels that bypass the gauge;we estimatedmissing daily flows for the
WY 1995–2016 period by a regression of flows at the mainstem gauge
with combined flows from the South Fork and North Fork gauges



Fig. 5. Topographic profiles, from water-penetrating 2015 lidar, across the Skokomish
River valley at four representative locations shown in Fig. 4. Profiles are from left to
right, looking down valley (north to south). Labels and arrows are locations of the
channels of the South Fork Skokomish (“SF”), North Fork (“NF”), Skokomish (“SKO”),
and Vance Creek.
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(Qmainstem = 1.00 (QNF + QSF)1.10, R2 = 0.97, N= 2661). We estimated
peak flows for WY 1932–1933 and 1935–1943 from the South Fork
gauge. For both the South Fork andmainstemgauges, we fit the recorded
peak annual floods to a Log Pearson Type-III frequency distribution.

We took two approaches to estimating the unregulated magnitude
and frequency of floods at the mainstem gauge. For the pre-regulation
period (i.e., 1914–1925), we used the drainage-area ratio approach to
scale flows for the South Fork from the South Fork gauge and for the
North Fork from the North Fork Cushman No.1 gauge. Because this ap-
proach is limited to the brief pre-regulation record at the North Fork
at Cushman No. 1 gauge, we also estimated unregulated peak flows
(i.e., post-1925) by scaling flows from the North Fork above Cushman
gauge and the South Fork gauge. The robustness of this second approach
is limited by the need to determine an empirical flood peak attenuation
factor, to account for the effects of historical Lake Cushman, from the
single year of overlap between the unregulated record at the Cushman
No. 1 gauge and the North Fork above Cushman gauge; we determined
an attenuation factor of 0.83 from two flood peaks inWY 1925 by using
the area-ratio approach to predict flows at the Cushman No. 1 gauge
from the gauge above Cushman and comparing the predicted and ob-
served flows at the Cushman No. 1 gauge.

4.2. Historical change in bankfull channel capacity

To quantify how the bankfull channel capacity has changed through
time, we concentrated on the mainstem gauge, which has the most ex-
tensive record. The gauge is in a straight reach (Fig. 4B) and the channel
at the gauge has an uncomplicated trapezoidal cross-sectional shape.
We relied primarily on field observations by USGS stream gauging per-
sonnel of the stage and discharge at which water began to overflow the
banks, or, on one occasion (12/2/1941), the stage at which water was
overflowing the banks, as recorded on field measurement forms
(USGS form 9–275). We also used field discharge measurements,
grouped by decade, to plot thewidth-to-depth ratio against the average
flow depth, fit a parabola to the data and took the vertex (minima) as
the bankfull depth (e.g., Knighton, 1998, Fig. 5.6B), and convert this
flow depth to a discharge by creating a stage-discharge rating curve
for that decade; overbank flows were only frequent enough to confi-
dently determine this value for the last three decades of the record.
We supplemented these two indicators of bankfull capacity with pub-
lished measurements of bankfull discharge by the USACOE (Dunn,
1941) and US Geological Survey (Cummans, 1973) and estimates from
hydraulic models (KCM, 1997; Bountry et al., 2011).

4.3. Streambed elevation change at USGS stream gauges

We used USGS stream gauging records to characterize annual
changes to bed elevation by determining the water surface elevation
at a given discharge, an approach that has been applied to a range of ap-
plications in the last century (e.g., Gilbert, 1917;Williams andWolman,
1984; Collins andDunne, 1989; James, 1991, 1997; Juracek, 2000; Pinter
et al., 2000; Pinter andHeine, 2005).We used this approach, rather than
directly determining the bed elevation by averaging bed elevations
from each discharge measurement (e.g., Stover and Montgomery,
2001) or by approximating the bed elevation by dividing the cross-
sectional area for each discharge measurement by the stream width
and subtracting the flow depth from gauge height (e.g., Slater and
Singer, 2013) because the water surface elevation, as a hydraulically-
smoothed representation of bed elevation, should be a better indicator
of the reach-averaged, rather than local, bed elevation.

We obtained discharge measurement summary sheets (USGS form
9–207) and discharge measurement notes (USGS form 9–275) from
the US Geological Survey for the period of record for five gauges
(Table 1). For each water year, we created a rating between discharge
and gauge height and determined the gauge height for the median dis-
charge for the period of record (e.g., Czuba et al., 2010); we did this
rather than computing the difference between individual measure-
ments and a single stage-discharge rating (e.g., James, 1991) to focus
on change at the annual and decadal rather than monthly scale. The
mainstem gauge was moved 1 rkm downstream to its current location
in 1965 (Fig. 4B); because measurements were made at both stations
in 1964 it was possible to correlate elevations at the upstream station
to the datum of the current location.

4.4. Channel cross-sectional change

To characterize rates and spatial patterns of bed elevation change in
the Skokomish and lower South Fork Skokomish rivers, in summer
2016 we resurveyed cross sections originally surveyed for a flood study
in 1994 (KCM, 1997) and resurveyed for a subsequent flood study in
2007 (Tetra-Tech, 2007) (Fig. 4B). The 2007 survey points were provided
as northing and easting coordinates in GIS shape files by the US Bureau of
Reclamation (Jennifer Bountry, email communication, 2016). The 1994
survey data were provided as distances and elevations without



Fig. 6. Land ownership and history of forest clearing in the South Fork Skokomish watershed. (A) Numbered reaches, demarcated by dashed lines, refer to channel segments in the upper
South Fork valley in Fig. 13. (B)—(F) Logging history, showing status of forest in 1929, 1951, 1972, 1990, and 2015. Data compiled from USFS 2015 stand age mapping (U.S. Forest Service,
2016) and from interpretation of aerial photos (Table 2).
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georeferenced endpoints in a spreadsheet by the US Army Corps of Engi-
neers (Karl Eriksen, email communication, 2014).

We surveyed 36 of the 42 cross sections upstream of the Highway
101 bridge; in the kilometer upstream of Highway 101 we reoccupied
every other cross section because cross sections in that reach were
more closely spaced than elsewhere.We reoccupied the 2007 cross sec-
tions using a Trimble R10 GPS and theWashington State Reference Net-
work to locate two 2007 survey points along each cross section; the
mean vertical precision of these initial points was 7.8 mm (0.026 ft)
(standard deviation = 2.4 mm (0.012 ft); minimum = 4.3 mm
(0.014 ft), maximum= 17.7 mm (0.058 ft)). We then used a total sta-
tion to survey the cross section along the line established by the two
reoccupied points. Residuals associated with total station set up
Table 1
USGS gauges in the Skokomish River watershed used in this analysis.

Gauge
number

Gauge name N

12061500 Skokomish River near Potlatch, WA “
12060500 South Fork Skokomish River near Union, WA “
12060000 South Fork Skokomish River near Potlatch, WA “
12059500 North Fork Skokomish River near Potlatch, WA “
12057500 North Fork Skokomish River near Hoodsport, WA “
12056500 North Fork Skokomish River below Staircase Rapids near Hoodsport, WA “

a River kilometers are fromUSGS topographicmaps and are continuous along themainstem a
(i.e., the difference between the elevation of the second pointmeasured
by GPS and the elevation of the second point measured by the total sta-
tion) averaged −0.3 mm (−0.001 ft) (standard deviation = 15.2 mm
(0.050 ft)). Summing the GPS precision and station set up precision in-
dicates the vertical precision of the 2016 cross sections was generally
b1 cm, and in all cases b2 cm.

Cross sections were not spaced at equal distances throughout the
reach, with an average spacing of 0.26 km between cross sections in
the 7.4 km from the Highway 101 bridge to Vance Creek and 0.51 km
in the 4.1 km between Vance Creek and the South Fork gauge, with a
spacing of 0.8 km in the upper 2.4 km of the latter reach. To account
for the difference in spacing, we averaged cross-sectional change in
each sub-reach and multiplied that average by the distance of the
ame used in this paper River
kma

Drainage area
(km2)

Peak flow period of record
(WY)

mainstem” 8.5 588 1934, 1943–2016
South Fork” SF 5 198 1931–1984, 1996–2016
Upper South Fork” SF 15 170 1924–1932, 1947–1964
lower North Fork” 16.1 303 1945–2016
North Fork at Cushman No. 1” 32 243 1914–1925
North Fork above Cushman” 46.9 148 1925–2016

ndNorth Fork or along the South Fork (“SF”) starting at its confluencewith the North Fork.
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reach to determine volumetric change for that sub-reach; similarly, to
compute average elevation change, we spatially-weighted the average
elevation change by sub-reach length.

4.5. Channel planform change in the lower South Fork and Skokomish
mainstem

To characterize change through time to the channel planform of the
lower South Fork and the mainstem, we digitized aerial imagery from
1929 to 2015 including georeferenced digital imagery, from 1990
through 2015, and aerial photographs, from 1929 through 1985, that
we scanned and georeferenced or orthorectified (Table 2). On each set
of images, we digitized the low-flow channel, gravel bars, and forest
patches having a closed canopy; we took the combined low-flow chan-
nel and gravel-bar areas as the active channel area. Because photo-
graphs were taken in low-flow months of June through September
and because we analyzed the active channel, it was not necessary to
control for differences in streamflow between photos. To characterize
channel width, we used a GIS to generate a series of transects orthogo-
nal to a generalized active-channel centerline (Legg et al., 2014) for the
1929–2015 period, spaced at 200-m intervals, and to measure the
length of each transect intersecting the active channel for each imagery
year. We bracketed the date of construction of streamside levees from
GIS data provided by the U.S. Bureau of Reclamation (Jennifer Bountry,
email communication, 2016) supplemented with aerial photo analysis.

4.6. Channel planform change and sediment production in the upper South
Fork

In the upper South Fork basin, we measured channel planform area
and width as described above. To estimate sediment influx from alluvial
terraces, in September 2017 we mapped channel-adjacent bluffs and
Table 2
Aerial photographs and satellite imagery used in channel planform change analysis. Imag-
ery type abbreviations: B&W: black and white; SFP: single frame photo; DOQ: digital
orthophoto.

Year of
imagery

Scale or
resolution

Type Originating agency or firm Source

1929 1:14,400 B&W SFP Fairchild Aerial Surveys 1
1938 1:10,000 B&W SFP USACOE 3
1939 1:30,000 B&W SFP USGS 4, 6

1942 1:20,000
B&W
photomosaic

USACOE 2

1946 1:14,400 B&W SFP Fairchild Aerial Surveys 5
1951 1:37,400 B&W SFP USGS 6

1957 1:12,000 B&W SFP
Wash. State Dept. of
Transportation

2

1962 1:12,000 B&W SFP USDA Forest Service 2
1968 1:80,000 B&W SFP USGS 6
1972 1:70,000 B&W SFP USDA Forest Service 2
1980 1:80,000 B&W SFP USDA Forest Service 2
1985 1:24,000 Color SFP USGS 6
1990 1 m B&W DOQ USGS 6
1994 1 m B&W DOQ USGS 6
2004 2 m Color digital USDA NAIP 7
2005 2 m Color digital USDA NAIP 7
2006 1 m Color digital USDA NAIP 7
2009 1 m Color digital USDA NAIP 7
2011 1 m Color digital USDA NAIP 7
2013 1 m Color digital USDA NAIP 7
2015 1 m Color digital USDA NAIP 7

1 University of California Santa Barbara Libraries, Santa Barbara, WA (http://www.library.
ucsb.edu/map-imagery-lab/collections-aerial-photography).
2 University of Washington Libraries, Seattle, WA.
3 Seattle District, Army Corps of Engineers, orthorectified by Puget Sound River History
Project (http://riverhistory.ess.washington.edu/index.html).
4 U.S. Department of Agriculture, Olympic National Forest, Olympia, WA.
5 Green Diamond Resource Company, Shelton, WA.
6 USGS Earth Explorer (http://earthexplorer.usgs.gov/).
7 U.S. Department of Agriculture, National Agricultural Imagery Program.
their heights; to determine volumetric erosion of bluffs alone
(i.e., excluding floodplain erosion), we measured areal change along
field-identified bluffs in the period between the first reliably-
georeferenced imagery from 1990/1994, and 2015 (Table 2). To convert
this volume to a mass, we derived an average bulk density of
2000 kg m−3 by visually estimating the relative thickness of the two
units exposed in bluffs, glacial outwash and glacial till, and multiplying
the proportion of each unit by the bulk density for each unit. We
used bulk density values from elsewhere in western Washington of
1910 kg m−3 for Vashon outwash (Savage et al., 2000) and
2250 kg m−3 for Vashon Till (Easterbrook, 1964; Savage et al., 2000).
To determine sediment influx from erosion of floodplains, we combined
the photo-determined lateral channel migration with streambank
heights field-measured in 2013, 2014, and 2017, fromwhichwe derived
an average bank height of 2.5 m.

We used a previous landslide inventory by the State of Washington
(WADNR, 1997a) to characterize the timing, location and quantity of
landsliding. To convert volumetric sediment delivery rates reported in
WADNR (1997a) to mass, we assumed an average bulk density for col-
luvium of 1600 kgm−3 from six samples of colluvium gathered at three
sites in the Olympic Peninsula by Schroeder and Alto (1983). To assess
the possibility that riparian logging promoted channel widening,
we mapped logging history in the South Fork basin from aerial
photographs and a 2015 forest stand-agemap created by the U.S. Forest
Service (U.S. Forest Service, 2016).

To compare the timing andmagnitude of sediment sources from the
Skokomish basin to flux through the Skokomish River at the Highway
101 bridge, we estimated the suspended and bedload sediment loads
of the Skokomish River at the USGS gauge at Highway 101. We created
a rating curve for suspended sediment by combining field measure-
ments by the USGS (WY 1996–1998, 2010) with field measurements
in WY 1993–1994 by Simons & Associates (1994) and applying a bias
correction factor (BCF) (Duan, 1983); the resulting relation between
daily discharge, Q (m3 s−1), and daily suspended sediment discharge,
Qs (Mg d−1) is Qs = 0.00375 Q2.62 BCF (R2 = 0.89), where BCF =
1.64. We created a rating curve for bedload transport by combining
samples from the USGS (nine measurements in WY 2010–2011) with
measurements by Simons & Associates (17 measurements in WY
1993–1994); the resulting ratings between daily discharge, Q
(m3 s−1), and daily bedload flux, Qb (Mg d−1), are, for Q ≥ 49 m3 s−1,
Qb = 2.32 E-3 Q2.52 BCF (R2 = 0.63) where BCF = 1.36, and, for Q
b 49 m3 s−1, Qb = 5.45E-18 Q11.4. We applied the suspended and
bedload sediment ratings to daily flows for the period of record at the
gauge, WY 1944–2017, estimatingmissing high flows as described pre-
viously. Our calculated suspended sediment flux agreed within 1% of an
estimate byGrossman et al. (2015)made fromUSGS samples alone; our
calculated bedload was 24% less than that made by Grossman et al.
(2015) from USGS data alone. While including the Simons & Associates
data nearly tripled the number of bedload samples in our rating com-
pared to using USGS data alone, the estimate nonetheless has large un-
certainty because none of themeasurements were made at flows larger
than 295m3 s−1 (10,400 ft3 s−1), none of theUSGSmeasurementswere
from flows larger than 194 m3 s−1 (6840 ft3 s−1), and more than half
(54%) of the bedload calculated to have transported over the period of
record was in the 0.8% of days with a flow exceeding 280 m3 s−1

(10,000 ft3 s−1).

5. Results

5.1. Peak flow history and effects of flow regulation on flood peaks

Peak annual floods at the South Fork gauge range from 242 m3 s−1

(8550 ft3 s−1) for the 1.25-yr flood to 711 m3 s−1 (25,100 ft3 s−1) for
the 100-yr flood, and at the mainstem gauge range from 351 m3 s−1

(12,400 ft3 s−1) for the 1.25-yr flood to 931 m3 s−1 (32,900 ft3 s−1)
for the 100-yr flood (Table 3). The two largest annual peaks of record

http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
http://earthexplorer.usgs.gov
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occurred in the 1990s (Fig. 7). Peak annual floods for the North Fork
range from 35.7 m3 s−1 (1260 ft3 s−1) for the 1.25-yr flood to
239 m3 s−1 (8440 ft3 s−1) for the 100-yr flood. Peak annual flows in
the South Fork have not increased systematically during the period of
record; linear regression of peak flows for the period of record (1932–
1984, 1996–2015) shows a weak, insignificant correlation. This result
is unchanged by including one or both periods (1924–1931 and 1985–
1995) of estimated peaks.

Comparing peak flows at the pre-regulation Cushman No. 1 gauge
scaled up to the post-regulation lower North Fork gauge (Table 3) indi-
cates that regulation reduced flows in the North Fork by an amount
ranging from 79% for the 1.25-yr recurrence interval to 67% for the
100-yr flow. Using the brief peak flow record from the unregulated pe-
riod at the CushmanNo. 1 gauge andflows from the South Fork gauge to
estimate the effects of regulation on flows at the mainstem gauge indi-
cates that the reduction in flows from flow regulation ranged from 36%
for the 1.25-yr recurrence intervalflow to 51% for the 100-yr flow. Using
the longer flow record from the North Fork gauge above Cushmanwith
the South Fork gauge indicates similar reductions, ranging from 35% for
the 1.25-yr recurrence interval flow to 53% for the 100-yr flow. While
short records limit the robustness of both approaches (see
Section 4.1), flows estimated by the two approaches agree within 1%
Fig. 7.Annual peakflows at (A)USGS gauge 12060500, South Fork SkokomishRiver atUnion
(“South Fork”).Missing peak flows (open symbols) were estimated forWY 1985–1995 from
the mainstem Skokomish River gauge 12061500 and flows for WY 1924–1931 were
estimated from the “upper South Fork” gauge 12060000. (B) USGS gauge 12061500,
Skokomish River near Potlatch; peak flows for WY 1932–1933 and 1935–1943 were
estimated from the South Fork (12016500) gauge, and missing peaks in the WY 1995—
2016 period were estimated as described in the text. In both panels, the recurrence
interval of the 2-yr, 10-yr, and 100-yr peak annual flood (dashed horizontal lines) was
calculated from the period of record without including estimated flows (Tables 1 and 3).
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for the 1.25-yr flow and within 5% for the 100-yr flow. Simons &
Associates (1993) estimated that damoperations resulted in a reduction
of 50% for a modeled 400 m3 s−1 (14,000 ft3 s−1) flow but do not indi-
cate how they derived their estimate.

5.2. Timing andmagnitude of historical loss to the Skokomish River's channel
capacity

Bankfull channel capacity at the Highway 101 bridge gradually de-
clined by a factor of about 4× since the first estimates made in an early
flood control study by the USACOE (Dunn, 1941), which reported “the
bankfull capacity of the Skokomish River channel is about 13,000
second-feet” (370 m3 s−1) (Fig. 8). This estimate appears to have been
based on visual observations; Dunn (1941) indicates “flooding in valley
begins at 13,000 cubic feet per second.” Subsequent bankfull flow esti-
mates in Fig. 8 include field observations made by USGS field personnel
of the stage and discharge at which water began to overflow the banks,
analysis of width-to-depth ratios from USGS gauging records, and a field
study by Cummans (1973), who determined that in 1972 the channel
could contain 250 m3 s−1 (8900 ft3 s−1) at the Highway 101 gauge
(Fig. 8). Themost recent estimates of bankfull channel capacity, indicated
by width-to-depth ratios from USGS gauging records, are 80 and
85 m3 s−1; a U.S. Bureau of Reclamation hydraulic modeling study
(Bountry et al., 2011) estimates the channel capacity in a 2-yr flow to
be 100m3 s−1, providing an upper limiting value for the bankfull capacity
(Fig. 8).

Previous hydraulic models show that, in contrast to the mainstem,
the unregulated lower South Fork has retained a capacity equivalent
to the 1.5-yr to 3.5-yr recurrence interval flows, which is greater than
the recurrence interval for the bankfull flow for most western
Washington streams, which Castro and Jackson (2001) found averaged
1.2 yr. Modeling by KCM (1997) estimated an average bankfull capacity
of 413 m3 s−1 (14,600 ft3 s−1), which exceeds the 2-yr flow (Table 3),
Fig. 8. Estimates of bankfull discharge in the Skokomish River at the USGS gauging station
made from field estimates and hydraulic modeling, 1940–2007. Gauging station was
located 1965–2016 at the Highway 101 bridge (Fig. 4B) and 1 rkm upstream in 1931–
1964 (Fig. 4A). Types of estimates: (1) field observations published by the Army Corps
of Engineers (Dunn, 1941) and USGS (Cummans, 1973); (2) field observations made by
field personnel of the USGS and recorded in field measurement Form 9–275,
(3) analysis of width-to-depth ratios for field measurements from Form 9–275, pooled
by decade, (4) hydraulic modeling by KCM (1997) using 1994 channel topography data
and by the Bureau of Reclamation (Bountry et al., 2011) using 2007 channel topography
data. Horizontal bars indicate years of field measurements used for width-to-depth ratio
estimate; vertical arrow indicates that estimate is a maximum estimate and actual value
is lower than shown.
and modeling by Bountry et al. (2011) estimated the channel can con-
tain about 80% of the 2-yr flow, which is equivalent to about the 1.5-
yr flow (Table 3).

5.3. Historical change in channel planform in the Skokomish River valley

Much of themainstemSkokomish River's historical channel capacity
loss can be accounted for by channel narrowing; the 2015 channel was
only 45% aswide as it was in 1938, the year of the earliestmainstem ae-
rial photographs, having narrowed, on average, from 193 m in 1938 to
73 m in 2015 (Fig. 9A). Aerial photos show the channel narrowing as
the establishment of closed-canopy riparian forest onto formerly
unvegetated bars. About two-thirds of the post-1938 narrowing oc-
curred between 1938 and 1951. While the 1938 photographs are the
earliest of the mainstem, channel measurements made in 1924 for an
engineering study (Jacobs and Ober, 1925) for the area between the
North Fork confluence and the former Sunnyside Bridge at rkm 11.4
(Fig. 4A) agree closely to the area measured on the 1938 photographs
(0.65 km2 from the 1924 ground survey compared to 0.69 km2 from
the 1938 photos), suggesting the channel width changed little in the de-
cade and a half prior to 1938.

In 1938, the channel was widest in the 2.4 rkm downstream of the
North Fork confluence (Fig. 9B), and post-1938 narrowing was greatest
in this same reach (Fig. 9C): the average channelwidth in 2015was only
28% of the 1938 width (Fig. 9C). Downstream of this reach, the 2015
channel was 76% of the 1938 width (Fig. 9C).

Riparian canopy obscures the North Fork's channel downstream of
the Cushman dams on aerial photos except for the lower 2.3 rkm
where itflows on theHolocene alluvial fan built into the SkokomishVal-
ley; in that reach, the active channel measured from aerial images in
2015 is 39% that of the area of the 1938 channel. A 2014 field-
surveyed cross section and seven cross sections from lidar six river kilo-
meters from the North Fork's mouth show that the channel averages
24% thewidth of that of the field-identified presumed pre-dam channel.

In contrast to the rapid narrowing of the mainstem and North Fork,
the lower South Fork changed little overall, averaging 152 m in 1929
and 153 m in 2015 (Fig. 9A). The average width increased after 1938
to a maximum of 178 m in 1957 and then declined to 153 m in 1968.

5.4. Channel cross-sectional change in the Skokomish and lower South Fork
Skokomish rivers

On average, bed elevation between Highway 101 and the South Fork
gauge increased between 2007 and 2016 by 0.010 m yr−1, and the sed-
iment accumulation at cross sections averaged 1.79 m2 yr−1, totaling
20,400 m3 yr−1 (Fig. 10A and Table 4). In-channel sediment storage in-
creased the most in the 1.3-km-long reach between the former (pre-
2004) North Fork confluence and the Vance Creek confluence; storage
also increased substantially in the 2.0-km-long reach between the for-
mer and current North Fork confluences (Fig. 4), the same reach that
had narrowedmost rapidly post-1940 (Fig. 9), and in the 1.7 km imme-
diately upstream from Vance Creek (Fig. 10B). Farther upstream of
Vance Creek, the South Fork degraded. Bed elevation changed the
least downstream of the current (post-2004) North Fork confluence,
which had a small net increase in bed elevation.

The overall rate of change in bed material storage in 1994–2007,
0.014 m yr−1, is indistinguishable from that in the 2007–2016 period
(the 1994–2007 comparison is less robust than the 2007–2017 compari-
son because elevations on the 1994 surveyweremorewidely spaced than
in the 2007 and 2016 surveys, and because the absence of horizontal con-
trol for the 1994 survey meant that relatively few cross sections could be
compared in the most rapidly changing reaches). However, while the
overall accumulation rate was unchanged between the two periods, the
zone of greatest accumulation in 2007–2016 (shown by the dashed-line
bar graph in Fig. 10A) shifted upstream compared to 1994–2007. In
1994–2007 there wasmore accumulation in the reach between Highway



Fig. 10.Change in average bed elevation (A) and cross-sectional area (B), from comparison
of cross sections surveyed in 2007 and 2016 on the Skokomish and lower South Fork
Skokomish rivers. Bar graphs shows averages for river segments between the Highway
101 bridge and the current North Fork confluence, between the current and old North
Fork, between the old North Fork and Vance Creek, and between Vance Creek and the
South Fork USGS gauge. Dashed lines in panel (A) show the change in elevation from
comparison of 1994 and 2007 cross sections.

Fig. 9. (A) Change in channel width of the lower South Fork Skokomish River (hollow
symbol) and Skokomish River (solid symbol) measured from aerial photographs, 1929–
2015, from the South Fork gauge to Highway 101. Channel width is calculated from
transects spaced at 200-m intervals along and perpendicular to a channel centerline
generalized for the 1938–2015 period. (B) Active channel width in 1938 and 2015 at
transects described above. (C) Active channel width in 2015 as a fraction of the 1938
active channel width for the same transects shown in Panel B; horizontal axis is the
same as in panel B.
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101 and the new North Fork confluence (0.007 m yr−1 in 2007–2016
compared to 0.019 m yr−1 in 1994–2007) and in the reach between the
old and new North Fork confluences (0.032 m yr−1 in 2007–2016 com-
pared to 0.040 m yr−1 in 1994–2007), and less in the upstream reaches,
with the entire South Fork reach incising upstream of Vance Creek
(Fig. 10A).
5.5. Change in bed elevation recorded by stream gauges

The water surface elevation at the median annual flow at the
mainstem gauge declined by about 0.3 m between 1932 and 1944
(Fig. 11A) after which the elevation remained roughly constant until
1966 (the gauge was moved downstream by 1 rkm in 1964; the two lo-
cations are shown in a single panel to facilitate visual interpretation).
After 1966, the river's stage increased steadily at 0.041 m yr−1 in
1966–1998, after which the increase slowed moderately in each of the
last two decades, to 0.034 m yr−1 in 1998–2007 and 0.029 m yr−1 in
2008–2016; this reduction in rate of elevation change at the gauge cor-
responds with the reduction in reach-averaged aggradation measured
by cross sections in 2007–2016 relative to 1994–2007 between the
new North Fork confluence and Highway 101 (Fig. 10). The overall in-
crease in stage over the 50 yr between 1966 and 2016 is 1.84 m
(Fig. 11A); the trend and amount of vertical change in thewater surface
are confirmed by change to the streambed elevation (Fig. 12). Addition-
ally, Stover and Montgomery (2001) used field measurement notes
from the gauge to show 1.3 m of positive bed elevation change through
1997, the same amount determined by our water-surface analysis for
that period.



Table 4
Change in bed elevation (m yr−1), average cross-sectional change (m2 yr−1), and volume (m3 yr−1), from comparison of cross sections measured in 2007 and 2016. Final column shows
average change in bed elevation from comparison of cross sections measured in 1994 and 2007 (see text). Values for reaches are simple averages of values at cross sections within the
reach. Totals for all reaches combined (final row in table) for volumetric estimates are sums of reach values, and for lowering and cross-sectional area change are averages of the reaches
weighted by sub-reach length.

Reach Reach length
(river km)

2007–2016 1994–2007

Number of XS number
(and avg. spacing, km)

Mean ± SE
vertical change,
m yr−1

Mean ± SE
cross-sectional
change, m2 yr−1

Volumetric
change ± SE,
m3 yr−1

Number of XS (and
avg. spacing, km)

Mean ± SE
vertical change,
m yr−1

Mainstem: Hwy 101 to new NF
confluence

4.1 14 (0.29) 0.007 ± 0.006 0.44 ± 0.38 1770 ± 1530 13 (0.31) 0.019 ± 0.005

Mainstem: New NF confluence
to old NF confluence

2.0 9 (0.22) 0.032 ± 0.014 3.52 ± 1.46 6910 ± 2870 4 (0.49) 0.040 ± 0.005

SF: Old North Fork confluence
to Vance Creek

1.3 5 (0.26) 0.046 ± 0.010 6.18 ± 1.23 8180 ± 1630 4 (0.33) 0.020 ± 0.008

SF: Above Vance Creek 1.7 5 (0.34) 0.030 ± 0.009 5.14 ± 1.55 8710 ± 2620 2 (0.85) −0.006 ± 0.012
SF: Above Vance Creek to USGS gauge 2.4 3 (0.79) −0.019 ± 0.005 −2.19 ± 1.55 −5200 ± 3670 4 (0.59) −0.017 ± 0.040
Mainstem & SF weighted totals 11.4 36 (0.32) 0.010 1.79 20,400 27 (0.42) 0.014

Fig. 11. Elevation ofwater surface at the 50% exceedance flow at three USGS gauges on the
Skokomish and South Fork Skokomish rivers: Gaps in data indicate time periods when no
field measurements were made. (A) Gauge 12061500, Skokomish River near Potlatch
(“mainstem”). In 1964, the gauge was moved to its present location at Hwy 101 from its
location 1.0 km upstream. (B) Gauge 12060500, South Fork Skokomish River near Union
(“South Fork”); gauge was discontinued 1985–1994. (C) Gauge 1260000, South Fork
Skokomish River near Potlatch (“upper South Fork”); gauge was discontinued 1933–
1946 and after 1964.

149B.D. Collins et al. / Geomorphology 332 (2019) 138–156
At the South Fork gauge, the stage at the median flow gradually de-
clined from 1930 to 1960 by about a meter; after a gap in the record in
WY 1985–1994, the elevation declined further but had returned to the
1960 elevation by 2008 (Fig. 11B). At the gauge at the upper end of
the South Fork's canyon (Fig. 1) there was an overall decline of about
0.2 m over a discontinuous record in WY 1923–1964 (Fig. 11C).

5.6. Sediment production in the upper South Fork

Channel widening accounts for the largest sediment source in the
upper South Fork. The channel widened systematically over the course
Fig. 12. Stream-bed elevation from gauging records at USGS gauge 12061500, Skokomish
River near Potlatch, WA, 1965–2015. Representative cross sections are shown at
approximately 10-yr intervals; discharge at selected cross sections ranged from
30.0 m3 s−1 (1060 ft3 s−1) to 126 m3 s−1 (4440 ft3 s−1).
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of the photo record, 1929–2015, with the 2015 channel area almost half
again (146%) that of the 1929 channel area (Fig. 13A). This widening
came at the expense of both glacial terraces and floodplains. Field-
measured heights of terrace bluffs ranged from 6 m to 55 m and aver-
aged 22 m; applying bluff heights to areas eroded from 1990/1994 to
2015 indicates an erosion of 112,000 m3 yr−1 or 220,000 Mg yr−1, or
1100 Mg km−2 yr−1 averaged over the South Fork exclusive of the
Vance Creek drainage. Bank erosion of forested floodplain resulted in
an additional 18,000 m3 yr−1 (30,000 Mg yr−1) of sediment.

By comparison, landsliding has been amuch smaller sediment source.
According to a 1946–1995 landslide inventory (WADNR, 1997a), sedi-
ment from landslides in the South Fork (includingVance Creek; Fig. 1) de-
livered to streams an estimated 7500 Mg yr−1 or 28 Mg km−2 yr−1; 90%
of inventoried landslides, by number, were related to logging, and most
failures were associated with roads. The landsliding rate varied through-
out the inventory period; almost half (48%) of landslide-derived sediment
by volume delivered to streams was in 1985–1995 and another 27% in
1965–1978. Landslide inventories made from aerial photographs gener-
ally do not detect all landslides and consequently underestimate sedi-
ment production; for example, Brardinoni et al. (2003) found, in the
198-km2 Capilano River basin inwestern British Columbia, that landslides
not detectable from aerial imagery alone accounted for an additional 30%
by volume. Applying this figure to the sediment delivery estimated by the
South Fork inventorywould increase sediment deliver to 38Mgkm2yr−1.
The inventory also included landslides that did not deliver sediment to
channels; including these landslides indicate overall erosion rates of
34 Mg km2 yr−1 or 44 Mg km2 yr−1 including the adjustment for unde-
tected landslides. This landslide erosion rate is low relative to the regional
average, but within the range of variability determined by Smith and
Wegmann (2018) by mapping landslides for the 1990–2015 period in a
15-km by 85-km, SW-NE-trending swath across the Olympic Mountains.

5.7. Sediment flux to the Skokomish Valley

The suspended sediment flux calculated at the Highway 101 gauge,
for theWY1944–2017 period is 242,000Mg yr−1, or 712Mg km−2 yr−1

averaged over the 340 km2 area that excludes the 248 km2 area up-
stream of Cushman Dam No. 2 (Table 5). Combining this with the esti-
mated bedload of 70,500Mg yr−1 or 207Mg km−2 yr−1 indicates a total
load of 919Mgkm−2 yr−1. The net change in bedmaterial storage in the
lower South Fork and the Skokomish River upstream of Highway 101,
from Table 4, is 34,000 Mg yr−1, or 101 Mg km−2 yr−1 if averaged
over the basin exclusive of the area draining to Lake Cushman; adding
this to the estimated total flux at Highway 101 (919 Mg km−2 yr−1)
to estimate the total influx of sediment to the Skokomish River
mainstem yields 347,000 Mg yr−1 or 1020 Mg km−2 yr−1 (Table 5).

6. Discussion

We use the geomorphologic evidence, described above, to evaluate
three hypotheses that have been advanced to explain the channel ca-
pacity loss and increased flooding in the Skokomish River mainstem,
as summarized in Table 6, and to evaluate several possible controls on
high sediment yields from lateral channel erosion in the South Fork
basin.
Fig. 13. Change through time in active channel area, 1929–2015, peak annual flows, and
landslide sediment input to the upper South Fork Skokomish River. (A) Active channel
area for all photo years for which complete coverage of the study area was available.
(B) Peak annual flood for the South Fork near Union gauge, USGS 12060500, from Fig. 7.
Horizontal dotted lines show magnitude of 10-yr, 50-yr, and 100-yr recurrence floods,
from Table 3. Dashed line shows weak, insignificant trend line. (C) Volumetric sediment
influx to channels in the study reach for five periods from 1946 to 1995, from WADNR
(1997a). (D)–(H) Change through time in active channel area for five reaches (Fig. 6A),
1929–2015, arranged from upstream to downstream. Also shown (bars) is cumulative
sediment influx from landsliding to the reach and from upstream. (I) Percentage
increase in active channel area relative to 1929 active channel area for the five reaches,
1929–2015.
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6.1. Evaluation of the Cushman flow reduction hypothesis

6.1.1. Channel capacity loss
In regulated rivers such as theSkokomish,whereflow regulation sub-

stantially reduces the frequency of sediment-transporting flows and
there is a high ratio of sediment supply downstream of a dam relative
to the supply upstream of the dam, channels are expected to aggrade
and narrow (e.g., Brandt, 2000; Grant et al., 2003). Capacity loss in the
Skokomish River, in its onset and persistence (Fig. 8) and its spatial pat-
tern (Figs. 9 and 10), is consistent with the expected channel response.
Capacity loss began in the decade following the out-of-basin export of
water that began with the completion of Cushman No. 2 in 1930. The
rate of capacity loss has also been relatively constant, consistent with a
ramped disturbance such as flow reduction rather than a pulsed distur-
bance such as an upstream sediment pulse. In addition, there has been
no capacity loss in the lower South Fork (see Section 5.2) except presum-
ably in the first 3 rkm upstream of the North Fork confluence.
6.1.2. Channel narrowing
The timing, rate of change, magnitude, and spatial extent of channel

narrowing in themainstem Skokomish River are consistentwith the ex-
pected response to flow reduction. Narrowing was most rapid in the
first fewdecades followingflow regulation (Fig. 9), consistentwith pub-
lished case studies of the channel response to flow regulation in which
most channel width adjustment occurs within the first few decades fol-
lowing dam closure. For example, a study of downstream change to 21
dams on alluvial rivers found that 95% of channel width adjustment oc-
curred within a modal value of 35 yr (Williams and Wolman, 1984).
That the mainstem Skokomish River's channel width measured in
1924 by Jacobs and Ober (1925) is close to that measured from the
1938 aerial photos suggests a response time of about a decade before
the channel began to narrow, which is consistent with the time needed
for riparian trees to colonize and narrow the channel. Further support
for mainstem channel narrowing being a response to flow reduction is
provided by the narrowing of the North Fork's channel downstream of
the Cushmandams. In addition,well-established theory in geomorphol-
ogy predicts that channel width will adjust to the magnitude of
channel-forming flows (e.g., Knighton, 1998).

That thewidth of the lower South Fork did not change systematically
while that of themainstem did (Fig. 9A) is also consistent with the flow
reduction hypothesis. Narrowing of themainstemwithout narrowing in
the lower South Fork cannot be explained as an adjustment to a hypo-
thetical, exceptionally large flood in the North Fork in the decade or
two prior to the 1938 photos because floods from the North Fork in
this period would have been modulated by the Cushman Reservoir
since closure of Cushman No. 1 in October 1925 (Perrin et al., 2014)
and essentially eliminated by diversion of water out of the basin upon
the completion of Cushman No. 2 in 1930 (USDOE, 2010); additionally,
the channel width remained essentially unchanged, or increased
slightly, between that measured in 1924 by Jacobs and Ober (1925) to
the 1938 aerial photos. Moreover, the persistence and amount of
narrowing likely far exceeds the response to a hypothetical large flood.
Table 5
Sediment flux at the mainstem Skokomish River gauge at Highway 101, determined from susp
ciates, as described in the text, for the period of record (WY 1944-WY 2017); change in channe
mainstem (from Table 4), and sediment supply to the Skokomish Valley, determined by summi
sediment yields are determined by dividing sediment yield by the 340 km2 upstreamof themai
sediment to the mainstem.

Sediment flux at Highway 101 mainstem USGS gauge

Suspended sediment load Bedload Total load

Mg yr−1 Mg km−2 yr−1 Mg yr−1 Mg km−2 yr−1 Mg yr−1 M
242,000 712 70,500 207 313,000 91
6.1.3. Channel bed-elevation change
Change to the channel bed elevation observed at cross sections since

1994 is consistentwith the expected response to flow reduction. Aggra-
dation measured in both 1994–2007 and 2007–2016 was greatest near
the North Fork confluence but in both periods extended downstream
throughout the surveyed reach of the mainstem and decreased rapidly
upstreamof theNorth Fork's confluence, transitioning to degradation in
the South Fork (Fig. 10, Table 4). That the zone of greatest accumulation
progressed upstream from the 1994–2007 period to the 2007–2016 pe-
riod could be a consequence of the rapid channel filling in the two river
kilometers downstream of the old North Fork, which would diminish
the upstream channel gradient and promote an upstream-progressing
depositional wedge.

The three-decade-long lag between completion of the CushmanPro-
ject and the onset of aggradation at theHighway 101 gauge complicates
flow reduction as an explanation for the post-1966 increase in bed ele-
vation at the gauge. This lag time led previous investigators to speculate
that other factors such as flow constriction by levees or upstream sedi-
ment supply might partially (Stover and Montgomery, 2001; Bountry
et al., 2009) or entirely (Simons and Simons, 1997; Curran, 2016) ex-
plain the trend. However, there are both local and systemic controls
that could plausibly account for the three-decade response time. USGS
field technicians observed that dredging for gravel supply in the first
half of the 1930s influenced the hydraulic control and caused the river
to shift. This is consistent with the timing of channel bed (Fig. 5 in
Stover and Montgomery, 2001) and water surface (Fig. 11A) lowering
at the mainstem gauge. Later in the 1930s, two channel meanders 1.7
rkm downstream of the gauge were cut off (Fig. 4), which could also
have caused incision to progress upstream to the gauge. The gradual de-
cline in bed elevation before about 1950mirrors a decline in that period
at the South Fork gauge (Fig. 11B), 10 rkm upstream, and could also re-
flect trends in sediment supply.

A potential systemic explanation for the three-decade response time
at the gauge is a complex channel response (Schumm, 1973) to flow re-
duction. Immediately following flow reduction, before the channel
began to narrow, the wide mainstem channel in the few kilometers im-
mediately downstream of the confluence (Figs. 4A and 9) would have
had a limited sediment transport capacity. The channel narrowed over
the following decades, especially in the few kilometers immediately
downstream of the North Fork confluence, as sediment accumulated in
bars, whichwere subsequently colonized by pioneering riparian tree spe-
cies. This channel narrowing andassociated increasedbankfullflowdepth
would have partially compensated for the channel shallowing and flow
reduction, thereby increasing the channel's capacity to transport sedi-
ment downstream to the USGS Highway 101 gauge. This explanation is
consistent with the evidence and physically plausible, but speculative.
There are few documented cases of systemic aggradation downstream
of dams, and the timescale and nature of such a response is not well
understood.

The mid-1960s onset of aggradation at the gauge could also reflect
an increase to the river's sediment load associated with the lateral flu-
vial erosion of terraces and floodplains in the upper South Fork. The
widening rate has been roughly constant overall since the earliest aerial
ended and bedload sediment measurements made by the USGS and by Simons and Asso-
l sediment storage, measured by repeated cross sections, 1994–2016, in the lower SF and
ng the export at themainstem gauge and the estimated change in channel storage. Specific
nstemgauge exclusive of the area upstreamof the CushmanProjects that do not contribute

Change in channel storage,
lower SF and mainstem

Inferred sediment supply to
the Skokomish Valley

g km−2 yr−1 Mg yr−1 Mg km−2 yr−1 Mg yr−1 Mg km−2 yr−1

9 34,000 101 347,000 1020



Table 6
Summary of evidence for and against three hypotheses on the cause of aggradation in the Skokomish River.

Hypothesis Supports or contradicts
hypothesis

Evidence

Flow regulation by Cushman Project Supports • Bankfull channel capacity loss from combined changes to width and bed elevation: (a) began about a
decade after flow regulation, (b) has been roughly constant in subsequent eight decades, (c) occurred
in mainstem but not lower South Fork.

• Channel narrowing: (a) began about a decade following flow regulation and was most rapid in the
subsequent few decades, consistent with timing of channel adjustment observed downstream of dams
elsewhere, (b) occurred in North Fork and mainstem but not lower South Fork, (c) is consistent with
well-established theory in geomorphology as a response to reduced channel-forming discharge.

• Channel aggradation: Mainstem has aggraded, but lower South Fork, aside from immediately upstream
of the North Fork confluence, has not.

Equivocal support • Aggradation at mainstem gauge began several decades after flow regulation began, but this delay can
be explained by some combination of gravel mining and channel straightening near the gauge, a
complex response to flow regulation, or possibly by natural increase to the sediment supply from the
upper South Fork beginning in the early twentieth century.

Levees along mainstem Contradicts • Levees were built several decades after most narrowing occurred and after aggradation had begun at
the mainstem gauge.

• Levee location is inconsistent with causing aggradation: (a) levees are discontinuous, (b) where present,
levees are generally on one side of the river, (c) levees are set back from river and do not confine it, and
(d) while entire mainstem narrowed and shallowed, there are no levees along about two-fifths of the
mainstem, including near the mainstem gauge, where nearly 2 m of aggradation has been recorded.

Pulse of increased sediment supply
from logging in the upper South Fork

Contradicts • Mainstem channel capacity loss: (a) began before substantial upstream logging, and (b) relatively steady
rate of change over eight decades is inconsistent with transient change to sediment supply as cause.

• Channels are generally observed to widen in response to upstream sediment pulse, but lower South Fork
did not widen and mainstem narrowed.

• No evidence for passage of aggradational bed wave in the logging era at either of the South Fork gauges.
• Greatest rate of mainstem sediment accumulation appears to have shifted upstream from 1994–2007 to
2007–2016, opposite to expected downstream progression of bed wave.

• Amount of sediment from logging-related landslides is much less than volume of sediment from upper
South Fork channel widening and much less than mainstem channel capacity loss.

• The upper South Fork's riparian forest largely remains old-growth forest, ruling out riparian logging as
cause of channel widening of the upper South Fork.

Equivocal support • Logging-associated landslides could have indirectly promoted channel widening in upper South Fork but
cannot be a primary cause because much of the widening predates logging and associated landslides.

152 B.D. Collins et al. / Geomorphology 332 (2019) 138–156
photo measurement in 1929 (Fig. 13A), but it is unknown when the
widening trend began. Assuming the trend began within a few decades
of the twentieth century, published observations of downstream-
translating sediment waves (e.g., Beschta, 1983; Griffiths, 1993; Madej
and Ozaki, 1996, 2009; Nelson and Dube, 2015) suggest that this initial
increase in sediment load could possibly have arrived in the mainstem
by the 1960s. An early-twentieth century increase in sediment load
could also explain the transient widening in the lower South Fork in
the 1940s and 1950s (Fig. 9A). However, if this is the case, it's not
clear why the lower South Fork's planform response, as well as the
bed elevation response at the South Fork gauge, were transient while
the sediment supply from channel widening has remained roughly con-
stant (Fig. 13A) or why the mainstem gauge response (Fig. 11A) has
persisted for more than five decades. Nevertheless, it remains possible
that an early-twentieth century increase to the sediment load from
the South Fork could at least partially explainwhy aggradation recorded
at the mainstem gauge began in the 1960s.

6.2. Evaluation of levee construction hypothesis

Neither the timing nor location of levee building is consistent with
the observed channel response. As indicated previously, while 1 rkm
of levee was built in 1968, the other 4 rkm of levees were not built
until the 1980s and 1990s, after most channel narrowing had already
occurred, and several decades after aggradation began at the Highway
101 gauge in the mid-1960s (Fig. 4B). Moreover, where levees have
been built they are discontinuous, generally on one side of the river,
and set back from the river by 0.1–0.2 km and do not constrict the
river (Fig. 4B). There are no levees in the lower two-fifths of the
mainstem between the historic North Fork confluence and the
mainstem gauge, but the entire reach narrowed and aggraded, and the
mainstem gauge, which has recorded nearly 2 m of aggradation, is
two river kilometers downstream of the leveed reach. Finally, even if
levees had been constructed continuously along the river and had con-
fined it artificially, it's unclear whether a gravel-bed river channel
would respond by aggrading or if confinement would promote greater
transport capacity and resulting incision (e.g., Gendaszek et al., 2012;
Leonard et al., 2017).

6.3. Evaluation of logging-induced sediment-wave hypothesis

The hypothesis that logging-related landsliding triggered a
downstream-moving wave of sediment can be tested against expecta-
tions fromcase studies of channels adjusting to increased rates of coarse
sediment supply. Relevant case studies include: sediment sourced from
mining debris (e.g., Gilbert, 1917; Knighton, 1989; James, 1991;
Bertrand and Liebault, 2018), which provides a reasonable analog to a
sustained period of elevated logging-induced sediment influx because
coarse sediment supply from mining operations tends to remain ele-
vated for decades; sediment eroded from reservoirs following dam re-
movals (e.g., East et al., 2015; Major et al., 2017); and sediment
sourced from hillslopes following logging, although sediment influx in
the available, well-documented cases is dominated by the effects of a
single, unusually-large storm event (e.g., Beschta, 1983; Madej and
Ozaki, 2009; Nelson and Dube, 2015). Based on these case studies, the
expectation is that a sediment wave, or bed wave (James, 2006),
would cause channel widening and aggradation and that as the bed
wave works its way downstream, the channel incises and narrows, be-
ginning upstream and progressing downstream. In addition to the ex-
pected plan-form record of change, a bed wave's passage should also
be recorded by transient bed elevation change at cross sections or
stream gauges (e.g., Gilbert, 1917; James, 1991; Jacobson and Gran,
1999; Madej and Ozaki, 2009; East et al., 2015).

Overall channel capacity loss (Fig. 8) cannot be explained by logging
in the upper South Fork because capacity loss began prior to substantial
steep-land logging (Fig. 6) or logging-associated landslides (Fig. 13) in
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the upper South Fork. Additionally, the rate of capacity loss has been
relatively constant for nearly eight decades (Fig. 8), contrary to the ex-
pected temporal pattern to change resulting from a transient sediment
wave.

The historical change to channel width, in both its temporal and spa-
tial patterns, contrasts with the expected response from a sediment bed
wave from logging-associated landslides. While the upper South Fork
widened through time, the widening began prior to logging and so the
channel widening cannot be explained primarily as a response to sedi-
ment influx from landslides (see Section 6.4). The lower South Fork
channel width did not change overall from 1929 to 2015, but there
was a transient widening in the 1940s and 1950s (Fig. 9A), consistent
with the possible response to an increase to sediment supply. However,
the period of logging-related landsliding in the upper South Fork
(Fig. 13) did not begin until the decades after the lower South Fork's
transient widening (Fig. 9A), whereas the presumed early-twentieth
century increase to supply from bank and bluff erosion in the upper
South Fork precedes the lower South Fork's response. Most problematic
for the logging hypothesis is that in the decades since logging-related
landsliding began (Fig. 11), themainstemhas narrowed (Fig. 9A), oppo-
site to the widening expected from an increased sediment load.

Neither is the observed channel-bed elevation response consistent
with expectations of the logging-induced sediment bed wave hypothe-
sis. The passage of a sediment wave should be evident in the South
Fork's stream gauging records (Fig. 11B and C) in the decades preceding
aggradation at the mainstem gauge. However, the streambed at the
South Fork gauge, 10 rkm upstream, declined gradually by about 1 m
between 1935 and 1960 (Fig. 11B). Discontinuous records from the
upper South Fork gauge (Fig. 11C), 10 rkmupstream from themainstem
gauge, at the upper entrance to the South Fork's gorge (Fig. 1, Table 1),
also show an overall decline from 1923 through 1964, consistent with
the passage of a bed wave through the upper end of the South Fork
gorge before the early 1920s (Fig. 11C) and the lower end of the gorge
by about 1930 (Fig. 11B). Because there had been essentially no up-
stream land management before 1929, any such sediment wave
would have been unrelated to land use. The 1923–1964 decline in bed
elevation at the South Fork gauge is consistentwith the possibility of in-
cision in thewake of a sedimentwave prior to the 1920s, but this would
have been decades before any logging in the South Fork watershed. Ad-
ditionally, the two-decade cross-sectional record of bed elevation
change shows the opposite of a downstream-progressing sediment
wave, as the zone of maximum accumulation appears to have shifted
upstream between the 1994–2007 and 2007–2016 periods rather
than translating downstream (Fig. 10A).

Finally, the volume of logging-generated sediment is too small to ex-
plain the observed downstream aggradation. The relatively constant
supply of sediment from lateral channel erosion of glacial terraces and
the floodplain (254,000 Mg yr−1 from the upper South Fork valley
alone) is much larger than the sediment supplied by landsliding
(9800 Mg yr−1 from the South Fork and Vance Creek watersheds
combined).

6.4. Potential controls on, and quantitative significance of, sediment yields
from the South Fork basin

Lateral channel erosion in the upper South Fork has resulted in sed-
iment yields that are high (Table 5) and, based on the rate of lateral
channel erosion, have presumably been high for at least the nine de-
cades of the aerial photo record. As discussed in Sections 6.1 and 6.3, a
presumed increase to the sediment yield in the early 20th century
could possibly explain some of the types of evidence for downstream
channel response. However, high sediment yields cannot have been
the primary cause of downstream channel capacity loss in themainstem
Skokomish River: only flow regulation can explain the record of channel
narrowing, and while the record of channel aggradation is less tempo-
rally and spatially continuous than the plan-form record and is thus
ambiguous and open to multiple potential interpretations, flow regula-
tion best accounts for the evidence for channel aggradation. However,
because high sediment yields likely influence the magnitude of down-
stream capacity loss, understanding the cause of high rates of lateral
channel erosion in the upper South Fork is important for understanding
mainstem channel capacity loss.

We evaluate three potential causes of the progressive widening and
resulting lateral fluvial erosion of terraces and floodplains in the upper
South Fork: riparian logging and subsequent loss of bank strength; in-
creases through time in peakflows; and influx of sediment from landslid-
ing. Riparian logging along the South Fork can be ruled out as a cause
because, almost along its entire length, the upper South Fork's riparian
forest remains old growth except for parts of the downstream-most seg-
ment (Fig. 6). The streamside forest in that segment was logged in 1939–
1946 on the left bank and in 1951–1962 on the right bank side in prepa-
ration for a planned hydroelectric project (Bair andMcHenry, 2011), and
the channel widened during these periods (Fig. 13H), but thewidening is
not more rapid than in some other segments where the riparian forest
remained unlogged.

Peak annual flows have not increased systematically during the pe-
riod of record. The size and concentrations of individual peak flows do
correlate with fluctuations in the rate of channel expansion; the
1934–1961 and 1991–1997 periods, which have a concentration of
peak flows exceeding the 10-yr recurrence (Fig. 13B), correspond to
more rapid rates of increase in channel width, particularly the later pe-
riod, which contained the flood of record (Fig. 13A). This second period
of accelerated widening persisted until 2009, 11 yr after the 1997 flood,
after which the channel narrowed. Field and aerial photo observations
indicate this narrowing occurs as point bars and mid-channel islands
are colonized by red alder (Alnus rubra), black cottonwood (Populus
trichocarpa), andwillow (Salix spp.) and as the channel incises; Septem-
ber 2013 and 2014 field observations show that the channel had begun
to incise in at least the upper and middle part of the valley, creating in-
cipient terraces of colonizing forest. As of 2015, post-1997flood channel
narrowing had resulted in a channel area consistent with the general
linear increase throughout the 1929–2015 period (Fig. 13A). However,
these fluctuations do not explain the systematic, long-term widening.

Finally, neither the timing nor location of sediment influx frommass
wasting (Fig. 13C) is consistentwith being the primary cause of channel
widening. Forest-practice related landsliding began decades after the
onset of widening (Fig. 13A) and there was substantial widening in
the upper reaches (Fig. 13D-E) prior to any logging or road building in
or upstream of those reaches. Additionally, the increase in channel
area as a percentage increase is greatest in the upstream-most segments
and least in the downstream-most segments (Fig. 13I), whereas the
specific sediment influx from landslides increases in a downstream di-
rection (Fig. 13D-H), also arguing against the role of logging-derived
landslides as a cause of downstream widening.

The quantitative significance of individual sediment sources from the
South Fork is demonstrated by comparison to the estimated total supply
of sediment to the Skokomish Valley, taken as the sum of the flux of
suspended and bedload sediment in the Skokomish River at the Highway
101 bridge and the change in bed material stored in the mainstem and
lower South Fork, or 347,000 Mg yr−1 or 1020 Mg km−2 yr−1 (Table 5).
Sediment production from widening of the upper South Fork alone
(i.e., exclusive of terrace or floodplain erosion by Vance Creek or the
North Fork downstream of the Cushman Projects) accounts for
254,000 Mg yr−1 (224,000 Mg yr−1 from bluff erosion and an additional
30,600 Mg yr−1 from floodplains), or about three-fourths (73%) of the
total 347,000 Mg yr−1 of sediment estimated to be contributed to the
Skokomish River valley.

The South Fork's sediment yield is similar to yields from two basins in
westernWashington also having extensive paraglacial sediment sources;
the Stillaguamish River transported 840 Mg km−2 yr−1 in suspended
load alone (Anderson et al., 2017) and the South Fork Nooksack River
transported 808 Mg km−2 yr−1, also in suspended sediment alone
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(Anderson et al., unpublished data). In contrast, suspended sediment
loads from three basins immediately adjacent to the Skokomish and
not having a significant paraglacial sediment source, the Hamma
Hamma, Duckabush, and Dosewallips rivers, range between 48 and
87 Mg km−2 yr−1 (Czuba et al., 2011).

6.5. Implications

This study demonstrates that an examination of geomorphic evi-
dence from existing records and aerial photographs, supplemented
with limited fieldmeasurement, can distinguish amongmultiple poten-
tial causes of channel capacity loss and associated flooding. The mor-
phological evidence for channel change associated with the historical,
progressive loss of channel capacity in the mainstem Skokomish River
is consistent in its nature, spatial distribution, timing, and rate of change,
with flow reduction from the Cushman Projects in combination with a
naturally high sediment supply to the river's South Fork, whereas
most of the evidence is inconsistent with the logging-related landslides
and levee hypotheses (Table 6).

The morphological evidence suggests the possibility that the
Skokomish River's response to flow reduction was complex, temporally
and spatially: The channel rapidly narrowed in the first few decades fol-
lowing flow regulation, especially proximal to the dam. Channel bed ag-
gradation, at least at the downstream gauge, was not apparent for a few
decades, possibly reflecting a delay in downstream sediment transport
while the channel narrowed and maintained transport capacity. In addi-
tion, cross-sectional comparisons suggest that aggradation in the last de-
cade, nine decades following dam completion, is progressing upstream
and extending above the North Fork confluence.

While hydroelectric dams generally tend to reduce downstream
flooding, the Cushman Project, despite greatly reducing downstream
flows, has, instead, worsened downstream flooding by reducing chan-
nel capacity by narrowing and shallowing the channel. This paradoxical
effect resulted from the unusual combination of the Cushman Project's
operations, which exports most of the North Fork's flow out of the
basin, the existence of a natural lake at the dam site that limited pre-
Project sediment production from the North Fork, and the watershed's
geologic history, which promotes high sediment yields from the South
Fork and makes the mainstem Skokomish River a natural depositional
reach. While flow regulation typically stabilizes downstream channels,
in this case flow regulation and consequent loss of channel capacity
has increased the likelihood of a large-scale channel avulsion to the
south side of the floodplain (Sofield et al., 2007).

This case study highlights the importance of evaluating potential geo-
morphic and flooding effects of existing and planned dams, and dam re-
movals, in light of a dam's operation and the watershed's geology and
physiography. In particular, it underscores the potential importance of
tributaries downstream of dams (for review, see Grant, 2012), or, more
broadly, downstream sediment sources; in this example, the tributary ef-
fect is exaggerated by the large flow reduction in the North Fork and the
high rates of sediment production from the downstream South Fork trib-
utary. A recent survey of 52 stream gauges in Washington State (Pfeiffer
et al., 2018) found that streambeds are generally stable except down-
stream of glaciers. One of the few instances in the survey of rapid bed ag-
gradation at a gauge not downstream of a glacier is downstream of a dam
in the Cedar River (Gendaszek et al., 2012); there, similar to the upper
South Fork Skokomish, lateral streamerosionof glacial bluffs downstream
of the dam are a dominant sediment source (Perkins Geosciences, 2002).

We could not determine a cause for the channel widening and gla-
cial terrace erosion responsible for high sediment yields from the
South Fork, but the hydrologic change literature suggests a possible,
speculative explanation. Hydrologic models show that in the Puget
Sound region, and the Skokomishwatershed in particular, the runoff re-
gime has shifted since the late nineteenth century from snow-melt
dominated toward rain dominated (Cuo et al., 2009), and that this
trend, which is expected to continue, includes higher peak flows (Lee
et al., 2015). This raises the possibility that the post-1929 channel wid-
ening, and associated lateral erosion of glacial terraces, is a long-term
response to shifts in the dominant runoff regime that began before the
installation of stream gauges in the 1920s. Such a shift toward higher,
rain-dominated runoff peaks could be initiating a renewed cycle of
paraglacial sedimentation driven by climate change; if this is the case,
it could have implications for sediment yields regionally.

An understanding of the root causes of functional losses to rivers and
their habitats is necessary for designing restoration measures that can
reasonably be expected to remedy lost function (e.g., Beechie et al.,
2010). In the Skokomish River, large scale restoration has been under-
way, despite a lack of clarity about the causes of aggradation and associ-
ated habitat and flooding problems in the river (e.g., USACOE, 2014). An
emphasis on road rehabilitation, sediment source reduction, andbuilding
in-channel structures in the upper South Fork, while important for re-
ducing sediment production and improving local habitats, cannot be ex-
pected to remedy channel capacity loss and flooding downstream in the
Skokomish Valley. Similarly, an emphasis on levee removal or setback
(USACOE, 2014) while enhancing channel and floodplain habitats, does
not address the underlying causes of channel capacity loss, which is the
narrowing and shallowing of the channel due to flow reduction. This
study illustrates the value to restoration planning of undertaking a sys-
tematic analysis of the multiple, potential causes of functional loss, in
this case the progressive loss to the Skokomish River's channel capacity.

7. Conclusions

The Skokomish River's channel capacity has been reduced more
than three-fold over the last eight decades. Analysis of aerial photo-
graphs, repeated cross-section surveys, and USGS gauging records
show this capacity loss was due to both a narrowing and shallowing
of the channel associated with flow regulation. Channel narrowing,
which is consistent with the expected response to flow regulation,
began within about a decade of the start of water export from the
basin, andwas initially rapid, consistent with observations downstream
of other dams. Channel filling at a downstream gauge was delayed by
up to three decades, possibly as a complex response of downstream
narrowing followed by shallowing, but also possibly as a result of a
natural increase to the sediment supply of the river's South Fork that
presumably began sometime before 1929.While two competing expla-
nations have been proposed as explanations for the historical channel
capacity loss, neither mainstem levee construction or logging-related
erosion in the South Fork basin are consistent with the nature or timing
of channel response. While hydroelectric dams typically reduce flood
peaks, in the Skokomish River basin the unusual combination of dam
operations and the basin's controls on sediment production create the
paradoxical effect of worsening flooding by reducing channel capacity;
this highlights the importance of assessing downstream effects of dams
in context of dam operations and basin geology and physiography.
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