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Abstract

Dam removal provides a valuable opportunity to measure the fluvial response to
changes in both sediment supply and the processes that shape channel morphology.
We present the first study of river response to the removal of a large (32-m-high) dam in
a Mediterranean hydroclimatic setting, on the Carmel River, coastal California, USA.
This before-after/control-impact study measured changes in channel topography, grain
size, and salmonid spawning habitat throughout dam removal and subsequent major
floods. During dam removal, the river course was rerouted in order to leave most of the
impounded sediment sequestered in the former reservoir and thus prevent major

channel and floodplain aggradation downstream. However, a substantial sediment pulse
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occurred in response to base-level fall, knickpoint migration, and channel avulsion
through sediment in the former reservoir above the newly rerouted channel. The
sediment pulse advanced ~3.5 km in the first wet season after dam removal, resulting in
decreased riverbed grain size downstream of the dam site. In the second wet season
after dam removal, high flows (including a 30-year flood and two 10-year floods)
transported sediment >30 km downstream, filling pools and reducing cross-channel
relief. Deposition of gravel in the second wet season after dam removal enhanced
salmonid spawning habitat downstream of the dam site. We infer that in dam removals
where most reservoir sediment remains impounded and where high flows follow soon
after dam removal, flow sequencing becomes a more important driver of geomorphic

and fish-habitat change than the dam removal alone.

Keywords: fluvial geomorphology; dam removal; channel evolution; river sediment;

floods; fish habitat

Introduction

Landscape response to disturbance is one of the longest-standing problems in
studies of geomorphic processes (Gilbert, 1917). Understanding how fluvial systems
evolve in response to sediment-supply disturbances is critically important to assessing
anthropogenic effects on watersheds (Syvitski et al., 2005; Pizzuto and O'Neal, 2009;

Rollet et al., 2014; Yang and Lu, 2014; Reusser et al., 2015), as well as to predicting
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river response to natural disasters (Guthrie et al., 2012; Pierson and Major, 2014).
However, quantifying the response to sediment-supply changes at the field scale is
difficult because most substantial disturbances (e.g., landslides, volcanic eruptions) are
unanticipated and rarely allow for before-after/control-impact studies. The intentional
removal of a large dam provides a rare opportunity to measure fluvial adjustment
before, during, and after substantial sediment-supply and local base-level perturbations
that trigger geomorphic adjustment upstream and downstream of the dam site (Pizzuto,
2002; Magilligan et al., 2016; Major et al., 2017).

Dam emplacement and river regulation have profound effects on river
morphology and riparian ecosystems. These effects include the trapping of sediment,
nutrients, and carbon in reservoirs, incision and coarsening of river channels by
sediment-starved flow downstream of dams, and numerous ecological consequences of
disconnecting upstream and downstream river ecosystems (Galay, 1983; Ward and
Stanford, 1995; Poff and Hart, 2002; Grant et al., 2003; Schmidt and Wilcock, 2008;
Kondolf et al., 2014). Dam removal is becoming more common as a means to effect at
least partial geomorphic and ecosystem restoration in anthropogenically altered
watersheds (Bednarek, 2001; Doyle et al., 2008; Pess et al., 2014; Magilligan et al.,
2016; Foley et al., 2017a), as well as to remove economic liability associated with aging
or unsafe dams. Few large dams (>10 m tall) have been removed thus far, however,
and comprehensive studies of fluvial response to dam removal (especially large dams)
are not only rare in the scientific literature, but also represent a limited biogeographic
scope (Bellmore et al., 2017; Foley et al., 2017b; Major et al., 2017). Few studies have

investigated dam removals in Mediterranean hydroclimates, where historical impacts of
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dams are large and fluvial evolution tends to be dominated by distinctive episodic flow
and sediment regimes not found elsewhere.

Existing studies of sedimentary and geomorphic response to dam removal
indicate that rates of geomorphic change and sediment export can decline fairly rapidly
(within 1-2 years) following the disturbance caused by reservoir-sediment erosion and
transport during and after dam removal (Warrick et al., 2015; Foley et al., 2017a).
Geomorphic adjustment upstream of a former dam site commonly includes knickpoint
migration and channel incision through the reservoir sediment deposit (Doyle et al.,
2003; Wildman and MacBroom, 2005; Major et al., 2012; Bountry et al., 2013; Randle et
al., 2015; Wang and Kuo, 2016). The introduction of sediment pulses to river channels
commonly results in bed aggradation as the introduced sediment pulse translates
downstream as a discrete wave, disperses in place or evolves through a combination of
translation and dispersion (Lisle et al., 2001; Cui et al., 2003a; Sklar et al., 2009). New
sediment deposition below the dam site fills pools in the channel bed, and can form new
bars that increase both channel braiding and the transfer of water from the channel to
the floodplain; new deposition also commonly decreases the riverbed grain size
(Pearson et al., 2011; Major et al., 2012; Evans and Wilcox, 2014; Tullos et al., 2014;
Wilcox et al., 2014; East et al., 2015; Zunka et al., 2015; Collins et al., 2017). These
effects wane over time as the sediment pulse migrates downstream and the flow incises
through the new deposits (East et al., 2015), but reconnection with upstream sediment
supply is anticipated to transport additional sediment to the downstream river over the

long term.
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We used a before-after/control-impact (BACI) study design to evaluate the river
response to removal of 32-m-high San Clemente Dam on the Carmel River, central
California coast. This was the third-tallest dam removed intentionally thus far globally
(Major et al., 2017), and provided a case study that is unusual in three respects. First,
as the largest dam removal in a Mediterranean hydroclimatic setting (Ibisate et al.,
2016), the potential for transporting sediment and restructuring channel morphology
differed from previous large-dam-removal situations. As is typical for Mediterranean-
type rivers, the Carmel River flow varies over more than three orders of magnitude
seasonally; all of its sediment-transport capacity occurs during a winter rainy season,
with no secondary contribution from spring snowmelt high flows. The ecosystem
composition thus also differed from that in previous studies of large dam removals,
which have focused on U.S. Pacific Northwest biotic communities (Tonra et al., 2015;
Allen et al., 2016; Claeson and Coffin, 2016; Quinn et al., 2017). Second, whereas most
dam removals release stored reservoir sediment by natural river erosion, the majority of
sediment impounded by San Clemente Dam remained sequestered by design after dam
removal. The Carmel River was rerouted to bypass the downstream two-thirds of the
reservoir sediment deposit (details below). Finally, whereas the first wet season after
dam removal exhibited drier than normal conditions, the second wet season was one of
the wettest on record for this watershed, providing a natural experiment on the
interaction of dam removal with the episodic flow regime characteristic of Mediterranean
hydroclimatic settings. Measuring the effects of floods in that second wet season
allowed us to re-evaluate a tentative conclusion of previous dam-removal synthesis

studies—that flow sequencing tends to be a less-important driver of geomorphic
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response than is the degree of base-level fall or released sediment volume (Grant and
Lewis, 2015; Foley et al., 2017a; Major et al., 2017).

In this study we demonstrate that when a substantial proportion of reservoir
sediment remains impounded—as will likely be the case in many future dam removals
where contaminated sediment is a concern, or where downstream aggradation must be
minimized to protect infrastructure (Evans and Wilcox, 2014; Claeson and Coffin,
2016)—high flows can be relatively more important as drivers of channel change than is
the dam removal alone. We show that high flows early in the dam-removal response
time frame can substantially affect fluvial evolution in the newly exposed reservoir
sediment, promoting new channel avulsion rather than the incision and lateral meander
migration that dominated other recent examples of fluvial processes in newly exposed
reservoir deposits. We characterize geomorphic and sedimentary responses in terms of
alteration from the dammed condition, and assess the potential of the post-dam-removal

channel for enhancing salmonid substrate habitat quality and quantity.

Study Area

The Carmel River drains ~650 km? of steep terrain (maximum elevation 1,540 m)
in the Santa Lucia Mountains of central California, entering the Pacific Ocean just south
of Monterey Bay (Fig. 1). Most of the watershed draining into the study area is
composed of steep slopes of fractured, highly weathered granitic substrate and talus,
overlain by chaparral vegetation (Smith et al., 2004). The lowermost ~40 km of the
Carmel River alternates between bedrock and alluvial morphology; most of the

mainstem channel can be characterized as a single-thread gravel-bed river with a fairly

This article is protected by copyright. All rights reserved.



straight planform (mean sinuosity = 1.17). Sediment supply to the upper river is
dominated by landslides and dry ravel. Human land use in the basin includes rural
communities and agriculture, but much of the upper basin remains undeveloped. The
landscape is episodically modified by wildfire, and parts of the upper watershed burned
during the study period (2015 and 2016). The greatest burn intensity was in the upper
watershed above Los Padres Dam (Fig. 1la), which traps sediment from 18% of the
Carmel watershed upstream of our study reaches. While our visual observations
suggested that tributary sediment yield downstream of Los Padres Dam may have
increased thereafter, wildfires in these regions caused little vegetation loss along the
mainstem river corridor and we observed little apparent fire influence on sediment yield
near our study sites.

Hydrology of the Carmel River is driven by the intensity and location of landfall of
weather systems in the northern Pacific Ocean. Rainfall occurs predominately during a
winter wet season (November—March), either from storms originating in the Gulf of
Alaska or from warm Central Pacific ‘atmospheric river’ systems. Atmospheric-river
storms cause intense rainfall, and commonly flooding, in the mountains of coastal
California (Dettinger, 2011). Although wet years, and thus greater sediment export, are
generally associated with the El Nifio phase of the EI Nifio—Southern Oscillation (ENSO)
cycle (Cayan et al., 1999; Andrews and Antweiler, 2012; Gray et al., 2015), some of the
largest regional floods have occurred during ENSO-neutral years, which are thought to
facilitate the transport of atmospheric-river water vapor toward the California coast (Bao
et al., 2006). The winter of 2017 (the final year of this study, a La Nifia year) had

multiple floods induced by atmospheric-river precipitation, including four ~2-year floods,
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two 10-year floods, and one 30-year flood event (Fig. 2A). These flood flows brought
peak discharge more than two orders of magnitude above the Carmel River's mean
annual flow (2.6 m®s) and more than three orders of magnitude above its summer low
flows (~0.1 m?%/s).

The 32-m-tall San Clemente Dam was constructed at river-km (rkm) 30.5 in the
early 1920s as a water-resource project to support regional development. The 40-m-
high Los Padres Dam was built in the 1940s, ~11 km upstream at rkm 42. San
Clemente Dam was removed in November 2015 after having been found structurally
unsound. By that time the reservoir had lost 95% of its original capacity and was filled
almost completely with ~1.7 million m® of sediment (MEI, 2005), providing little water-
storage capacity. The reservoir deposits had a median sediment diameter (Dsp) of 0.57
mm, with 85.5% of the reservoir material being classified as sand or finer and 14.5% as
gravel (MEI, 2005). To prevent downstream aggradation that could have increased the
flood risk to structures on the floodplain, most of the sediment was permanently
sequestered in the reservoir area. This was achieved coincident with dam removal by
cutting a new channel through a bedrock ridge that formerly separated the Carmel River
from a nearby tributary, San Clemente Creek, and re-routing the mainstem river through
the newly breached ridge to join San Clemente Creek 700 m upstream of the natural
confluence and approximately one-third of the longitudinal distance through the
reservoir deposit (Fig. 1c and d). Thus, only the upstream third of the reservoir sediment
underwent base-level fall and subsequent erosion during and after dam removal.

The aquatic ecosystem of the Carmel River hosts Oncorhynchus mykiss; the

anadromous form (steelhead) of this fish are listed as threatened under the U.S.
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Endangered Species Act. Steelhead require clean gravel substrates for spawning and
deep pools for rearing, and one of the goals of dam removal was to improve steelhead
habitat conditions. San Clemente Dam did not entirely block fish migration, but the
steepness of a fish ladder formerly in place along one side of the dam (the steepest fish
ladder on the U.S. west coast) limited upstream passage for adults and upstream-—
downstream passage for juvenile steelhead. Although not a complete watershed
restoration (Los Padres Dam remains in place), removal of San Clemente Dam was
anticipated to induce physical changes that would enhance habitat and passage for

various life stages of steelhead (Boughton et al., 2016).

Methods

We quantified the geomorphic and steelhead habitat response to dam removal in
ten reaches using a before-after/control-impact (BACI) study design. Study reaches
included one control site and nine impact sites (see Table 1 for reach attributes). The
control site, immediately upstream of the San Clemente reservoir, was unaffected by
any activity related to San Clemente Dam removal. The goals of using the control site
were to document whether there was substantial sediment being delivered from
hillslopes and tributaries upstream of the dam removal site and to provide a baseline
from which to compare the post-dam removal response at the impact sites. The impact
reaches included one in the upstream portion of the former reservoir, above the re-route
channel, one immediately below the former dam site and seven additional reaches in

the ~30 km between the dam site and the river outlet (Fig. 1 and Table 1).
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At each site we conducted annual surveys of topography and bed-sediment grain
size for two years before (2013, 2015) and two years after (2016, 2017) dam removal.
We used aerial photography to map planform changes in the reservoir reach before and
after dam removal. Sediment delivery below the former dam site was monitored using
turbidity measurements (Fig. 2b). We related changes in sediment texture to steelhead

spawning habitat suitability pre- and post-dam removal.

Turbidity and suspended sediment

To quantify the timing and magnitude of sediment transport, continuous turbidity
data were collected at 15-min intervals using a DTS-12 sensor from December 2014
through July 2017 (Fig. 2b). The DTS-12 sensor had a calibrated upper limit of 1,600
FNU. The sensor was installed adjacent to a long-term stream gage managed by the
Monterey Peninsula Water Management District (MPWMD), located 1.3 km downstream
from the dam removal site (rkm 29.2). Discrete depth-integrated suspended-sediment
samples were also collected over a range of streamflow conditions using a DH-48
sampler from a bridge 50 m downstream of the DTS-12 sensor. Cross-sectional
suspended-sediment samples were collected in equally spaced increments across the
width of the channel and were analyzed for suspended-sediment concentrations (SSC).
Data were collected and analyzed using USGS protocols (Guy, 1969; Rasmussen et al.,
2009).

The depth-integrated samples were used to develop a regression model between
turbidity and SSC, in order to estimate 15-min SSC values. Uncertainty in the

suspended sediment rating curve was estimated by generating the 95% confidence
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interval using Monte Carlo simulations. The values bounding 95% of the simulated
values are reported in the results. Calculations of suspended-sediment load were made
for the year prior to dam removal, and the first two years after the dam was removed.
Computed suspended-sediment flux was estimated as the product of sediment
concentration (mg/L) and discharge (m®s) and reported in tonnes. Our sediment
delivery estimates have low accuracy because the rating lacks samples from high flow
events, and they likely underpredict the total sediment flux because there were no

bedload measurements.

Reservoir planform change analysis

We mapped planform changes in the reservoir reach using three sets of aerial
photographs acquired before (2015) and after (2016, 2017) dam removal. For each
photograph, we digitized channel banks and interpolated a centerline as the midpoint
between banklines. The river migration distance was measured by fitting Bezier curves
between the older and newer interpolated centerlines (Lauer and Parker, 2008), with
migration distances calculated in 5-m increments along the 850-m reach. We estimated
the sediment volume eroded from the upper reservoir reach in 2016 and 2017 as the
product of the lateral migration distance, mean outer bank height and reach length. We
converted sediment volume estimates to mass (tonnes) in order to facilitate comparison
with sediment loads estimated from the below-dam sediment rating curve. We used a
range of bulk density values between 1,200-1,900 kg/m? for the coarse upper Carmel
reservoir sediment (sand and coarser), based on bulk density values in comparable

reservoir sediments from Lake Aldwell and Lake Mills on the Elwha River reported by

10
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Warrick et al., (2015). The use of aerial photographs to investigate lateral channel
changes and sediment storage change was only possible in the reservoir reach due to
the dense riparian canopy, which obscured most of the wetted river channel in the other

nine reaches.

Quantifying geomorphic change

In each of the ten reaches, we surveyed six cross-sections during summer low-
flow conditions. We established a network of control points using real-time kinematic
(RTK) GPS units and then used a combination of total-station and auto-level surveys to
measure topography along cross-sections oriented perpendicular to the channel. Cross-
sections were spaced approximately 50 m apart, with a typical cross-stream point
spacing of 1-2 m; points were spaced more densely along breaks in slope and in areas
of more complex topography.

We used the cross-sectional survey data from each reach to investigate
longitudinal changes in the sediment thickness and cross-stream relief over time.
Following Zunka et al., (2015), we defined the cross-channel bed relief (r) as the
difference between the deepest part of a cross-section and the highest feature within
the bankfull channel. The mean sediment thickness at a cross-section (z) was
calculated as z = A/B, where A equals the cross-sectional area across the bankfull
channel width (B) for each survey year (Zunka et al., 2015). The same width (B) was
used for each survey year for a given cross-section.

We anticipated increased sediment deposition in large pools following dam

removal and conducted high-resolution surveys in two large pools located at rkm 30.4
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and 28.4 in 2015-2017. Bed elevations were measured using high-precision total
stations (1-2 cm vertical and horizontal uncertainty). In areas too deep to wade, a
survey prism was mounted on an inflatable kayak and configured to measure water
surface elevations using a robotic total-station, while a Sonarmite echo sounder
(reported accuracy = 1 cm) recorded water depths. The topographic surveys had a
mean point density of 1.3 pts/m® Each data set was interpolated to form a continuous
surface using Delaunay triangulation and then resampled onto a digital elevation model
(DEM) with 0.3 m resolution.

We assumed uncertainty in the DEMs was mainly due to interpolation, as the
instrument error in our surveys was on the order of 1-2 cm. Interpolation error was
estimated using a bootstrap test, randomly separating 10% of the survey data as check
points and performing a grid-to-point comparison (Brasington et al., 2012). This analysis
found that the standard deviation of absolute errors (the difference between surveyed
elevation and DEM elevation) ranged from 0.070 to 0.1 m. We generated DEMs of
difference (DoDs) for each site by subtracting each successive DEM using the approach
of Wheaton et al. (2010). We assigned spatially uniform uncertainty of 0.12 m to each
surface based on our estimates of the instrument error and interpolation errors
associated with converting the point data to a continuous DEM. The uncertainty in the
DoD was approximated using the probabilistic thresholding approach of Lane et al.

(2003) set at the 95% confidence interval.

Sediment grain size

12
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Distributions of bed-sediment grain size were obtained in each of the ten study
reaches, using the Wolman pebble-count method (Wolman, 1954). Grains were
measured within the bankfull channel along the same transects where we surveyed
channel topography. We divided the bankfull width into quantiles and collected 20 grain
size measurements at each quantile using a 0.5 x 0.5 m sampling frame and grain size

template, generating 100 or more grain sizes per transect.

Spawning-habitat predictions

Salmonid fish such as O. mykiss require riverbed sediment within a certain range
of grain-sizes to facilitate spawning (Kondolf and Wolman, 1993). The grain size must
be fine enough for the fish to be able to move particles while excavating a redd (i.e. egg
nest), but coarse and well-sorted enough for water to flow through pore spaces,
maintaining oxygen supply to the eggs. To investigate how the quantity and quality of
spawning habitat adjusted after dam removal, we predicted the spawning substrate
suitability using grain-size distributions generated from the pebble counts. We
calculated a dimensionless index of substrate suitability using habitat suitability curves
previously developed for adult steelhead in the Carmel River (Dettman and Hanna,
1991). The spawning substrate habitat suitability curve indicated that high-quality
spawning-habitat on the Carmel River (indicated by a suitability index value > 0.7)
ranged from roughly 30 to 55 mm (Dettman and Hanna, 1991). Spawning-habitat
suitability also varies with water depth and velocity; however, accounting for changes in
flow hydraulics would have required the development of hydrodynamic models, which

was beyond the scope of this study. Nevertheless, our field observations indicated little
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appreciable change in the topography or hydraulics of riffles frequently used for
spawning, therefore our approach of focusing solely on the changes in substrate size
and texture should provide a first-order approximation of available spawning habitat

conditions.

Results

To evaluate the sedimentary and geomorphic changes in the Carmel River
between 2013 and 2017, we considered both the dam-removal events and timeline as
well as the concurrent hydrology. Below, we summarize the hydrologic conditions over
those four years as well as the results of our sedimentary and geomorphic
measurements, and attempt to distinguish the relative importance of each driver of

change.

Turbidity and sediment load

In the water year immediately prior to dam removal (2015), there were two
modest flow peaks with return intervals of <2-yr (Fig. 2a). The first produced a single
spike in the turbidity record, with a peak value of ~400 FNU (Fig. 2b). The water year
during and after dam removal (2016) had two more flow events of similar magnitude
(Fig. 2a), which caused multiple turbidity spikes, with peak values > 1,600 FNU (Fig.
2b), the calibrated upper limit of the DTS-12 sensor. In the second year after dam
removal (2017) a series of flood events were associated with multiple large increases in

turbidity (Fig. 2b).
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Based on the suspended-sediment rating curves, we estimated that 230 + 100
tonnes of sediment (95% confidence interval, c.i.) were delivered to the below-dam
reach in the year prior to dam removal. In the first year after dam removal, sediment
delivery to downstream reaches increased about 10-fold, with estimated sediment mass
fluxes of 2,550 + 1,050 tonnes (95% c.i.). The peak flows in the second year after dam
removal produced an additional ~20-fold increase in sediment delivery, with sediment
mass flux of 49,000 + 21,000 tonnes (95% c.i.).

The dynamic relation between discharge and turbidity demonstrated consistent
evidence for sediment-supply limited conditions for each of the 2017 floods (Fig. 3). The
term sediment-supply limited is used here to indicate that the flow transport capacity
exceeded the sediment supply over the duration of an individual flood (Topping et al.,
2000). Clockwise hysteresis between water discharge and turbidity is clearly evident in
each of the flood events, with greater turbidity values on the rising limb of the
hydrograph than on the falling limb (lower panels in Fig. 3). This shows that although
each flood increased turbidity values, the transport capacity appeared to outpace the
sediment supply over the course of each flood. This pattern likely indicates a lack of
sediment delivery late in the floods from the upper watershed, indicative of overall
sediment supply-limited conditions (Klein, 1984; Topping et al., 2007; Conaway et al.,
2013). The sediment supply also appeared to diminish throughout the water year, with
lower peak turbidity values in the latest and largest flood (Fig. 3h) compared to the
earlier floods (Fig. 3b,d and f); this is consistent with a generally sediment-supply limited

system.
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Reservoir channel evolution

The degree of reservoir planform changes varied in response to the sequencing
of post-dam removal floods (Fig 4). Mean distances of lateral channel migration were
small (~1 m) in the upper reservoir reach in first year after dam removal (Fig. 4b). In the
second year after dam removal, the channel migrated by up to 45 m, with a mean lateral
shifting rate of 19 m (Fig. 4c). The 2017 floods caused substantial geomorphic change
including river channel widening, avulsion of a new channel through the upper part of
the reservoir deposit and extensive meander bend migration (Fig. 4c). Planform
changes in the upper reservoir reach resulted in eroded sediment volumes of 2,125 and
48,450 m* and eroded masses of 2,000 + 450 (tonnes) and 45,050 + 10,175 (tonnes) in
the first and second year after dam removal, respectively. Uncertainty in the sediment
mass estimates stems from our usage of a range of bulk density values between 1,200
— 1,900 kg/m? after Warrick et al., (2015). Reservoir sediment mass values represent 78
and 92% of the total sediment masses recorded by the below-dam turbidity sensor in

the first and second year following dam removal.

Longitudinal changes in sediment thickness and relief

We measured little change in the mean, longitudinal thickness of sediment (z)
prior to dam removal (Fig. 5a). Upstream of the dam site, the control reach showed
virtually no change in sediment thickness over time (rkm 32.7; Fig. 5a-c). The two small
flow events that occurred in the first year after dam removal (WY 2016) caused net
incision of -0.24 m in the reservoir reach (rkm 32), and net deposition of 0.15 m in the

rkm 28.4 reach below the dam (Fig. 5b). The deposition patterns in the reaches below
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the dam site indicated the presence of a sediment pulse, with the leading edge
terminating ~3.5 km below the former dam site as of spring 2016 (rkm 27; Fig 5b). The
series of large flood events in 2017 which accelerated reservoir erosion led to a second
sediment pulse, with deposition occurring at least 25 km downstream from the former
dam site (rkm 6; Fig 5c). Our field observations suggest that the sediment pulse in fact
traveled >30 km and reached the Pacific Ocean, as new sand deposits were observed
near the river outlet after the 2017 flood events. While it is possible that a portion of the
sediment pulse may have been introduced by tributaries located downstream from the
dam, we did not observe clear indicators of increased sediment supply from tributaries
during or after storm events, such as turbid water or alluvial fans located at tributary
junctions. Thus we interpret the upstream reservoir sediment as the primary source of
the sediment pulse.

Vertical incision within the reservoir reach consistently increased cross-channel
relief (r), while sediment deposition below the dam decreased relief at the majority of
downstream sites (Figs. 5b-c). The largest decreases in relief occurred in lower-gradient
reaches near rkm 22, in an area where the valley width increases and the slope abruptly
diminishes (Fig. 5c). The finer-grained, downstream-most reach experienced net

lowering and a slight increase in cross-channel relief.

Reach-scale morphologic adjustments
Topographic surveys found substantial reach-scale, geomorphic changes in the
reservoir and below dam reaches over time (Fig. 6). The reservoir reach underwent

extensive bank erosion, vertical incision and knickpoint retreat, which originated during
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pre-dam removal construction activities (2015) and continued in the two years following
dam removal (Fig. 6b). Downstream of the dam removal site, the primary geomorphic
response was sediment deposition in pools and runs, with minimal to no bed-elevation
changes in riffles (Figs. 6c-f). The sites at rkm 30.4 and rkm 28.4 (the two closest to the
former dam) experienced decimeters of deposition in pools in 2016 (Figs. 6¢, d), with
minimal overbank deposition. Study reaches farther downstream experienced a
combination of pool filling and overbank deposition (Figs. 6e, f) in response to the high
flows in winter 2017. The control reach remained virtually unchanged over time (Fig.
6a), indicating that dam removal was primarily responsible for the observed geomorphic
adjustments.

Detailed pool surveys illustrated the overall pattern of pool filling and gradual
evacuation of sediment (Fig. 7). In the downstream pool closest to the dam removal site
(rkm 30.4), the total net volumetric change was 306 m® + 107 m® of sediment deposited
in the first year after dam removal, resulting in a mean net sediment thickness change
of 0.37 m and maximum deposition of 1.3 m in the deepest portion of the pool (Fig. 7a).
Deposition was focused mainly in the central region of the pool, with more subtle
deposition along the channel margins. The high flows in 2017 generated a net loss of -
822 m*® + 125 m? of sediment, with mean sediment thickness change of -0.93 m and
maximum erosion of -1.9 m (Figure 7b). These results indicate that the initial sediment
deposit was flushed out completely during winter 2017 and the pool volume actually
increased by roughly 50% (~515 m°) relative to the pre-dam removal channel.

The deep pool in the reach surrounding rkm 28.4 experienced a net volumetric

change of 844 m® + 110 m® in the first year after dam removal, with a mean net
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sediment thickness change of 0.91 m and maximum deposition of 3 m (Fig. 7c).
Sediment storage was concentrated on the point bar along the inner bank and in the
central portion of the pool (Fig. 7c). High flows in 2017 produced a combination of scour
and fill at this site, with 61% of the pool area experiencing erosion and 39%
experiencing deposition (Fig. 7d). A total of -264 m® + 87 m® of sediment was eroded
from the pool, mainly at the pool head. The floods deposited 169 m*® + 44 m? of
sediment along both banks and the pool tail (Fig. 7d). Based on the net sediment
storage calculations, approximately 750 m? of sediment introduced in 2016 remained in

the pool after 2017.

Bed grain-size and spawning gravel evolution

Our measurements of bed-sediment grain size revealed changes in the
longitudinal pattern of grain size through time (Fig. 8). The geometric mean of sediment
grain size (Dg) showed minimal change within our control reach, consistent with the
morphologic response there (Figs. 8a—d). The gradual downstream fining pattern
observed along many rivers was evidently disrupted by the presence of San Clemente
Dam; we infer that sediment trapping behind the dam had resulted in coarse (armored)
sediment in the two reaches directly below the former dam site (rkm 30.4 and 28.4;
Figs. 8a, b). Following dam removal, the introduction of sand and fine gravel decreased
the Dgy from 94 to 26 mm (Fig. 8c) in the two reaches immediately below the former dam
site. The decrease in Dy was driven largely by an influx of sand, which increased from
7% to 30% of the total proportion of measured sediment grains following dam removal

in the rkm 30.4 and 28.4 reaches. The largest changes in grain size were observed in
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downstream pools (rkm 30.4 to 2.4), where the mean proportion of sand fractions
increased from 29% before dam removal to 51% after dam removal.

Dam removal and subsequent high flows generated a modest increase in
steelhead spawning substrate quality in reaches near the former dam site and a
decrease in spawning substrate quality further away from the dam. In the pre-dam-
removal surveys, the sites closest to the dam contained limited high-quality spawning
gravel, with 5-20% of the riffle substrates categorized as high-quality spawning
substrate (rkm 30.4 and 28.4; Figs. 9a and b). In the first year after dam removal, there
was a small influx of gravel to the rkm 28.4 reach, resulting in a modest (16%) increase
in high-quality spawning substrate (Fig. 9c). The floods of 2017 introduced larger
volumes of finer gravel, resulting in a 50-69% increase in high-quality spawning
substrate at the four sites closest to the dam (rkm 30.4 to 22.1; Fig. 9d). The more
distal, lower-gradient reaches initially had between 30 and 50% of the riffle area
characterized by high-quality spawning substrate, but between 44—-60% of this suitable

substrate was lost in 2017, as the gravel bed was covered in sand (Fig. 9d).

Discussion

After removal of San Clemente Dam, the coupled processes of reservoir-
sediment erosion and downstream deposition on the Carmel River varied as a function
of the post-dam-removal hydrology, in contrast to the geomorphic response measured
after several other large dam removals. During the recent removal of Elwha and Glines
Canyon Dams in Washington, reservoir sediment erosion largely depended on the rate

of reservoir drawdown, whereas after dam removal reservoir sediment erosion was
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driven by flow conditions. Reservoir sediment erosion on the Elwha was greatest by far
during the initial stages of dam removal (when driven by drawdown rate, i.e., rates of
base-level change), and volumetric increments of erosion decreased over time (Bountry
et al., 2018). The importance of floods in driving most of the post-dam removal reservoir
sediment export, as observed in our study, contrasts with other previous dam removals
where studies found little connection between post-dam-removal flow magnitude and
the proportion or timing of sediment evacuated from the reservoir (Major et al., 2017).
The independence between reservoir-sediment erosion and discharge magnitude found
in previous studies has been attributed to the primacy of process-based erosion over
event-based erosion, originally described in the conceptual model of Pizzuto (2002). In
this conceptual model, process-based erosion (the “process” being the disturbance
caused by dam removal) is mostly independent of flow magnitude and reflects changes
in reservoir equilibrium after dam removal (i.e., base-level fall, knickpoint retreat),
whereas event-based changes are responses to later high flows (Pizzuto, 2002,
Pearson et al., 2011). The importance of process-based erosion was illustrated during
the removal of Marmot Dam on the Sandy River, Oregon (Major et al., 2012), removal of
the two dams on the Elwha River, Washington (East et al., 2015), and in two eastern
U.S. dam removals described by Pearson et al., (2011) and Collins et al., (2017). In
each of those cases, the major event driving geomorphic change was the removal of the
dam itself and the subsequent base-level fall and reservoir-sediment export. In contrast,
on the Carmel River the most notable geomorphic changes occurred in the second year
following dam removal, during high flows. We attribute the different river response to

dam removal on the Carmel River to two factors: (1) the Carmel having a relatively
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small base-level drop and relatively small subsequent increase in sediment supply
following dam removal, due to sequestration of most reservoir sediment; and (2) the
Carmel River floods having been proportionally much larger, and earlier in the dam-
removal response time frame, than those experienced on prior large dam removals.

The large, rare flows of 2017 exerted important controls over the newly
developing channel planform in the former reservoir. Existing conceptual models of
reservoir-sediment erosion and channel evolution identify a series of processes that
typically occur in response to dam removal. These include reservoir drawdown and
permanent base-level lowering, which induce knickpoint retreat through the reservoir
sediment as well as channel incision and widening (Doyle et al., 2002; Pizzuto, 2002;
Cannatelli and Curran, 2012). Knickpoint migration, incision, and widening start at the
dam site and propagate upstream. Although these general processes are common
among various dam removals, the rates and details of channel evolution depend upon
the rate of reservoir drawdown and the grain size and cohesive properties of the
impounded sediment (Wilcox et al., 2014; Randle et al., 2015; Major et al., 2017). On
the Carmel River, we observed knickpoint retreat and channel widening in parts of the
reservoir (Fig 6b), particularly in 2015 and 2016, but these changes were superseded in
magnitude by new channel avulsion through the floodplain and widening of the active
channel during floods in 2017 (Fig. 4). Thus, the evolution of the San Clemente
reservoir sediment deposit on the Carmel River differed fundamentally from reservoir
evolution in previous dam removals. Instead of the expectation that geomorphic
evolution is driven from downstream to upstream due to base-level fall (Doyle et al.,

2002; Doyle et al., 2003), on the Carmel the most substantial geomorphic evolution
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(new channel avulsion and widening) originated from the upstream end of the former
reservoir and propagated downstream, due to the influence of high flows. The channel
configuration and evacuated sediment volume are therefore a result of superimposed
downstream-driven and upstream-driven geomorphic forcing, a situation not evident in
any prior large dam removal. The bed and bank sediments in the reservoir reach
continue to be unstable, and this part of the former reservoir will remain a net sediment
source until the channel morphology adjusts to a new equilibrium.

In the turbidity records, each flood in 2017 produced clockwise hysteresis loops
(Fig. 3). This indicates that despite large sediment exports from the river system and
especially the former reservoir, the river remains in a state of sediment-supply limitation.
In contrast, other turbidity records from the same floods on the central California coast
on a watershed 65 km to the north show counterclockwise hysteresis (Conaway et al.,
2013; East et al., 2018), reflecting arrival of substantial sediment from the upper
watershed late in the flood hydrograph. Our turbidity data from the Carmel River do not
show this (Fig. 3). Although differences in sediment supply from tributaries (a function of
lithology or gradient) may have affected the hysteresis pattern in our turbidity data, we
consider this most likely attributable to the continued trapping of upper-watershed
sediment behind Los Padres Dam, 11 km upstream of the former San Clemente Dam
site (Fig. 1). The clockwise hysteresis indicates that even though a large dam has been
removed, releasing new sediment fluxes from the upper watershed and former
reservoir, natural watershed processes have not been fully restored as long as the large

dam higher up in the watershed continues to impound sediment.
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The dam-removal sediment migrated downstream as a sediment pulse (Figs. 5b
and 5c), as observed in previous field (Zunka et al., 2015; Pace et al., 2017), laboratory
(Cui et al., 2003a; Sklar et al., 2009) and theoretical modeling studies (Cui et al., 2003b;
Cui and Parker, 2005). Introduced sediment pulses may either disperse, translate
downstream as a discrete sediment wave, or some combination of translation and
dispersion (Lisle et al., 2001; Sklar et al., 2009). On the Carmel, changes in sediment
thickness displayed evidence of translation and dispersion (Fig. 5), as the pulse
migrated downstream filling in deep pools. The initial pulse developed in the first year
following dam removal (Fig. 5b). Erosion of the upstream end of the pulse near the
former dam site and the downstream increase in sediment thickness suggest pulse
translation, while the rapid advancement of the leading edge and resulting pulse
elongation (to >30 km in 2017) are more typical of a dispersive wave (Fig. 5c¢). Pulse
translation observed on the Carmel River likely reflects the fine-grained nature of the
upstream reservoir material relative to the ambient bed and the small volume of
sediment introduced in the first year following dam removal, which both favor pulse
translation (Lisle et al., 2001; Cui et al.,, 2003a; Sklar et al., 2009). Sediment pulse
dispersion was likely driven by the series of peak flows in the second year following
dam removal, as pulse dispersion is more common during flow discharges that greatly
exceed the sediment transport capacity (Humphries et al., 2012).

At the reach scale, downstream channel adjustment to increased sediment
supply mainly involved a decrease in overall relief (Fig. 5), through pool-filling (Figs. 6
and 7), with minimal topographic change on riffles. Pool filling is commonly observed

after dam removal (Bountry et al., 2013; Zunka et al., 2015) and field studies have found
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evidence of decreased relief and pool filling resulting from increased sediment supply
(Lisle, 1982; Madej, 1999; Madej, 2001). Rates of pool recovery following sedimentation
are not widely reported in the literature, though Wohl and Cenderelli (2000) tracked
sediment deposition and erosion patterns through a sequence of pools following a
reservoir sediment release. They observed initial sediment evacuation in upstream
pools, followed by more gradual transport and erosion in downstream pools. Results
from our study showed a similar progression of pool response to increased sediment
supply, with upstream pools close to the former dam site showing complete recovery to
the pre-dam removal bed state (Fig. 7b), but only partial pool recovery further
downstream during our period of monitoring (Fig. 7d). Pool infilling with fine sediment
extended over 25 km downstream from the former dam site. Full pool recovery in these
more distal reaches will depend on the magnitude, duration and timing of future flushing
flows.

Overall, bed sediment texture became finer after dam removal, which is common
when an introduced sediment pulse has a range of grain-sizes (Cui et al., 2003a). A
more typical downstream fining pattern has begun to evolve due to the partial
restoration of the natural sediment supply. At the bedform scale, textural changes
involved deposition of sand and fine gravel in pools and gravel storage in riffles. This
pattern of sediment sorting, with coarse sediment on riffles and fine sediment in pools,
is commonly observed in low-sinuosity, gravel-bedded rivers with riffle-pool sequences
(Keller, 1971; Thompson and Hoffman, 2001).

The post-dam-removal geomorphic and sedimentary changes on the Carmel

River lead to several ecological implications. Changes to the bed texture of riffles
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indicate a gradual improvement in the gravel fractions suitable for steelhead spawning
in reaches near the former dam site (Figs. 9c, d). Prior to dam removal the highest-
guality spawning substrate was located in the lowermost reaches (rkm 11.1 to 2.4; Fig.
9a,b), which commonly dry up entirely during the warm summer months. The
introduction of higher-quality spawning habitat in upstream reaches with perennial flow
(rkm 28.4 to 13.1 in Fig. 9d) should aid fish survival in early life-stages. Reduced pool
depths could impact steelhead rearing habitat quality, if pools become too shallow for
young fish. Pools tend to become unuseable for rearing steelhead at water depths <0.2
m for steelhead in their first year and <0.4 m in subsequent years (Spina, 2000; Spina,
2003). Pools < 0.4 m deep were not widely observed during our study. Typical time
scales for river channels to return to pre-dam removal bed states have tended to occur
over a few years (Pearson et al., 2011), though full pool recovery on the Carmel could
take longer due to the episodic nature of the flow regime in this Mediterranean

hydroclimate.

Conclusions

The removal of San Clemente Dam on the Carmel River represents the largest
dam removal to date in a Mediterranean hydroclimatic setting, and illustrates how
physiographic setting can influence the river response to dam removal. Channel change
and habitat development in Mediterranean rivers are highly sensitive to the punctuated
delivery of water and sediment (Kondolf et al., 2013). As such, and in contrast to dam
removals in other bioregions, we found that flood events were essential in driving the

response of the channel to dam removal. The small degree of base-level lowering
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during removal of San Clemente Dam likely enhanced the importance of post-dam-
removal floods; dam removals in other Mediterranean rivers with larger base-level drops
could potentially experience more rapid reservoir-sediment erosion earlier in the dam-
removal-response time frame. Nevertheless, the role of floods in driving geomorphic
changes is likely to be highly important in other semi-arid river systems with variable
flow and sediment regimes where dam removal is being considered or planned.

Our field measurements provided novel insights on the coupled reservoir—river
system response to dam removal and subsequent high flows. Initial knickpoint
development, channel widening and avulsion in the old reservoir sediments generated
sediment transport to reaches downstream of the former dam site. The avulsion of a
new channel originating at the upstream end of the former reservoir in response to large
floods was unique to this study, as no other analogous geomorphic response in a
reservoir deposit has been reported in previous dam-removal studies. In the two years
since the removal of San Clemente Dam, a sediment pulse moved more than ~30 km
(to the river mouth), exhibiting a combination of pulse dispersion and translation, with
maximum travel distances delayed until large floods in the second year. Reach-scale
morphology responded to increased sediment supply primarily by pool-filling and
decreased cross-sectional relief. The riverbed grain size generally fined in reaches
below the dam site.

The restoration of natural processes via dam removal are often anticipated to
benefit the river ecosystem, but overall ecosystem response to increased sediment
supply entails considerable uncertainty. Positive impacts observed in the Carmel River

included modest increases and greater spatial distribution of salmonid-spawning
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substrate below the dam. The initial physical response reduced pool depths, which
could have seasonal and local impacts to specific life stages of steelhead. Given the
dependence of river response to strong seasonal flow variation in this hydroclimatic
setting, the realization of long-term ecological benefits in Mediterranean rivers such as
the Carmel River will likely be more reliant on infrequent channel-shaping floods than in

other bioregions.
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Tables

Table 1. Physical characteristics of the BACI study reaches on the Carmel River, CA.

Reach River km Average Average bankfull Average valley  Confinement  Initial Dg, (mm)
gradient (m/m) width (m) width (m) (m/m)
Control 32.7 0.0033 20.8 68 3.3 39.0
Reservoir 317 0.0024 20.9 111 5.3 13.9
San Clemente Dam 30.4 0.0138 224 39 1.8 149.7
Sleepy Hollow 28.4 0.0085 14.7 76 5.2 94.9
Upper DeDampierre 22.7 0.0035 17.9 261 14.6 59.0
Lower DeDampierre 22.1 0.0021 20.4 197 9.7 45.3
Berwick 13.1 0.0021 8.7 82 9.4 38.8
Schulte Road 11.1 0.002 15.9 135 8.5 234
San Carlos 6.2 0.0019 16.0 320 20.0 15.3
Crossroads 2.4 0.0018 14.0 845 60.2 16.9
40
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Figure captions

Figure 1. Field setting on the Carmel River, CA including (a) Carmel River watershed
elevation map and field sites, where each BACI site is colored by the river km (rkm)
from the Pacific Ocean. (b) California inset map. Digital elevation models of the Carmel
River (c) before and (d) after removal of San Clemente Dam. The former position of San
Clemente Dam is shown in panels a and c for reference.

Figure 2. (a) Carmel River hydrograph at the USGS gage #11143200, with individual
water years (2013-2017) represented as uniquely colored lines. The horizontal dashed
lines denote the magnitude of the 2, 10 and 25-yr flood events, based on Log-Pearson
Type-lll analyses, using peak flow data from 1956-2017. Vertical arrows indicate the
general timing of BACI field campaigns. (b) Turbidity time series with turbidity values
shown in formazin nephelometric units (FNU).

Figure 3. Relation between discharge (upper panels) and turbidity (lower panels) for
four flood events during the 2017 water year, where each point is color-coded by time.
Clockwise hysteresis between discharge and turbidity is evident in all floods (lower
panels). Note the discharge values on the x-axis (lower panels) vary to show more
detail in the hysteresis loops.

Figure 4. Planform changes in the upper San Clemente Reservoir. (a) Aerial photo of
the pre-dam removal reservoir, where the white box indicates the location of panels b-d.
(b) 2015 aerial photo and digitized river centerline (blue) illustrating the pre-dam
removal channel configuration. (c) Construction activities downstream of rkm 32.1
involved channel straightening and vegetation removal, while upstream changes
included ~1 m of lateral shifting in the first year following dam removal. (d) Large floods
in 2017 generated channel avulsion (I) and increased meander migration (11).

Figure 5. Downstream changes in the net sediment thickness, Dz (blue circles) and
relief, Dr (orange circles), where individual data points represent reach-averaged values.
Horizontal dotted lines indicate zero change and the vertical dashed line marks the
location of the former San Clemente Dam.

Figure 6. lllustrations of the general morphologic responses at example cross-sections
from the (a) control, (b) reservoir and (c-f) below dam reaches. Reach locations are
provided in figure la.

Figure 7. Digital elevation models of difference illustrating pool sedimentation dynamics
in the rkm 30.4 (a,b) and 28.4 (c,d) reaches.

Figure 8. Longitudinal changes in geometric mean (Dg) sediment grain size through
time. Individual data points represent reach-averaged values for a given year.
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Figure 9. Fractional changes in high-quality steelhead spawning substrate through
time. Data points represent the reach-averaged proportion of each pebble count with a
habitat suitability index (HSI) score > 0.7.
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River response to large-dam removal in a Mediterranean hydroclimatic setting: Carmel
River, California, USA

Lee R. Harrison’, Amy E. East, Douglas P. Smith, Joshua B. Logan, Rosealea Bond,
Colin Nicol, Thomas H. Williams, David A. Boughton, Kaitlyn Chow and Lauren Luna

Key findings

We present the first study of river response to removal of a large (32-m-high) dam in a
Mediterranean hydroclimatic setting. We demonstrate that when a substantial proportion
of sediment is sequestered in place, high flows can become relatively more important as
drivers of geomorphic change than is the dam removal alone. This result contrasts
many previous dam removals from other bioregions where studies found little
connection between post-dam-removal flow magnitude and the coupled processes of
reservoir-sediment erosion and downstream deposition.

(a) December 2014 (b) September 2015
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Table 1. Physical characteristics of the BACI study reaches on the Carmel River, CA.

Reach River km Average Average bankfull Average valley  Confinement Initial Dgg (Mm)
gradient (m/m) width (m) width (m) (m/m)
Control 32.7 0.0033 20.8 68 3.3 39.0
Reservoir 31.7 0.0024 20.9 111 5.3 13.9
San Clemente Dam 30.4 0.0138 22.4 39 1.8 149.7
Sleepy Hollow 284 0.0085 14.7 76 5.2 94.9
Upper DeDampierre 22.7 0.0035 17.9 261 14.6 59.0
Lower DeDampierre 221 0.0021 204 197 9.7 45.3
Berwick 13.1 0.0021 8.7 82 9.4 38.8
Schulte Road 11.1 0.0020 15.9 135 8.5 234
San Carlos 6.2 0.0019 16.0 320 20.0 15.3
Crossroads 2.4 0.0018 14.0 845 60.2 16.9
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