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1.0 INTRODUCTION

The West Fork Carson Prioritization Project (WFCPP) is a basin-scale planning effort designed to
improve understanding of the sediment and geomorphologic system of the portion of the West Fork
Carson River (WFCR) watershed that is in California (Figure 1), and to identify and prioritize stream
restoration actions that could improve water quality. The project is led by Alpine Watershed Group
(AWG) and funded in full, or in part, by the United States Environmental Protection Agency (EPA) and
the State Water Resources Control Board (SWRCB) under the Federal Water Quality Management
Planning Program (Clean Water Act Section 205][j]), with a matching contribution from the Carson
Water Subconservancy District (CWSD).

Figure 1. Map of West Fork Carson River Watershed in Alpine County, California, Showing Subbasins and Some
Key Features in the Watershed.

The WFCR is listed in the 2018 California Integrated Report for Clean Water Act Sections 305(b) and
303(d) as impaired for multiple pollutants, including turbidity and sediment-related constituents such
as phosphorus (SWRCB, 2021). In the 2023 West Fork Carson River Vision Plan, the Lahontan Regional
Water Quality Control Board (Lahontan) emphasized the need for a “Geomorphologic Model and
Prioritization Project” to better understand sediment sources and transport processes in the
watershed and to identify which reaches or tributaries would be most beneficial to restore for water
quality improvements (Lahontan, 2023).

This project focuses primarily on processes controlling fine sediment and turbidity, sediment-bound
constituents, and, to a lesser extent, water temperature. Other water quality impairments, including
dissolved nutrients, bacteria, and salts, are largely influenced by non-geomorphic processes and are
outside the scope of this project.
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2.0 GEOMORPHOLOGIC MODEL

The geomorphologic model developed for the WFCR watershed is not a single, quantitative computer
model, but rather an integrated synthesis of past work, new observations, measurements, analyses,
and interpretations designed to explain how sediment is generated, transported, stored, and exported
from the watershed.

MACTEC (2004) previously evaluated the geomorphology of the upper West Fork and East Fork Carson
River at a watershed scale in the context of potential stream restoration. That study performed a
reach-by-reach characterization of stream channels in both the East Fork and West Fork — including
measurements of pool frequencies, habitat complexity, and substrate characteristics — and provided
interpretations of the geomorphology and general recommendations about active channel restoration
techniques and priority reaches. They concluded that the most significant disruptions and negative
impacts to the system were those associated with grazing and resource extraction in the 1800s, rather
than recently. MACTEC et al. (2004) recommended against highly engineered solutions to stream
restoration. Instead, they recommended site-scale, low intensity channel restoration treatments in
specific reaches (especially Faith and Hope Valleys) to reinforce natural trends of channel recovery.

Based on field observations, previous work, new data, and geological inference, a working hypothesis
behind the geomorphologic model is that natural erosional and depositional processes that
predominated in the upper WFCR basin have been modified by land use and/or geological changes,
leading to changed patterns of erosion and deposition, and a major shift in the importance of different
fine sediment sources in the watershed-scale sediment budget. The prevalence of thick deposits of
fine sediment in the large glacial and structural valleys, such as Hope Valley, Faith Valley, Red Lake
Creek, and other meadows, indicate that they were once major sediment sinks on the landscape.
Presently, given the widespread prevalence of bank erosion in these valleys today, it seems clear that
there was some kind of a shift from depositional to erosional conditions in these valleys.

The geomorphologic model aims to understand the current sources of fine sediment in the basin and
combines several lines of evidence, including geologic mapping, topographic analysis, hydraulic
modeling, field-based erosion assessments, historical aerial imagery, and long-term streamflow and
sediment data. These lines of evidence are brought together to identify dominant geomorphic
processes, understand the relative importance of different sediment sources and sinks, and explain
observed patterns of erosion, deposition, and channel change throughout the basin—the central
questions underlying whether and where stream restoration actions could be used to benefit water
quality. A central element of this framework is the sediment budget (Section 2.3), which provides a
quantitative accounting of the primary sediment sources, transport rates, and storage elements, and
serves as the primary bridge between geomorphic understanding and restoration planning.

In addition to the analyses presented in the main body of this report, several components of the
geomorphologic model are provided as standalone appendices intended to support future planning,
design, and implementation efforts in the WFCR watershed (Appendices G-1 through G-3).
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2.1 GEOLOGIC OVERVIEW OF THE BASIN

The geomorphic processes operating in the WFCR watershed, as well as the sediment budget, are
fundamentally controlled by its geologic framework. Figure 2 presents a modified geologic map of the
basin based on mapping by Armin and John (1983) and Armin et al. (1984). For the purposes of this
study, the numerous mapped geologic units were consolidated into four generalized categories, listed
below in order of relative age (oldest first):

1. Granitic and metamorphic rocks
2. Volcanic rocks

3. Glacial till and outwash deposits
4. Alluvial deposits

The oldest rocks in the basin are crystalline Mesozoic metasedimentary and granitic rocks, primarily
Cretaceous granitic rocks of the Sierra Nevada batholith. These crystalline rocks are relatively resistant
to erosion and tend to produce coarse sediment (sand and gravel) where exposed. Volcanic rocks,
including Miocene (10-15-million-year-old) volcanic flows and associated deposits, are also present in
upland portions of the watershed, including high peaks such as Red Lake Peak, Stevens Peak, Round
Top, and Little Round Top, which are all part of the Carson Pass volcanic center (Armin and John,
1983). These rocks have a range of erodibility depending on lithology and can weather to produce both
coarse (gravel and larger) and fine grained sediment (silt and clay).

Overlying and inset into these bedrock units in the upper basin are extensive Quaternary glacial till
and outwash deposits, particularly within Hope Valley and other broad valley bottoms. These deposits
consist of poorly sorted material ranging from clay and silt to boulders, derived from glacial transport
and deposition primarily during the Tioga and Tahoe glaciations (170,000 to 14,000 years old). Glacial
till is generally more erodible than the underlying bedrock and contains abundant fine sediment that
can be mobilized through gullying and bank erosion; whereas glacial outwash in the lower basin
contains large boulders that line the channel bed and banks and prevent bank erosion. Therefore, the
distribution of glacial till and outwash deposits is an important control on sediment supply in the basin.

The youngest geologic units are Holocene alluvial deposits, consisting of fluvial sand, gravel, and fine
overbank sediments that form modern channels, floodplains, and terraces. These deposits are directly
associated with active channel processes, mostly since the last glacial retreat, and represent both
potential sources as well as long-term storage reservoirs for fine sediment.
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2.1.1 Tectonic Setting and Structural Controls

The WFCR watershed lies within the eastern Sierra Nevada—western Basin and Range transition zone,
an area influenced by extensional tectonics. Hope Valley occupies a structurally controlled depression
interpreted as a graben, bounded by normal faults (Hagan et al., 2009). Down-dropping of this
structural block created accommodation space that was later modified by glaciers and filled with
glacial and fluvial sediments. The graben structure helps explain both the broad valley morphology and
the thick accumulation of unconsolidated sediment that now forms the eroding meadow banks.

Structural controls also influence channel gradient and base level. Downstream of Hope Valley, the
river transitions into narrower, confined reaches that locally coincide with resistant bedrock or
boulder-controlled valley constrictions. These controls limit lateral migration, prevent significant
sediment storage, and influence upstream channel adjustments.

2.1.2 Paleocanyon Features

Hagan et al. (2009) describe evidence for an ancestral paleocanyon system within the region, carved
into bedrock prior to glaciation and later partially filled with volcanic and sedimentary deposits.
Portions of the modern WFCR occupy segments of this paleocanyon system. The presence of
paleocanyon topography influences valley alignment, gradient transitions, and the distribution of
unconsolidated deposits.

The bedrock framework, tectonic setting, paleocanyon development, and glacial history provide the
geologic template upon which modern geomorphic processes operate. Differences in erodibility
among granitic bedrock, volcanic units, glacial till, and alluvium directly influence patterns of bank
erosion, sediment supply, and floodplain storage evaluated in the sediment budget (Section 2.3).

2.2 HYDROLOGY AND HYDRAULIC ANALYSIS

For the purposes of this report, hydraulic analysis includes two closely related components. The first is
hydrology, which describes how much water enters the river system and when—ranging from large
flood events to lower flows during dry periods. The second component is two-dimensional (2D)
hydraulic modeling, which is used to understand where that water goes on the landscape, including
the extent of flooding, water depths, and flow velocities within the channel and across floodplains. The
2D model is confined to the channels and adjacent floodplain areas and helps identify existing flow
patterns in the WFCR watershed, where floodplain topography allows overbank flooding and sediment
storage, and where it may be possible to influence these conditions to provide potential benefits.

This section begins with a summary of the high flow hydrology of the WFCR based on presently
available data, followed by a description of the development and results of the basin-scale 2D
hydraulic model.

2.2.1 Hydrology

For this assessment, the hydrology analysis mainly focused on higher flows in the WFCR watershed.
Large flood events are particularly important in the geomorphic and sediment context of the WFCR.
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High-magnitude flows mobilize large volumes of suspended sediment, drive bank erosion, allow
floodplain sedimentation, and can produce significant channel adjustments. Flood events contribute
disproportionately to long-term sediment export and channel changes.

Information on historic floods are available from long-term records at the U.S. Geological Survey
(USGS) stream gage 10310000 — West Fork Carson River at Woodfords, CA. The gage is located
approximately 8 miles upstream of the California—Nevada state line (Figure 1) and captures runoff and
sediment contributions from the upper basin, including Hope Valley. The period of record includes the
following active years: 1890-1891, 1901-1920, and 1937 to present, providing more than a century of
peak flow data (Figure 3). This long record allows for a reliable analysis of flood magnitude, variability,
and recurrence intervals relevant to sediment transport and floodplain inundation.
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Figure 3. Historic Water Year Peak Flows at the West Fork Carson River at Woodfords Gage (from USGS website
[USGS, 2026]).

Table 1 lists the highest recorded peak flows during the period of record. The largest flood on record
occurred on December 31, 1996, with a peak discharge of 8,100 cubic feet per second (cfs). This event
was almost twice as large as the second-highest recorded flood (4,890 cfs in 1963). Notably, the
seventh-largest flood in the record occurred earlier that same year, in May 1996, making calendar year
1996 an unusually extreme hydrologic year in the context of the full period of record.
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Table 1. Highest Historic Flow Peaks at USGS Gage on West Fork Carson at Woodfords (Active Years: 1890 — 1891,
1901 - 1920, 1937 — present)

Date Peak Flow (cfs)

12/31/1996 8,100
1/31/1963 4,890
12/22/1955 4,810
11/19/1950 4,730
12/10/1937 3,500
12/22/1964 3,100
5/15/1996 3,040

4/7/2018 2,750
12/30/2005 2,720

5/5/2017 2,380
5/28/1983 2,290

Peak flow frequency analysis was conducted using the U.S. Army Corps of Engineers Hydrologic
Engineering Center Statistical Software Package (HEC-SSP). Results are presented in Table 2. Based on
this analysis the estimated 100-year recurrence interval peak flow is close to 6,000 cfs, and the 2-year
recurrence interval flow is around 800 cfs. The 2-year discharge was used in this study to delineate
floodplain inundation areas for hydraulic modeling and sediment storage analyses (Appendix G-3).

Table 2. Estimated Peak Flow Frequency in West Fork Carson River at Woodfords Gage

Recurrence Interval Peak Flow at USGS Gage
1.25-yr 450
1.5-yr 550
2-yr 790
5-yr 1,510
10-yr 2,190
20-yr 3,030
50-yr 4,460
100-yr 5,840

Peak flows in the primary tributaries were evaluated using two methods (Table 3). The first method,
referred to as the basin transfer method, uses the peak flows at the Woodfords gage, and applies a
simple drainage area ratio adjustment to estimate peak flows on tributaries. The second method used
regional regression equations developed by the USGS (Gotvald et al., 2012) in the StreamStats
program (Ries et al., 2024). StreamStats estimates peak flood discharges based on watershed
characteristics, with drainage area and mean annual precipitation serving as key input parameters.

Table 3 compares peak flow estimates generated using StreamStats with flows generated using the
drainage-area-scaled flows derived from the Woodfords gage. The comparison shows the StreamStats
estimates are significantly higher, typically by a factor of two, compared with those developed from
the basin transfer method. StreamStats regression equations are based on statistical analyses of
multiple gaged basins and represent average hydrologic behavior across a broad region. As such, they
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may not fully reflect local watershed conditions. The study area is primarily snowmelt-driven and
includes meadow and floodplain storage that can attenuate peak flows. In contrast, the regional
regression datasets used by StreamStats often include basins influenced by rainfall-driven runoff,
which typically produce sharper and higher peak discharges. Consequently, StreamStats may
overestimate peak flows for this type of watershed. Because the Woodfords gage is located within the
basin and represents similar watershed conditions and local hydrology, and has a long period of
record, the basin transfer method was used for this planning-level hydraulic model.

Table 3. Estimated Tributary Flows for Hydraulic Model Input

Percent Chance Exceedance | 80 50 10 2 1
ReturnInt. | 1.25 2 10 50 100
. Drainage Area .
Location (Sq-Mi) Analysis Flow (cfs)
West Fork Carson at Woodfords, CA .
(USGS 10310000) 65.4 Bulletin 17B | 449 | 789 | 2186 | 4459 | 5841
Headwaters to Below Willow Creek

i 13 23 64 130 171

Upper West Fork Carson River 1.91 DA Ratio
StreamStats 39 |68.6 | 206 405 501
i 25 43 120 245 322

Forestdale Creek 3.6 DA Ratio
StreamStats 64 112 | 336 660 816
i 62 110 | 304 620 812

Red Lake Creek 9.09 DA Ratio
StreamStats 120 | 210 | 628 | 1230 | 1520
i 20 35 98 200 263

Hawkins Creek 2.94 DA Ratio
StreamStats 46 | 814 | 244 480 595
i 12 20 56 115 150

Unnamed 1L 1.68 DA Ratio
StreamStats 26 | 465 | 140 275 342
i 25 44 121 247 324

Maxwell Creek 3.63 DA Ratio
StreamStats 57 101 | 303 596 738
i 75 131 | 363 741 971

Willow Creek 10.87 DA Ratio
StreamStats 89 157 | 470 925 | 1150

Willow Creek to Woodfords Gage
. 3.76 DA Ratio 26 45 126 256 336
Horsethief Canyon

StreamStats 45 | 783 | 235 462 574
1.77 i 12 21 59 121 158

Hidden Creek DA Ratio
StreamStats 25 | 448 | 134 265 330
1.68 DA Ratio 12 | 20 56 115 | 150

Deep Creek

StreamStats 28 | 49.4 | 148 292 363

2.2.2 Hydraulic Model Set Up

A two-dimensional (2D) hydraulic model was developed to simulate floodplain inundation patterns and
flow dynamics throughout the WFCR watershed. The model domain and boundary conditions are
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shown in Figure 4. The model extends from the upper basin past the California-Nevada state line and
includes the mainstem WFCR and major tributaries.

Figure 4. Basin-Scale Hydraulic Model Extent and Boundary Conditions

Topographic input for the hydraulic model was obtained from Sierra Nevada Work Unit 8 LiDAR data
collected by NV5 Geospatial for the USGS. LiDAR acquisition occurred over two days in November 2021
and during multiple collection periods from June through August 2022. The 2022 dataset was used as
the primary basis for terrain development. Minor terrain modifications were performed at select
roadway crossings to hydraulically connect upstream and downstream flow paths where culvert
information was unavailable. These edits were limited in scope and intended solely to prevent artificial
flow obstructions in the model. Given the scope of the current project and the scale of the watershed,
no supplemental ground survey data were incorporated into the modeling terrain. While this is
appropriate for a planning-scale model, it is anticipated that site-scale modeling to support design
work will require collection of ground-based survey data.

A two-dimensional computational mesh was developed with breaklines along channel banks to
improve representation of channel geometry and hydraulic gradients. Finer mesh elements were
applied within the active channel where hydraulic variability is greatest, while coarser elements were
used across the overbank and floodplain areas to enhance computational efficiency without materially
affecting model accuracy.

Boundary conditions consisted of flow hydrographs applied at the upstream limits of the mainstem
and principal tributaries. Peak discharges for tributary inflows were estimated using a basin transfer
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method (Table 3). This approach assumes similar hydrologic response characteristics among
subwatersheds and is considered appropriate for basin-scale planning analyses of this nature.

2.2.3 Hydraulic Model Results

Results of the basin-wide 2D hydraulic model are presented in Appendix G-3 as a map book showing
inundation extents for the 1-year, 2-year, and 10-year recurrence interval peak flows. These maps
provide a spatial representation of where water spreads across the valley bottom under progressively
larger flood events and were used to evaluate floodplain connectivity and restoration potential
throughout the watershed.

Figure 5 presents two examples from the hydraulic modeling results map book. In this first example
(Figure 5A), between Diamond Valley Road and the California-Nevada State Line, the modeled 1-year
and 2-year flows are relatively confined to the existing channel and adjacent low surfaces. The 10-year
flow does not spread extensively across the valley bottom as is common on fans; instead, the flood
flow mostly remains within the main channel (except within a fan channel at the lower end of the
reach). This pattern indicates that the reach is very incised relative to the adjacent floodplain, and/or
wider. Efforts to reconnect the floodplain will require substantial “lift,” raising the grade of the
channel by 8 to 10 feet using boulders. In the second example (Figure 5B), Forestdale Creek and the
West Fork Carson River converge in a narrow, bedrock-confined reach. Here, the channel is
geologically confined and there is no floodplain. The model shows that the most upstream significant
floodplain storage area in the watershed is at this location, where the valley opens to upper Faith
Valley. In these areas, with a rise in the base level of 2 to 3 feet, the floodplain would be more
frequently inundated, capture more fine sediment, temporarily store floodwater, and promote
groundwater recharge.

Areas such as those identified with green arrows in Figure 5 immediately identify potential restoration
opportunities. Where the 10-year flood inundates large portions of the valley bottom, but smaller
refloods do not, relatively modest increases in channel bed elevation (e.g., on the order of 2-3 feet)
could increase the frequency of overbank flow from once per decade to annual or near-annual events.
Such changes would be expected to increase floodplain sedimentation, improve hydrologic
connectivity with the floodplain, and reduce bank erosion.

At the basin scale, these modeling results provided a screening-level tool for identifying reaches with
the potential for increasing floodplain connectivity.

In addition to the basin-scale model, the hydraulic model was applied at a finer, site-specific scale to
evaluate initial feasibility of specific restoration concepts. Smaller models were developed focusing on
several areas of interest where multiple existing and proposed model runs were used to evaluate
potential project opportunities. These site-specific models have higher resolution and shorter run
times than the basin scale model, allowing multiple scenarios to be evaluated. These site-scale
hydraulic analyses were used to estimate the amount of channel bed aggradation that might be
required to reconnect floodplains and to assess potential interactions with infrastructure or other
constraints. The results of those site-scale evaluations are included in Appendix P-1.
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Figure 5. Hydraulic Model Results Showing Extent of the 1-Year, 2-Year, and 10-Year Recurrence Interval Flows.
(A) Near the California/Nevada State Line (B) Below the Confluence of Forestdale Creek and West Fork Carson
River. Green arrows identify accessible floodplains that are inundated by the 10-year but not the 2-year floods.
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2.3 SEDIMENT BUDGET

A sediment budget is a quantitative accounting of sediment sources, storage, and transport within a
defined spatial domain (like a watershed) over a specified time period (Dietrich and Dunne, 1978). A
sediment budget provides a framework for evaluating how sediment is supplied to, stored within, and
removed from a landscape, and for identifying which processes dominate sediment dynamics (Reid
and Dunne, 2016). Sediment budgets can be useful as comparative and diagnostic tools, allowing
managers to distinguish between dominant and secondary sediment sources of sediment, even if
individual components of the sediment budget are not precisely known (Reid and Dunne, 1996).

A sediment budget for fine sediment was developed for the portion of the WFCR watershed in
California. The sediment budget quantifies the sources, transport, and storage of fine sediment in the
system (Figure 6). For this project, the purpose of the sediment budget is to provide a process-based
foundation for identifying and prioritizing restoration actions that would reduce fine sediment delivery
to the WFCR, and in turn, benefit water quality.

2. Upland 3.
Erosion Streambank Canyon Walls and
(Tributaries Erosion Small Watersheds
and Valley
Walls) Willow 4\‘

Deep Cloudburst

Red Lake Hawkins \ Horsethief
Forestdale \§4\ \ / /

Mainstem WFCR o
Upper WFCR ——— and Tributary Pickett’s USGS CA/NV
Valleys Junction Woodfords State
Gage Line
1.
4. Floodplain Suspended
Sedimentation Sediment
(Overbank Transport
Deposition)

Figure 6. Sediment Budget Schematic for Fine Sediment in the West Fork Carson River. Red arrows are sediment
sources, green arrow is sediment storage, and blue arrow represents sediment export from the basin via
suspended load transport.

The sediment budget in this study addresses fine sediment (fine sand, silt, and clay) in the WFCR above
the California/Nevada State Line and integrates four primary components (Figure 6):

(1) instream suspended sediment transport,
(2) upland erosion,
(3) streambank erosion, and
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(4) overbank floodplain sedimentation?.

Each of these components was estimated using methods appropriate for a basin-scale assessment,
including regional empirical studies, local field observations, hydraulic modeling, historical aerial
imagery, and long-term stream gaging records.

Uncertainties in the Sediment Budget. The objective of the sediment budget is not to produce a
precise annual mass balance, but to constrain the relative magnitude and spatial distribution of
sediment sources and sinks. Consistent with the guidance of Dietrich and Dunne (1978) and Reid and
Dunne (1996), high levels of uncertainty are explicitly acknowledged for the sediment budget. For this
project, the main purpose is to identify dominant processes rather than quantify exact fluxes.

2.3.1 Suspended Sediment Transport

The long-term suspended sediment transport in the WFCR was estimated using flow and sediment
sampling data from the USGS gage at Woodfords (USGS Gage 10310000), supplemented with water
quality monitoring from the Surface Water Ambient Monitoring Program (SWAMP), a program
administered by the California State Water Resources Control Board to track trends in surface water
health (SWRCB, 2023). The Woodfords gage provides a continuous record of streamflow and sediment
downstream of Hope Valley, with data extending back to the late 1800s (see Figure 3). As is normally
the case, suspended sediment concentrations (SSC) increase with increasing flows, although
considerable scatter exists, particularly during high-flow events (Figure 7).

Figure 7. Suspended Sediment Concentration Data from Different Locations Around the WFCR Watershed

! Component #4 (floodplain sedimentation or overbank deposition) was the most uncertain of the four
components and the most time consuming to estimate in practice. Therefore, overbank deposition was not
estimated independently but instead was solved from the other three components and reality checked with a
simple calculation.
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To estimate the long-term suspended sediment flux, we combined the USGS SSC data along with
SWAMP SSC data from the lower basin (Figure 8). These data show a clear steep increasing trend with
discharge. This strong trend reflects that there must be a non-linear increase in the intensity in the
processes supplying the fine sediment during higher flows.

Figure 8. Suspended Sediment Rating Curves Versus Mean Daily Flow (data points are the combined data from
USGS Woodfords gage and SWAMP SSC data from the Lower Basin)

Several regression approaches were evaluated to quantify the SSC—flow relationship for estimating
sediment flux. Power-law regressions are commonly used for rating curves, but this regression appears
to underestimate the limited SSC data available for high flows (orange line, Figure 8). A second order
polynomial regression (cyan line, Figure 8) increases more steeply with discharge and goes through the
data at moderately high flows, but likely overestimates SSC during extreme events for which we have
no data. The best fit (R? = 0.39) was found to be a linear regression with the intercept set to zero (blue
line, Figure 8). The resulting equation (SSC [mg/L] = 0.1198 x Q [cfs]) appears to provide a more
reasonable fit to the available data across the range of flow.

The three equations were applied to the mean daily streamflow data for the Woodfords gage, and the
daily sediment fluxes were aggregated into Water Year sediment fluxes (October 1 to September 30)
for the period of record, which covers more than 100 years. Computed this way, the range of
estimates for the long-term fine sediment flux at Woodfords spans approximately 3,000 to 6,000 tons
per year (Figure 9). The power-law model yields the lowest estimate (~3,000 T/yr) and, as explained in
the previous paragraph, likely underestimates transport during high flows. For example, with that
model the water year with by far the largest flood (WY 1997) only ranks as the fourth-largest water
year in terms of sediment flux (Figure 9A), which is not realistic based on the expectation that
sediment mobilizes disproportionately during the highest flows. In contrast, the polynomial model
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(~5,715 T/yr) may overestimate flux during extreme floods, resulting in a sediment flux for WY 1997
that is far outside the scale of the graph (Figure 9C). The linear model provides an intermediate
estimate of 4,554 T/yr (Figure 9B). Based on these comparisons, a reasonable round-number estimate
for the long-term average fine sediment flux is approximately 5,000 tons per year, recognizing
substantial uncertainty.

This estimate is considered more reliable than upland and bank erosion predictions because it is based
on direct, long-term, local measurements of sediment transport, rather than the more indirect
empirical models as discussed in the following sections. Thus, the estimate of 5,000 tons per year
provides a reasonable, well-grounded estimate of the amount of sediment leaving the watershed,
capturing the integrated effects of all upstream sources and storage reservoirs.
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Figure 9. Annual Sediment Fluxes Computed Using Three Different Rating Equations: (A) Power Law Regression of
Discharge Versus Sediment Flux; (B) Linear Regression Through 0,0 of Discharge Versus Suspended Sediment
Concentration; (C) Second Order Polynomial for Discharge Versus Suspended Sediment Concentration

2.3.2 Upland Erosion

Upland erosion represents the portion of the sediment budget derived from hillslopes, unchannelized
drainage features, and headwater areas upstream of the actively incising and eroding stream network.
Upland erosion consists of hillslope processes like gullying, landslides, rainsplash, rill erosion, wind
erosion, and other processes (Figure 10). The upland erosion component of the sediment budget
would be the primary part of the sediment budget affected by human and other perturbations,
including logging, road building, and increased wildfire frequency. The upland-sourced sediment is
transported downstream and delivered to the WFCR as tributary inflows and direct erosion from
canyon walls (Figure 6).

Figure 10. Photos of Upland Erosion in the West Fork Carson River Watershed

Estimates of upland erosion are based on an extensive study by Simon et al. (2004), which estimated
fine sediment yields for watersheds in the Lake Tahoe region (Figure 11). In that study, long-term
streamflow and suspended sediment concentration data from a set of “index basins” were used to
compute annual sediment yields, expressed as mass of suspended sediment (tons/yr). These basins
span a range of basin sizes, but experience broadly similar climate, geology, precipitation regime, and
relief as in the WFCR basin, making them suitable analogs for the current study.

Waterways conducted additional analyses of the Simon et al. (2004) dataset to better understand the
factors controlling differences in upland sediment yield among the index basins. The index basins were
grouped into three categories—high, medium, and low erosion—based on their reported sediment
yields (Table 4; also see Figure 2). Comparison of basin characteristics suggested that geology may be a
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dominant control on erosion rates among these watersheds, given the relatively uniform climate and
relatively similar topographic relief across the Lake Tahoe region (with exceptions).

Figure 11. Tahoe Basin Watersheds from Simon et al. (2004). Black arrows added by Waterways identify the
“index watersheds” in Table 4.

To test this hypothesis, Waterways performed a GIS-based analysis of the geology of the index
watersheds using the digital geology compilation of the Lake Tahoe basin (Saucedo, 2005; Table 5).
The analysis grouped mapped units into four generalized categories: granitic rocks, volcanic rocks,
glacial till, and alluvium. The relative proportion of these geologic units was calculated for each index
basin and compared to the estimated sediment yields. Basins with a higher percentage of glacial till
typically had higher sediment yields, while basins dominated by granitic or volcanic lithologies had
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lower sediment yields (Table 4). There were some exceptions and variations, typically related to land
use and topographic features of the index basins. The index basins were grouped into three
categories—high, medium, and lower eroding basins.

A parallel analysis was conducted for subwatersheds within the WFCR basin using the same geologic
groupings. Based on the similarity of geologic composition, basin size, and topography between WFCR
subwatersheds and the Lake Tahoe index basins, sediment yield values were assigned to each WFCR
subwatershed by analogy (Table 5). These assigned yields, shown in Figure 12, represent long-term
average upland sediment inputs and are intended to capture relative differences among
subwatersheds, rather than precise annual loads. The resulting upland erosion estimates amount to a
long-term average upland fine sediment yield of about 1,400 tons/yr at the CA/NV State Line.
Importantly, 80 percent of this amount originates in the upper basin (Table 5). These estimates
provide a basin-scale characterization of sediment sources derived from hillslopes and headwater
areas. While these estimates are subject to uncertainty, they use regional empirical data and provide a
consistent framework for comparing upland sediment contributions across the WFCR watershed.

Figure 12. West Carson Watershed Map Showing Upland Erosion Amounts
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Table 4. Geology and Sediment Yields in Tahoe Basin Index Watersheds (Simons et al., 2004)

Generalized Geology by Watershed Area . . .
X By y . Sediment yields reported by Simon et al. (2004) Computed by Waterways
(computed by Waterways using geologic compilation by Saucedo, 2005)
Dominant Upland Sand
. . Granitic Lithologies . Median Total Contributions | Finesasa Upland P X
Drainage Drainage . Median Annual Total . ' Yield Upland Total
and . . . (G = granitic, Annual Suspended . from % of Fines Yield . X .
Area Area Volcanic Till  Alluvium X Total Suspended . R Fines . X (Computed Sediment Yield Notes on Sediment Sources
(mi2) (km2) Meta- V=volcanic, Load Fines Sediment Yield Streambanks to | Sediment (Total minus from % Fines _(Fines + Sand)
morphic T=till, Load Yield Fines Yield Yield Banks) . N
A=alluvium) in Total Load)
Index Watersheds
o
(Sorted by Total Suspended Sediment Yield) metric tons/yr metric T/km2-yr T/km2-yr % % T/km2-yr T/km2-yr T/km2-yr
tons/yr
roup A - Very High Upland Sediment Yields - Extensive Till and Gullying in Volcanics, Heavy Logging and Roads
G igh Upland Sedi jield: ive Till and Gullying in Volcani i d Road!
Blackwood Creek 113 29.19 8% 57% 28% 7% Vv, T 1930 846 66.55 29.17 51% 44% 14.31 18.34 32.65 Bank erosion and gullying in volcanic lithology
Third Creek 6.1 15.85 35% 13% 44% 7% T,G 880 318 56.05 20.25 10% 36% 18.23 32.22 50.45 Extensive till deposits in lower watershed
Ward Creek 9.5 24.70 2% 39% 52% 7% T,V 855 412 34.06 16.41 25% 48% 12.31 13.24 25.55 Extensive till deposits in lower watershed
Group A Average 9.0 23.25 15% 37% 41% 7% TandV 1,222 525 52 21.95 29% 43% 14.95 21.26 36.21
4 g
Group B - Moderately High Upland Sediment Yields - Extensive Till in Granitic Watersheds, Generally Larger Drainage Basins
Upper Truckee River 53.8 139.34 49% 9% 28% 13% GT 2200 1010 15.49 7.11 63% 46% 2.61 3.08 5.69 Major bank erosion, lots of till and alluvial deposits
Trout Creek 36.7 95.09 67% 0% 28% 5% G T 1190 462 12.51 4.86 2% 39% 474 7.47 12.22 Lot of till deposits
Incline Creek 6.6 17.17 61% 23% 8% 8% G,V 217 129 11.99 7.13 4% 59% 6.87 4.68 11.55 Lot of till deposits
General Creek 7.6 19.68 54% 0% 37% 8% GT 176 53.3 9.12 2.76 45% 30% 1.52 3.51 5.03 Major bank erosion, lots of till and alluvial deposits
Meeks Creek* 8.2 21.36 76% 0% 21% 0% G 79.8 19.1 3.59 0.86 0% 24% 0.86 2.73 3.59 Short data set - maybe should have a higher yield
Group B Average 22.6 58.53 61% 7% 25% 7% GandT 773 335 11 4.54 23% 40% 3.32 4.30 7.62
p g
Group C - Low Upland Sediment Yields - Granitic Watersheds, Relatively Little Till
Eagle Creek* 7.0 18.05 93% 0% 2% 1% G 69.9 21.8 3.43 1.07 69% 31% 0.34 0.74 1.08 Very low sed yield (granite)
Edgewood Creek 31 7.92 95% 0% 0% 5% G 21.3 114 2.63 141 18% 54% 115 1.00 2.15 Very low sed yield (granite), relatively high % bank erosion
Quail Lake* 12 3.19 14% 29% 52% 3% T 6.4 3.2 1.52 0.76 0% 50% 0.76 0.76 1.52 Small watershed domninated by till, but low yield
Dollar Creek* 1.1 2.96 0% 100% 0% 0% v 4.6 2.6 0.98 0.55 4% 57% 0.53 0.41 0.94 None
Glenbrook Creek 4.3 11.07 47% 49% 0% 4% G/V 8.9 7 0.85 0.67 46% 79% 0.36 0.10 0.46 Very low sed yield, high % bank erosion
Logan House 2.1 5.42 99% 0% 0% 1% G 3 2.3 0.56 0.43 1% 77% 0.42 0.13 0.55 None
Group C Average 3.1 8.10 58% 30% 9% 2% GandV 19 8 2 0.81 23% 58% 0.59 0.52 1.12

* denotes watersheds with only 3 years of data (the rest are all > 11 years of data)



Table 5. Sediment Yields from Upper West Fork Carson River Watershed

Percent of
. . - . Index Index Index Upland Upland Total Upland Total Upland Overall Upland
Drainage | Drainage Granitic/ . . . Dominant | Index Watershed(s) . Suspended Suspended . .
Area Area Metamorphic Volcanic| il jAlluvium) Water Lithologies | with Similar Geology 'Uplar?d Uplar_1d Uplaqd Flngs San_d Sediment Sediment Fine Sediment
Fines Yield | Sand Yield | Total Yield | Loading Loading Supply Supply Supply_ at State
Watershed Line
9 ) . ) 2 2 2 Tlyr tons/yr
(mi%) (km?) Percentage of Drainage Basin T/(km®-yr) | T/(km*-yr) | T/(km*-yr) Tlyr T/yr (1,000 kg) (2,000 Ib)
Headwaters to Below Willow Creek
West Fork Carson River above Forestdale 191 4.94 4% 7% 8% 9% 2.3% \% Group B average 3.32 4.30 7.62 16.42 21.23 37.65 42 3%
Forestdale 3.60 9.31 21% 55% 20% 4% 0.2% \ Group B average 3.32 4.30 7.62 30.93 40.00 70.93 78 6%
Red Lake Creek 9.09 23.54 37% 20% 33% 9% 1.6% G,T Group B average 3.32 4.30 7.62 78.17 101.09 179.25 198 14%
Hawkins Creek 2.94 7.62 42% 28% 26% 3% 0.0% GV, T Group B average 3.32 4.30 7.62 25.31 32.73 58.04 64 5%
Stevens Creek 1.64 4.26 16% 13% 58% 12% 0.6% T Group B average 3.32 4.30 7.62 14.14 18.29 32.44 36 3%
Unnamed 1L 1.68 4.34 61% 1% 34% 4% 0.0% G, T Group B average 3.32 4.30 7.62 14.43 18.66 33.08 36 3%
Maxwell 3.63 9.40 25% 22% 47% 6% 1.1% TGV Group B average 3.32 4.30 7.62 31.21 40.36 71.57 79 6%
Unnamed 2R 1.49 3.86 10% 37% 53% 0% 0.0% TV Group B average 3.32 4.30 7.62 12.83 16.59 29.42 32 2%
Willow 10.87 28.14 78% 0% 21% 1% 0.0% G,T Group B average 3.32 4.30 7.62 93.48 120.88 214.36 236 17%
Additional Drainage Area 13.50 34.96 G T Group B average 3.32 4.30 7.62 116.10 150.14 266.24 293 22%
50.34 | 130.38 45% 20% 28% 6% 0.5% G, T Headwaters to Below Mouth of Willow Creek| 433 560 993 1,095 80%
Willow Creek to Woodfords Gage
Horsethief 3.76 9.75 38% 53% 0% 8% 0.0% V,G Group C average 0.59 0.52 1.12 5.78 5.09 10.87 12 0.9%
Hidden 1.77 4.60 28% 2% 0% 0% 0.0% V,G Group C average 0.59 0.52 1.12 2.73 2.40 5.13 6 0.4%
Deep 1.68 4.35 14% 86% 0% 0% 0.0% V,G Group C average 0.59 0.52 1.12 2.58 2.27 4.85 5 0.4%
Cloudburst 0.90 2.34 45% 52% 0% 3% 0.0% V,G Group C average 0.59 0.52 1.12 1.39 1.22 261 3 0.2%
Unnamed 3R 0.58 151 84% 9% 0% % 0.0% G Group C average 0.59 0.52 1.12 0.90 0.79 1.69 2 0.1%
Unnamed 4L 0.43 111 93% 5% 0% 1% 0.0% G Group C average 0.59 0.52 1.12 0.66 0.58 1.24 1 0.1%
Additional Drainage Area 6.01 145.95 V,G Group C average 0.59 0.52 1.12 86.57 76.20 162.77 179 13.2%
65.48 169.61 46% 26% 22% 6% 0.4% V,G Willow Creek to Woodfords 101 89 189 209 15%
Woodfords to Paynesville
Unnamed 5L 0.53 1.36 5% 24% 0% 1% 0.0% G Group C average 0.59 0.52 1.12 0.81 0.71 1.52 2 0.1%
Unnamed 6L 0.68 1.75 84% 8% 0% 8% 0.0% G Group C average 0.59 0.52 1.12 1.04 0.91 1.95 2 0.2%
Unnamed 7L 1.20 3.11 82% 9% 0% 9% 0.0% G Group C average 0.59 0.52 1.12 1.84 1.62 3.47 4 0.3%
Unnamed 8R 1.09 2.81 7% 6% 17% 70% 0.0% Alluvium  |Group B average 3.32 4.30 7.62 9.34 12.08 21.42 24 1.7%
Stuard 1.13 2.94 62% 6% 0% 33% 0.0% G Group C average 0.59 0.52 1.12 1.74 1.53 3.27 4 0.3%
Additional Drainage Area 4.15 10.76 V,G Group C average 0.59 0.52 1.12 6.38 5.62 12.00 13 1.0%
74.26 192.33 45% 24% 20% 11% | 0.3% G Woodfords to Paynesville 21 22 44 48 4%
Paynesville to State Line
Larson 1.13 2.93 76% 12% 1% 11% 0% G Group C average 0.59 0.52 1.12 1.74 1.53 3.27 0.3%
Additional Drainage Area 2.79 7.23 V,G Group C average 0.59 0.52 1.12 4.29 3.77 8.06 9 0.7%
78.18 | 202.49 44% 23% 20% 12% | 0.3% Paynesville to State Line 6 5 11 12 1%
Fines Sand Total
Entire Watershed above State Line 561 676 1,237 1,364 100%
T/yr T/yr T/yr tons/yr




2.3.3 Streambank Erosion

Streambank erosion represents a major source of fine sediment to the WFCR, as can be seen in the
field (Figure 13). For the purposes of the sediment budget, estimating the amount of fine sediment
contributed by bank erosion was done using a combination of field-based indices, empirical
relationships, and analysis of historical channel change. Because of the importance of streambank
erosion to the sediment budget and to restoration objectives in the WFCR basin, multiple
complementary methods were used to constrain reasonable estimates of the approximate magnitude
and spatial pattern of bank erosion in the watershed.

Figure 13. Bank Erosion Along WFCR in Hope Valley

BEHI-Based Estimates of Bank Erosion

One method used to estimate bank erosion rates was a field-based assessment developed by Rosgen
(2001), known as the Bank Erosion Hazard Index. The first part of the calculation consists of estimating
the Bank Erosion Hazard Index (BEHI), which describes the susceptibility to erosion of bank sections
based on combining field data from the WFCR with a set of curves provided by Rosgen (2001). BEHI
integrates measurements of bank height, bank angle, root density, surface protection, bank material,
and other field evidence into a single index score that is classified into hazard categories ranging from
“Very Low” to “Extreme” (Figure 14). The field data to compute BEHI were collected along the WFCR
mainstem and selected tributaries during summer 2024 by Waterways, Alpine Watershed Group, and
Watershed Resiliency Consulting. A full basin map book with BEHI ratings is provided in Appendix G-2.

Rosgen (2001) developed empirical relationships linking BEHI ratings to linear bank erosion rates based
on datasets from streams in Yellowstone National Park, Montana, and the Front Range in Colorado.
Applying these relationships to the WFCR resulted in estimated bank erosion rates for each bank
segment. These estimates can be compiled and shown as a plot of cumulative erosion versus river mile
to highlight areas along streams where erosion is concentrated (Figure 15).
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Figure 14. Example of Bank Erosion Mapping in Lower Hope Valley

Figure 15. Amount of Bank Erosion Estimated Using Rosgen’s (2001) Methods on Mainstem WFCR. Data plotted
as a cumulative amount of bank erosion moving from upstream to downstream. No bank erosion occurs
downstream of RM 12 due to boulder-lined banks. Tributary bank erosion is not included in this graph.
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Based on the Rosgen (2001) method, bank erosion in the WFCR basin is estimated at 18,000 tons per
year using the Yellowstone curve, and 12,000 tons per year using the Colorado curve (Table 6).

These estimates appear unrealistically high when compared to independent estimates of suspended
sediment flux. The estimated fine sediment load passing the Woodfords gage is on the order of 3,000
to 6,000 tons per year (see Figure 9), much lower than the BEHI-predicted bank erosion rates.
Although bank erosion is clearly a major sediment source, it is not physically reasonable for bank
erosion to be 2- to 4-times greater than the annual sediment load leaving the basin. Because the
sediment transport estimates are derived from long-term, site-specific gaging and sampling data, they
are considered more reliable than the bank erosion rates derived from empirical relationships
developed in other regions. This discrepancy motivated the development of an alternative approach to
estimating bank erosion using local data.

Table 6. Bank Erosion Rates Computed Using the Rosgen (2001) Method

BEHI/BANCS Yellowstone | BEHI/BANCS Colorado
Stream Stream Length Equation Equation
mi tons/yr tons/yr
West Fork Carson® 13.35 15,600 9,739
Forestdale Creek 23 412 346
Red Lake Creek 2.91 1,603 1,203
Willow Creek 2 610 475
West Fork Carson River Basin 18,225 11,763
Notes:
1. West Fork Carson River below Woodfords Canyon does not contribute to basinwide bank erosion because the
banks are continuously lined with glacial outwash boulders.

Bank Retreat Rates from Historical Aerial Photography

To develop a more realistic estimate of bank erosion, historical aerial imagery was combined with
field-based erosion observations. Historic air photos showing the WFCR channel in Hope Valley are
available on Google Earth dating back more than 80 years. Changes in channel position in sequential
air photos provide a direct record of bank retreat rates. We selected two representative reaches
(lower Hope Valley and lower Red Lake Creek) and digitized the location of stream banks on both sides
of the channel from four sets of aerial photographs (approximately 1940, 1992, 2010, and 2024/2025)
(Figure 16).

To develop a relationship for estimating bank retreat rates applicable across the basin, bank positions
from 1992 to 2024/2025 were compared—a 33-year interval that included the largest flood of record
in the WFCR. Linear bank retreat rates were calculated at intervals of approximately 0.05 miles (264
feet) by comparing the positions of the left and right bank lines in the sequential photos, providing
average bank retreat rates in feet per year for a sample of approximately 20 locations within each of
the two, one-mile-long analysis reaches.
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Figure 16. Channel Migration in Lower Hope Valley and Red Lake Creek Lower Meadow

To develop an empirical model with the ability to predict sediment contributions from bank erosion
around the basin, the long-term bank retreat rates were compared with both BEHI and a subjective
field-based Erosion Severity score collected during field work. The Erosion Severity score ranges from 1
to 5, with 5 representing the most heavily eroding banks, such as those shown in Figure 13. There is a
clear relationship between measured bank retreat rates and both BEHI and Erosion Severity (Figure
17); however, the data exhibit substantial scatter. Most regression forms (linear, power law,
polynomial) produced relatively weak predictive relationships. The best-performing regression was a
linear equation with the intercept forced to zero, yielding an R2 value of approximately 0.6 (Figure 17).
The degree of scatter suggests that regression-based predictions could substantially overpredict or
underpredict erosion rates at individual locations, and that it is possible that these errors could
compound when applied basin-wide.

2.50 2.50
s s
& 2.00 ' £2.00 *
5 * y =0.0244x ] i y=0.1963x
43 1.50 R*=0.6183 *3 1.50 R*=0.6309
o Fl o .
€ 1.00 . o £ 1.00 . o
@ . . . s Ty @ t 14 P e
[} H T © PRt
g 050 . ‘ ® e . g 0.50 . i . . .
é .. «0* * . é oy g b

0.00 . 0.00 .

0 10 20 30 40 50 0 1 2 3 4 5 6
BEHI Score Erosion Severity Field Estimate

Figure 17. Data Relating Bank Retreat Rate in Feet Per Year to BEHI and Erosion Severity

As an alternative to a continuous regression model, an ordinal classification approach was developed
in which representative bank retreat rates were assigned to bank sections based on mapped Erosion
Severity values. Figure 18 presents histograms of measured retreat rates grouped by Erosion Severity
in lower Hope Valley. These data indicate that severity scores between 1 and 3 generally correspond to
little or no measurable long-term erosion, although exceptions exist. Scores between approximately 3
and 4.5 correspond to moderate erosion, with retreat rates typically ranging from 0 to 1 ft/yr
(estimated representative value of approximately 0.5 ft/yr). A score of 5 corresponds to severe
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erosion, with estimated retreat rates typically exceeding 1.0 ft/yr. Based on these relationships, a
simple model was developed to estimate bank erosion from Erosion Severity values across the basin
(Table 7). This approach emphasizes the contribution of a relatively small number of highly eroding
banks, accounts for moderately eroding areas, and does not assign erosion to banks with low severity
values, such as those commonly observed along the insides of bends.

100%
@ Erosion Severity Score 1 to 3

£ 80% . .
é O Erosion Severity Score 3to 4.5
() . .
S 60% B Erosion Severity Score 5
3
=
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c
8
@
[a

- HH n Jd o
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33-Year Average Bank Retreat Rate in Hope Valley

Figure 18. Histogram Showing Measured Bank Retreat Rates for Different Erosion Severity Values

Table 7. Bank Retreat Rates Assigned to Erosion Severity Scores

Erosion Severity Value Assumed Bank Retreat Rate
(Flyr)
1to3 0
3t04.5 0.5
5 1

Bank Erosion Estimates using Air Photos and Field Data

Figure 19 compares cumulative bank erosion estimates derived from multiple methods, including the
Rosgen (2001) methods (Yellowstone and Colorado), the two air-photo-based regression models
shown in Figure 17, and the ordinal method summarized in Table 6. The comparison shows that the
air-photo-based regressions predict substantially lower bank erosion rates than the Rosgen methods;
however, these estimates are still much higher than the independently estimated suspended sediment
flux from the basin. Figure 19 includes only erosion along the mainstem WFCR; if tributary erosion
were included, these values would be higher.
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Figure 19. Comparison of Cumulative Bank Erosion Estimates Using Multiple Methods. Red line represents the
results of the final bank erosion analysis.

The method using the subjective Bank Erosion Severity scores and the air-photo-measured bank
retreat rates predicts approximately 6,200 tons per year of sediment derived from bank erosion
along the WFCR mainstem. This value was selected for use in the sediment budget because it is
grounded in locally observed erosion severity and long-term channel change and produces estimates
that are more consistent with measured sediment transport.

Bank erosion contributions from tributaries were not included in the estimate of 6,200 tons/year used
in the sediment budget. BEHI and Erosion Severity were mapped in several tributaries of the WFCR,
and showed that bank erosion in tributaries is present, but less prevalent, compared with the WFCR. In
Red Lake Creek, channel migration rates are much less than in the main stem (Figure 16), and it is
unclear whether the retreat rates in Figure 18 and Table 7 apply to tributaries. At the basin scale,
tributary contributions to bank erosion are expected to be small relative to the mainstem WFCR due to
their shorter cumulative bank length, lower bank heights, and generally lower observed erosion
severity (using the Rosgen method, tributaries accounted for approximately 15 percent of total
estimated basin-wide bank erosion [Table 6]). This relatively small contribution of hundreds of tons
per year was considered negligible compared to the magnitude of the uncertainty in other elements of
the sediment budget and was not included.

Bank erosion in the basin is spatially concentrated: approximately 60 percent of bank erosion along the
25-mile mainstem WFCR occurs within the roughly 7-mile reach of Hope Valley (Figure 19). This spatial
concentration directly supports a restoration strategy focused on reconnecting floodplains and
reducing bank erosion in Hope Valley as a means of achieving watershed-scale reductions in fine
sediment.
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2.3.4 Floodplain Deposition

In unconfined, alluvial reaches of the WFCR—most notably in Hope Valley—a portion of fine sediment
is stored on floodplains during overbank flooding. Fine sediment (sand-, silt-, and clay-sized material) is
transported primarily in suspension and can be deposited on floodplain surfaces when flows exceed
channel capacity and spread laterally across the floodplain. Floodplain deposition occurs
predominantly during high-flow events, when water carrying sediment overtops the channel banks
and inundates adjacent floodplains. The amount of fine sediment deposited on floodplains is
controlled by three primary factors:

(1) the magnitude and frequency of flows that access the floodplain,

(2) the fine sediment concentration of those flows, and

(3) the trap efficiency of the floodplain, defined as the fraction of incoming suspended sediment
that settles out before water returns to the channel.

In principle, floodplain deposition could be estimated directly using a basin-scale model that explicitly
represents overbank hydraulics, sediment concentrations, and spatially variable trap efficiency. While
such approaches have been applied in detailed research studies, implementing them for the WFCR at
the basin scale would require a substantial amount of additional data and modeling effort, while still
yielding results with high uncertainty, due to a lack of calibration data. For the purposes of this project,
floodplain deposition was estimated indirectly as the residual term in the sediment budget, and
“reality checked” by making an order-of-magnitude calculation of the average deposition rate
predicted from this method and comparing that with field observations. Specifically, floodplain
deposition in the WFCR was computed by combining the estimated upland erosion (1,400 tons per
year) and bank erosion (6,200 tons per year) inputs and subtracting the estimated long-term
suspended sediment export from the basin (5,000 tons per year). Using this mass balance approach,
floodplain deposition in the WFCR watershed is estimated to average approximately 2,600 tons per
year. By comparison with the other components of the sediment budget, this value exceeds the
estimated contribution from upland erosion and amounts to roughly half of the sediment exported
from the basin. This scale of contribution to the sediment budget seems reasonable, given the
presence of large, glacially carved valleys in the upper watershed that provide substantial potential
storage space for fine sediment.

To evaluate whether this estimate is physically reasonable at a site scale, the implied vertical accretion
rate was calculated and compared with field observations. We used the basin-scale hydraulic model to
estimate the total area of active floodplain for the seven largest floodplain units in the upper basin
(Table 8). For this calculation, floodplain area was defined as the area inundated by the modeled 2-
year recurrence interval flow, excluding the active channel. This resulted in an estimated floodplain
area of approximately 210 acres. Converting 2,600 tons per year of sediment to a volumetric rate
(using a typical fine sediment bulk density of 80 Ib/ft3) yields an average vertical accretion rate of
approximately 0.007 ft/yr, or about 0.1 inch per year.
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Table 8. Discrete Floodplain Units in the Upper West Fork Carson River Basin

2-Year Peak Flow
Inundation Area
Floodplain Unit | (not including channel)
Acres
Forestdale Creek 2.3
Willow Creek 6.2
Red Lake Creek 39.6
Upper Faith Valley 7.6
Lower Faith Valley 13.5
Upper Hope Valley 88.6
Lower Hope Valley 53.2

At this rate, it would take on the order of 140 years to accumulate one foot of sediment, averaged
across the entire floodplain under current, incised conditions. This magnitude is broadly consistent
with field observations, including the thickness of fine-grained deposits exposed in eroding banks (e.g.,
Figure 13), which likely accumulated over timescales of centuries to millennia. Accretion rates were
likely higher in the past, prior to channel incision, when floodplain connectivity was greater and
overbank deposition occurred more frequently.

These results suggest that increasing floodplain connectivity and overbank sedimentation represents a
viable strategy for reducing fine sediment export from the WFCR watershed. Restoration actions that
increase the frequency and extent of floodplain inundation have the potential to shift sediment from
being exported downstream to being stored within upper-basin floodplains, particularly in large valley
settings such as Hope Valley.

2.3.5 Sediment Budget Findings and Interpretations
Sediment Budget Results

Figure 20 presents a schematic summary of the WFCR sediment budget developed in this study. The
widths of the arrows are scaled approximately to the magnitude of sediment flux associated with each
process. This diagram integrates the four primary components evaluated in Sections 2.3.1 through
2.3.4—upland erosion, streambank erosion, floodplain deposition, and suspended sediment export—
and highlights their relative importance at the watershed scale.
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Figure 20. Schematic Diagram of Sediment Budget for the West Fork Carson River Basin in California. Widths of
arrows are approximately proportional to the size of the sediment fluxes associated with the four geomorphic
processes.

Interpretations - Current and Historical Sediment Budgets

The sediment budget indicates that, at present, streambank erosion (2, in Figure 20) is the dominant
source of fine sediment in the WFCR watershed. Estimated bank erosion rates are comparable to, and
likely exceed, the long-term average suspended sediment flux exiting the basin (4). In contrast, upland
erosion (1) contributes a smaller, secondary component of fine sediment input. Floodplain deposition
(3) represents a substantial sink for sediment within the upper basin, storing roughly half of the
sediment that would otherwise be exported downstream. Under current geomorphic conditions, the
basin exports on the order of 5,000 tons per year of fine sediment, indicating that the large glacial
meadows that had once been sediment storage reservoirs are now the largest sources of sediment in
the basin. The direct cause of this change in the sediment budget would have been channel incision
and/or widening. The geomorphic processes of channel incision (a.k.a. channel bed lowering relative
to the adjacent floodplain elevation) and channel widening can both contribute to an increase in
channel capacity and a decrease in the stability of the banks, which in turn result in less overbank
sedimentation and more bank erosion.

Human Impacts on Sediment Budget. The most significant human-induced changes to the sediment
budget were probably historic logging and intensive cattle grazing in the mid- to late-19th century. The
rapid conversion of watershed-scale vegetation beginning in the 1860s likely increased upland fine
sediment production and may have also heightened the frequency and magnitude of stochastic
sediment-generating events such as wildfire, debris flows, and shallow landslides. Impacts within the
valley bottoms, particularly in Hope Valley and Faith Valley, were even more important. Early clearing
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beaver populations and associated riparian vegetation, which may have reduced natural flow
dispersion across valley bottoms, increased channel confinement, and promoted incision. Another is
channel widening and bank destabilization due to loss of stabilizing vegetation, possibly due to sheep
and cattle grazing. A third possible driver could be long-term geologic lowering of downstream base
level, particularly through gradual erosion of glacial moraines or boulder-controlled valley
constrictions, initiating upstream-propagating channel downcutting. Incision and channel widening
may reflect a combination of these mechanisms, or additional processes not evaluated here, such as
post-glacial tectonic influences within the Hope Valley Graben (Hagan, et al., 2009). Although
unresolved, this question could be addressed through focused geomorphic, stratigraphic, and dating
studies.

2.3.6 Bedload and Stream Restoration in the WFCR

Although this sediment budget focuses on fine sediment (washload and suspended load), it is
important to acknowledge bedload—the coarser material that moves by rolling, sliding, and bouncing
near the streambed rather than in suspension. Bedload is not a direct driver of water quality
impairment (turbidity and fine sediment) and thus was outside the scope of this study, but it plays a
crucial role in channel morphology and interacts with the fine sediment budget, particularly in the
contexts of floodplain connectivity. A primary goal of restoration is to aggrade the bed and reconnect
floodplains, which can be best accomplished through the deposition of bedload. In many natural

rivers, bedload comprises only a small fraction of the total sediment flux. For example, empirical data
and geologic theory (Turowski et al., 2010) suggest some “rules of thumb”: bedload typically comprises
between 1% and 30% of annual total sediment load in alluvial streams, with smaller percentages (< 2—
5%) in larger systems, larger percentages (30-60%) in sand dominated lowland streams. There is a wide
range of variability in the ratio of bedload to suspended load in steep and glaciated landscapes, where
geology plays a key factor. Within the WFCR basin, granitic rocks tend to weather to produce more
sand size material, and other geologic units (volcanics, glacial till) weather into more fine-grained
sediment (silt and clay).

Even if one assumes an upper-end bedload proportion of roughly 20% of the total load for the WFCR—
at the high end of typical observations—then with an estimated long-term suspended load of ~5,000
tons per year, the corresponding bedload would be on the order of 1,000 tons per year. Using a typical
bulk density for gravel and coarse sand (~1.6 tons per cubic yard), this equates to only ~625 cubic
yards per year of bed material (or 60-70 large 10-yard dump truck loads annually). This amount of
gravel is unlikely to provide sufficient material, by itself, to significantly aggrade the channel bed over
broad reaches of the WFCR. Observations in Faith Valley indicate that much of the available bedload
was trapped upstream of the uppermost beaver dam analog (BDA), and after about 3 to 4 years only a
small amount of gravel has reached the pond behind the second BDA. For larger reach-scale
restoration interventions—especially those that aim to raise channel bed elevations and sustain grade
control—bedload availability and continuity may be limiting factors. Consideration of sediment
supplementation (e.g., importing coarse material from downstream reaches) could be warranted in
long-term restoration planning, especially in Hope Valley (discussed further in Section 3.5).
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2.3.7 Management Implications of the Fine Sediment Budget

From a management perspective, the cause of the interpreted change in the sediment budget is not
critical. Instead, the modern sediment budget, along with our field-based interpretations, suggest that
the most effective long-term strategy for reducing fine sediment loads is not to attempt to eliminate
sediment sources entirely, but instead to restore processes that favor floodplain storage and reduce
bank erosion. Restoration actions that reconnect floodplains, raise channel beds, and reduce bank
heights have the potential to move the system incrementally back toward a sediment balance more
characteristic of pre-incision conditions (Figure 21). It is unlikely that the sediment budget can be fully
restored to immediate post-glacial conditions, particularly in large valley settings such as Hope Valley.
However, a realistic restoration objective is to move the balance in meadow reaches toward greater
sediment storage and reduced bank erosion.

Another key finding of the sediment budget is the strong spatial concentration of both sediment
sources and storage potential. Bank erosion is focused within incised floodplain sections of the WFCR,
especially in Hope Valley, and meaningful floodplain storage opportunities are similarly concentrated
in these large, unconfined valley bottoms. In contrast, downstream canyon reaches lack significant
sediment sources and storage potential and function primarily as efficient sediment transport
corridors. This spatial pattern has direct implications for restoration planning: Actions aimed at
reducing sediment export must focus on the floodplains in the upper basin, especially Hope Valley,
where both sediment generation and storage potential are greatest.

The sediment budget clarifies where sediment reduction efforts are most likely to be effective: in
upper-basin meadow reaches where bank erosion is concentrated, and where floodplain storage
potential exists. Guided by this geomorphic framework, the next phase of work identified and
prioritized restoration actions capable of influencing these processes. Section 3 presents the
methodology and results of that prioritization effort.
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3.0 PRIORITIZATION PLAN

Based on fieldwork and the results of the geomorphological model, Waterways identified a suite of
potential stream restoration projects in the West Fork Carson River (WFCR) watershed that could
reduce fine sediment loading while also providing additional environmental and societal benefits.
Desktop analyses and field visits were used to identify, evaluate, and score potential projects. Project
scores were then evaluated using a multi-objective decision-making framework known as Multiple
Accounts Analysis (MAA) (Robertson and Shaw, 1998; 2004), which combines technical scoring with
stakeholder-informed weighting. This section describes the project identification, evaluation, and
prioritization process and concludes with recommendations for a long-term stream restoration
strategy.

3.1 PROJECT IDENTIFICATION AND EVALUATION
3.1.1 Project Identification

The initial project identification process focused on physical and geomorphic conditions, using
topographic analysis, hydraulic modeling, and field visits along stream reaches within the project area
defined by Alpine Watershed Group (AWG, 2024). The primary objective at this stage was to identify
locations where restoration actions could increase fine sediment storage and/or reduce streambank
erosion. Practical considerations such as land ownership, equipment access, and detailed technical
feasibility were not evaluated during this initial screening phase.

One of the primary tools used in project identification were Relative Elevation Model’s (REM) of the
streams in the WFCR watershed. An REM map book for the entire basin is included in Appendix G-1. As
described in Section 2, a REM is a stream-centered representation of the landscape that shows
elevations relative to the adjacent streambed rather than relative to sea level, as in conventional
topographic maps. This allows for easy identification of areas where the floodplain is close enough to
the channel to be reconnected, as well as locations where steep banks are actively eroding (Figure 22).
The REM maps provide a rapid visual guide to locations where interventions could store sediment and
stabilize banks, and clearly identify former channels in the floodplain that might be reconnected as
part of restoration projects. The maps were used as a base for field mapping and project IDs.

A complementary tool was two-dimensional (2D) hydraulic modeling, conducted at both watershed
and reach scales. The watershed-scale model simulated the inundation extents of the 2-year and 10-
year recurrence interval floods. These results highlight areas where floodplain inundation expands
substantially between smaller and larger floods, such as in lower Hope Valley (Figure 23). Locations
exhibiting large differences in inundation extent between the 2-year and 10-year floods were
identified as candidates for restoration interventions, since relatively modest changes in channel bed
elevation, roughness, or flow dispersion could increase the frequency and extent of overbank
inundation and thereby enhance sediment deposition on the floodplain. A basin-wide map book of
hydraulic model results is included in Appendix G-3. Project areas identified using these desktop
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analyses were field-verified by Waterways to confirm that the REM and hydraulic model outputs
accurately represented site conditions.

Figure 22. Example of Use of the Relative Elevation Model (REM) for Identifying Potential Project Areas

Figure 23. Example of Use of the Hydraulic Model Results in Identifying Potential Project Areas
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Using a combination of fieldwork, desktop analyses, review of past work, and conversations with local
stakeholders and agency staff, a total of 23 potential projects were identified in the basin (Figure 24).
These projects included not only in-stream restoration opportunities targeting fine sediment retention,
but also activities that could reduce turbidity, improve meadow and/or riparian health, or provide
information to facilitate future restoration efforts. A comprehensive list and brief description of all 23
potential projects is provided in Table 9.

3.1.2 Development and Evaluation of 15 Projects

Of the 23 potential projects, 15 were selected for further development to better define project
extent, project elements, implementation challenges, and anticipated benefits. Projects advanced at
this stage focused primarily on in-stream interventions with the potential to reduce fine sediment
loading. The remaining eight projects, while not evaluated in detail, remain relevant and worthwhile.
These include several headwater meadow restoration projects identified by American Rivers (2018)
that may improve meadow health but are unlikely to significantly reduce fine sediment; road
assessment and repair projects managed by the U.S. Forest Service, which are outside the scope of the
WEFCPP but could contribute to sediment reduction; and a proposed water balance study to help
quantify the downstream effects of restoration actions.

Most of the 15 advanced projects were visited in the field, some multiple times. Two projects were not
visited due to property access constraints but were evaluated using aerial imagery, LiDAR, and
hydraulic modeling. Each project was developed to a level sufficient to allow an initial feasibility
assessment, including evaluation of geomorphic setting, hydraulic conditions, potential benefits,
anticipated costs, and logistical considerations.

For brevity, detailed descriptions of the 15 projects are not included in the main body of this report.
Instead, Appendix P-1 provides detailed, three-page descriptions and evaluations for each project.
These project descriptions include maps, photos, summaries of relevant modeling results, and
discussion of key design considerations and constraints. Figure 25 presents an example project
description for a relatively small project in the lower portion of Willow Creek, illustrating the format
and level of detail provided for all projects evaluated in the prioritization process.
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