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Introduction 

This report describes the geomorphology studies conducted by the Placer County Water Agency (PCWA) in accordance with the AQ 9 – Geomorphology Technical Study Plan (AQ 9 – TSP) for the Middle Fork American River Project (MFP or Project).  The stakeholder-approved AQ 9 – TSP was included in Supporting Document (SD) H of the Pre-Application Document (PAD) filed with the Federal Energy Regulatory Commission (FERC or Commission) on December 13, 2007 (PCWA 2007). 

Geomorphology studies, as described in the AQ 9 – TSP, were conducted for the MFP during the summer and fall of 2007 and 2008 to characterize sediment conditions in the river channels, Project reservoirs, and diversions.  The studies consisted of sampling potential spawning gravels and evaluating fine sediment deposition in pools along the stream reaches associated with the MFP and characterizing the size and amount of sediment capture in Project reservoirs and diversion pools.  A hydrologic analysis comparing impaired and unimpaired hydrologic regimes (high flow magnitude, duration, and frequency) in bypass reaches and the peaking reach was also conducted.  Lastly, studies were performed to describe the amount of large woody debris captured and PCWA maintenance practices for reservoirs and diversion pools.  
A draft report was distributed to the Aquatic Technical Working Group (AQ TWG) December 9, 2008 for a 90 day comment period.  The comment period ended on March 9, 2009.  PCWA received one comment letter on March 8, 2009 which is provided in Attachment A.  PCWA’s response is also provided in Attachment A.  No changes to the report were made in response to the comment letter.
The following sections provide a description of the study objectives, study implementation, extent of study area, study approach, study results, and literature cited. 

Study Objective(s) 

The study objectives of the geomorphology studies (see AQ 9 – TSP) include:

· Document sediment conditions in the bypass reaches and the peaking reach.

· Characterize sediment capture in Project reservoirs and diversion pools under existing Project operations and potential Project betterments operations at Hell Hole Reservoir.

· Develop information to assist in the identification of flow necessary to maintain geomorphic processes in the bypass reaches and the peaking reach.

· Characterize large woody debris capture in reservoirs and diversion pools and document the large woody debris management practices.

Study Implementation

Figure AQ 9-1 shows the AQ 9 – TSP objectives and the study elements and activities completed in 2005-2006, the studies completed in 2007-2008 that are documented in this report, and those studies to be completed in 2009.  It also shows how information developed through the geomorphology studies will be documented and provided to the stakeholders.  The following sections summarize the study elements completed; any deviations from the TSP and the rationale; outstanding study elements; and proposed modifications to the TSP. 

Study Elements Completed

Sediment Conditions in the Bypass, Peaking and Comparison Reaches

· Conduct visual V* estimates in the bypass, peaking, and comparison stream reaches to characterize the amount of residual pool fine sediment.

· Collect and analyze bulk sediment samples to determine the particle size distribution (composition) and fine sediment content of potential spawning gravels within the bypass, peaking, and comparison reaches. 

· Plot particle size composition of spawning gravel samples as cumulative distribution curves and histograms, and determine the D50, D16, and D84.

· Compare particle size composition and fine sediment content to standards from the scientific literature (Kondolf 1988 and 2000) and to the relevant comparison streams.

Sediment Capture in Project Reservoirs and Diversion Pools

· Summarize historic information on sediment management practices implemented at Project diversion pools, Ralston Afterbay and Middle Fork Interbay. 

· Quantify and characterize sediment capture at select Project reservoirs (Hell Hole Reservoir, Ralston Afterbay, and Middle Fork Interbay) and Project diversion pools (North Fork Long Canyon Diversion Pool and South Fork Long Canyon Diversion Pool).   

· Determine particle size composition of sediment captured at select Project reservoirs (Hell Hole Reservoir, Middle Fork Interbay, and Ralston Afterbay) and Project diversion pools (North Fork Long Canyon Diversion Pool and South Fork Long Canyon Diversion Pool).

· Initiate studies to determine sediment capture at Duncan Diversion Pool (survey of the current diversion topography) and French Meadows Reservoir (acquisition of historical and recent topography). 

Hell Hole Seasonal Storage Increase Betterment

· Estimate erosion and potential sediment loading along the shoreline of Hell Hole Reservoir associated with the Hell Hole Reservoir Seasonal Storage Increase Betterment. 
Identify Flows Necessary to Maintain Geomorphic Processes in Bypass Reaches and the Peaking Reach

· Compare impaired and unimpaired hydrologic regimes (high flow magnitude, duration, and frequency) in bypass reaches and the peaking reach from existing gage records. 

· Evaluate the applicability of existing United States Geological Survey (USGS) Regional Flood Frequency equations for application to the Middle Fork American River watershed.

Large Woody Debris Capture and Management in Reservoirs and Diversion Pools

· Characterize large wood debris (LWD) capture in Project reservoirs and diversion pools. 

· Describe historical and current PCWA management practices. 

· Survey and quantify LWD captured at Project reservoirs and diversion pools.

· Compare LWD amounts and function in bypass and peaking reaches above and below reservoirs and diversion pools. 

Deviations from Technical Study Plan

The geomorphology studies were conducted as outlined in the AQ 9 – TSP except for the following deviations:
The AQ 9 – TSP states that V* estimates would be performed in a total of 125 pools located along the bypass, peaking, and two comparison reaches.  Of the total 125 pools proposed for sampling, 17 pools were not surveyed due to either active dredge mining or to poor access conditions (see Table AQ 9-1).  

Outstanding Study Elements

The following describes the outstanding study elements. 

Sediment Capture in Project Reservoirs and Diversion Pools

· Quantify and characterize sediment load and particle size composition of sediment captured at French Meadows Reservoir and Duncan Creek Diversion Pool during low-pool in fall 2009.  This information will be presented in the 2010 AQ 9 – Geomorphology Technical Study Report (TSR). 

Identify Flows Necessary to Maintain Geomorphic Processes in Bypass Reaches and the Peaking Reach Note:  look at meeting schedule for this consultation
· Develop a regional flood frequency curve, in consultation with the AQ TWG, to determine the magnitude and frequency of unimpaired flows for ungaged locations or locations within insufficient gaging records.  Compare unimpaired peak flow derived from regional curves with impaired peak flow from gaging records. 

· Evaluate sediment transport conditions under different flow regimes at selected instream flow study site locations using the hydraulic models developed for the AQ 1 – Instream Flow TSP. 

· Consult with the AQ TWG to determine if additional empirical studies are necessary to characterize sediment transport under different flow regimes.  
· Apply the procedures as outlined in Grant et al. (2003) for predicting the geomorphic response of study rivers and streams to Project dams.

Proposed Modification to Technical Study Plan

There are no proposed modifications to the AQ 9 – TSP.

Extent of Study Area

The study area includes the bypass reaches, the peaking reach, comparison streams, and Project reservoirs and diversion pools (see Table AQ 9-1). 
Study Approach

The following describes the geomorphology study approach implemented in 2007 and 2008 which includes the methods for data collection and analysis of: (1) sediment conditions in the bypass, peaking and comparison reaches; (2) sediment capture in Project reservoirs and diversion pools; (3) Hell Hole Seasonal Storage Increase Betterment; (4) comparison of impaired and unimpaired hydrologic regimes in the bypass and peaking reaches; and (5) LWD capture and management in Project reservoirs and diversion pools.  

Initial studies were performed to characterize geomorphic conditions upstream and downstream of Project dams and diversions in 2005 and 2006 (PCWA 2006 and PCWA 2007b).  Phase 1 of the geomorphology studies, completed in 2005, included a review of existing information and initial field studies to characterize the geomorphic conditions.  Phase 1 consisted of:

· Classification of channel geomorphology (Rosgen Level I and Montgomery-Buffington stream typing systems).

· Characterization of the extent and location of sediment contribution to stream channels from hillslope mass-wasting.

· Distinguish from relative responsiveness of river reaches to alterations of flow and sediment regimes.

· Screening-level reconnaissance to evaluate suitability of river reaches upstream from Project facilities to serve as reference reaches. 

Phase 2 of the study, completed in 2006, built upon the Phase 1 study by including additional quantitative field studies.  The Phase 2 studies were performed following methods provided in the 2005-2006 Existing Environment Study Plan Package which is available at the PCWA website: http://relicensing.pcwa.net/.  The results of these initial studies are provided in the 2006 Physical Habitat Characterization Study Report (PCWA 2007b), which is also available on the website.  The objectives for these initial studies are summarized in Figure AQ 9-1.  The Phase 2 studies were performed at resource agency-approved sites, and consisted of:

· Rosgen Level II stream classification.

· Rosgen Level III stream condition and channel stability characterization.

· Evaluation of potential comparison streams for compatibility as reference reaches to study streams.

· Geomorphic stratification of stream types for implementing focused future technical studies.
The following summarizes the study approaches implemented in 2007 and 2008, in accordance with the AQ 9 – TSP.   

Sediment Conditions in the Bypass, Peaking and Comparison Reaches

Residual Fine Sediment in Pools

The purpose of this study element was to characterize the amount of residual fine sediment in pools, using the V* index developed by Hilton and Lisle (1993).  Excess collection of fine sediment in pools is a possible indication of insufficient magnitude or frequency of sediment transporting flows that are needed to maintain channel morphology and aquatic habitat.  V* is a ratio of the volume of residual fine sediment deposited in a pool divided by the total residual pool volume.  “Residual” refers to the pool dimensions at the point of zero flow.

Two different V* studies were performed: a quantitative V* assessment performed in 2006 immediately following the Ralston Ridge Fire, but prior to the runoff period; and, a visual V* estimation assessment performed in 2007.  The quantitative V* analysis of fine sediment was conducted in 12 pools along the Middle Fork American and Rubicon rivers above Ralston Afterbay in the fall of 2006 (see Table AQ 9-1 and Map AQ 9-1) using the methodology developed by the United States Department of Agriculture Forest Service (USDA-FS) (Lisle and Hilton 1991, 1992 and Hilton and Lisle 1993).

The quantitative V* methodology uses multiple transects placed through individual pools to measure the depth of sediment at the bottom of the residual pool.  A one-foot spacing interval for each sediment depth measurement along each transect was used for this study.  The residual pool is that portion of the pool that would remain filled with water if the flow were completely stopped.  The V* value calculated for each pool is an index that quantifies the proportion of the residual pool volume that is filled with fine sediment.   
Following the V* quantitative analysis conducted in 2006, the AQ TWG approved the visual V* estimation approach for further characterization of the amount of residual fine sediments in pools in the AQ 9 – TSP.

In the AQ 9 – TSP, V* visual estimates were proposed at 11 sampling locations (see Table AQ 9-1) centered on the 2006 geomorphic and riparian quantitative study sites within the bypass, peaking and comparison reaches to characterize the amount of residual pool fine sediment (total of 125 sample pools).  In 2007, visual V* estimates were conducted at a total of 108 pools within the bypass and peaking reaches and also at one comparison stream reach on the North Fork American River (see Table AQ 9-2 and Map AQ 9-1).

Visual V* estimates were not performed on 17 pools out of the 125 proposed samples.  On the North Fork of the Middle Fork American River (comparison stream), seven pools were proposed to be sampled using the visual V* estimation technique in 2007 (see Table AQ 9-1).  However, none of these seven pools were sampled because they were situated downstream from active dredge mining activities taking place during the field studies.  There were an additional 10 pools in various scattered locations on other study streams that were not sampled due to inaccessible conditions.  Although the V* pools used for sampling are approximately centered around the instream flow study sites, the locations of some V* pools typically extend distances of a mile or more from the instream flow sites along the stream reach.  In some cases, field crews could not access these proposed sampling locations.  

Visual estimates for calculating fine sediment at each study pool were made by swimming the entire length of the pool with a snorkel and mask on a five to ten foot wide grid pattern, depending upon the size of the pool.  The assistance of divers was not necessary.  A graduated metal probe with 0.1 foot markings was used within the deeper pools to obtain sediment depths.  The data collected included at least three measurements for the residual pool length, width, and depth, which was then averaged and used to estimate residual pool volume.  The riffle-crest at the downstream end of the pool is the hydraulic control that defines the residual pool elevation, thus pool measurements were made according to the riffle-crest elevation.  Additionally, when fine sediment was observed in a pool, the average length and width of the sediment deposits was measured.

At some locations, the fine sediment depth was determined to be only a thin coating over coarser material that could not be accurately measured with the probe, and was therefore described in the notes as “<0.1 ft” average thickness.  Since a calculated volume of fine sediment was not possible with such thin layers of sediment, the results are described as “trace” amounts of fine sediment.  Sediment depths equal to or exceeding 0.1 ft were used with the sediment patch length and width to calculate the volume of sediment occupying the residual pool volume.

Field sketches and photographs were also collected to document the location and amounts of fine sediment in select pools.  The dominant substrate present in each pool was recorded as part of the visual observations.

Particle Size Composition and Fine Sediment Content in Spawning Gravels

Field Methods
Bulk sediment samples were collected from sites selected in consultation with the AQ TWG in the bypass, peaking, and comparison reaches (Table AQ 9-1) to determine the particle size distribution and fine sediment content in spawning gravels.  The sampling sites selected were within or immediately adjacent to the 2006 geomorphic and riparian quantitative study sites.  The bulk sediment samples provide a quantitative measure of spawning gravel particle size composition, including that portion of spawning substrates which are comprised of fine sediments. 

As outlined in the AQ 9 – TSP, four bulk gravel sampling sites were selected along each of the bypass, peaking, and comparison reaches, located within or immediately adjacent to the 2006 geomorphic and riparian quantitative study sites.  The bulk sampling sites were selected at locations containing gravels in typical trout spawning habitat (i.e., pool tail out, pocket gravel, or riffles).  Many of the proposed sampling sites were inspected in the field by the AQ TWG during spring 2007.  Fifty-eight bulk samples were collected and the locations are summarized in Table AQ 9-1.  The sampling sites are individually listed in Table AQ 9-3 and shown on Map AQ 9-2.  

One side-by-side replicate pair of bulk samples were collected at each study site.  The replicate sample provides a measure of the natural variability in particle size composition within the same gravel deposit. 

The bulk sediment samples were collected using standard sedimentological practices (McNeil and Ahnell 1960) using a modified McNeil sampler (a bottomless 2 gallon bucket).  Bulk samples were collected to depths approximating that of a trout egg pocket in a redd by manually pushing the sampler into the bed to a depth of at least three to five inches.  Samples were collected during the low flow summer season of 2007. 

The coarser sediments collected (16 mm or larger) were air dried, sieved, and weighed on site.  The finer sediments were packaged in Ziploc bags, transported from the field and later air dried, sieved, and weighed.  Samples were processed using a standard set of 8-inch diameter wire mesh sieves (approved by the American Society of Testing Materials), representing one-half phi interval size classes ranging from 90 to 0.062 mm.  

Analytical Methods

The dry weight of each sieved size class in the bulk sample at each spawning site was recorded, and graphically plotted as a cumulative particle size distribution curve and plotted by size class frequencies (histograms).  Particle size statistics that characterize the spawning gravel samples were developed from the distribution curves and histograms (discussed under results).  The bulk samples within a river reach were statistically analyzed in terms of particle size composition represented by the D50, D16, and D84 size classes.  To facilitate comparison of the particle size characteristics from multiple bulk samples, box and whisker plots were also prepared and grouped together to show sample results collected on the same river.

The scientific literature on spawning gravels contains much debate over the single best variable descriptor for spawning gravel quality.  There is no single statistic that measures all aspects of gravel quality (Kondolf 2000).  However, particle size statistics are more often used to determine the suitability of river sediments to successfully support spawning fish.  Particle size is a direct indicator of: (a) the ability of the fish to move the framework gravels and construct a redd; and (b) the extent to which fine sediments may affect reproductive success. 

Although there is no definitive particle size statistic universally considered optimum for trout spawning, the fisheries literature indicates that most rainbow and brown trout spawning occurs in the medium to coarse gravel size range (based on the Udden-Wentworth scale) of 8-64 mm (Kondolf and Wolman 1993; Reiser and Bjornn 1979; Grost et al. 1991).  Therefore, for this study, the particle size range 8-64 mm was used to generally represent gravels that are suitable for trout spawning.  

The median diameter (D50) of spawning gravels from the bulk samples in this study were compared against the 8-64 mm particle size range.  Gravel deposits with a D50 that exceeded this size range were identified as being generally unsuitable for redd construction.

The median (D50) is an important statistic defining the central tendency of a particle size distribution from a bed material sample.  The geometric mean, D84, and D16 of the particle size sample provide additional useful characterization of the particle size composition.  The geometric mean (dg = (D84*D16) 0.5) is another measure of central tendency, but more influenced by extremes of the gravel size distribution than the D50.  The D84 and D16 values represent one standard deviation from the median and refer to the sizes for which 84 and 16 percent of the sample is finer, respectively.  These values indicate the characteristic distribution of particle sizes around the median.  Together, the geometric mean, D50, D84, and D16 are the useful statistical parameters for characterizing particle sizes and comparing different bulk samples. 

To determine if the gravel deposit would successfully support egg incubation and fry emergence, the fine sediment content of the deposit was measured.  It is widely accepted that to provide successful reproduction, gravels must be sufficiently free of interstitial fine sediment to provide adequate circulation of oxygen to the embryos, removal of metabolic waste, and permit emergence of alevin (Bjornn and Reiser 1991).  Although excessive levels of fine sediment are commonly acknowledged by fisheries biologists to limit spawning success, there is no single particle size statistic that adequately relates fine sediment composition to survival (Kondolf 2000).  A review of laboratory and field studies suggests that sediment finer than 1 mm can reduce gravel permeability, affecting dissolved oxygen content and removal of metabolic wastes from the redd.  Sediments in the 1 to 10 mm size range are generally considered to inhibit fry emergence through interstitial gravel spaces. 

Gravel within the constructed redd typically has less fine sediment than it did before redd construction (Kondolf 2000).  The process of redd construction winnows fine sediments from the “potential” unspawned gravel deposit.  Kondolf (1993 and 2000) determined that the overall amount of reduction in fine sediment due to the spawning process depends on the amount of fine sediment initially present within the spawning gravel.  To account for this cleaning effect, the amount of fine sediment content in the bulk samples collected from potential spawning gravels (i.e., unspawned) were adjusted using two curves (see Figures AQ 9-2 and AQ 9-3) developed by Kondolf (2000).  Figure AQ 9-2 shows the percentage change in particle sizes finer than 1 mm and Figure AQ 9-3 shows the percentage change for particle sizes finer than 4 mm.  The following regression equations developed from these curves were used to determine the percent of fine sediment remaining in gravels following winnowing:

· Percent of fine sediment <1 mm in winnowed gravels=

0.67 x Initial gravel percent <1 mm particle size

· Percent of fine sediment <6.4 mm in winnowed gravels=

0.58 x Initial gravel percent <6.4 mm particle size

The following criteria for spawning gravels (i.e., final sediment content of constructed redds) and high incubation success, based on Kondolf (1988, 2000), were used for this study: 

· Percentage finer than 1 mm should be less than 14 percent; and

· Percentage finer than 6.4 mm should be less than 30 percent. 

The fine sediment content at each potential spawning gravel site prior to spawning, and as predicted for that following spawning, are reported in this study.

Sediment Capture in Project Reservoirs and Diversion Pools

Estimated Sediment Loads and Particle Size Composition Captured at Project Reservoirs and Diversion Pools

The objective of this study element was to characterize sediment capture in Project reservoirs and diversion pools based on a review of existing sediment management information and data collection in the field.  The characterization included quantifying the total amount of sediment captured and the distribution of particle sizes captured.  Historic information on sediment management practices, including the volume and frequency of sediment removal implemented at the Project diversion pools (North and South Fork Long Canyon), Ralston Afterbay, and Middle Fork Interbay were collected from PCWA. 

This report provides an analysis of sediment capture in Hell Hole Reservoir, Ralston Afterbay, Middle Fork Interbay, North Fork Long Canyon Diversion Pool, and South Fork Long Canyon Diversion Pool.  French Meadows Reservoir and Duncan Diversion Pool will be evaluated in 2009, with results provided in the 2010 AQ 9 –  Geomorphology TSR.  The following describes the methods employed at each of the Project reservoirs and diversion pools.  

Hell Hole Reservoir  
Estimated Sediment Loads 

An estimate of the volume of the deposited sediment load in Hell Hole Reservoir was determined for the exposed portion of the Hell Hole Reservoir bed.  Field studies included the identification and measurement of sediment deposition areas.  The field studies were conducted in October 2007 and October 2008, when the reservoir elevation was approximately 4,515 ft.  The study area extended from the 4,515 ft elevation up to the reservoir inlet elevation at full pool (4,630 ft).  This is a straight line distance of almost 10,000 feet, encompassing approximately the upper one-third of the reservoir.  The rest of the reservoir bed was underwater at the time of the field data collection, and was therefore not surveyed and is not included in this sediment accumulation analysis.

Sediment loading was also analyzed using a second method, by comparing pre-dam elevation contours with post-dam (i.e., present-day) elevation contours.  Pre-dam elevation contours were obtained from historical maps provided by PCWA.  New aerial photogrammetry collected in 2007 was used to determine the post-dam elevation contour map.  Changes in elevation between pre-dam and post-dam eras were used to estimate the volume of sediment captured in the reservoir.  The accuracy of the pre-dam contour map was found to be limited (see discussion below), and in some areas results were found to be inconsistent with the field survey measurements.  Therefore, this report relies primarily on the results obtained from the field measurements of sediment deposition rather than the pre-dam to post-dam map comparison.  There are no sediment maintenance activities conducted by PCWA at Hell Hole Reservoir, so no adjustment to the estimation of the captured sediment load was necessary.  

Surveys were initially performed by helicopter and by walking over the exposed portion of the reservoir bed to identify sediment depositional areas.  Significant indicators of the near-original, pre-dam reservoir bed surface, such as cut tree stumps and bedrock outcrops, were identified.  The tree stumps and bedrock outcrops were important benchmarks against which the amount of sediment deposition was measured.  Numerous pits were excavated with a shovel and the sediment depth measured down to the elevation of the tree stump roots; a defining layer of organic material (likely indicating the original elevation of the valley floor); or very coarse bed material.  Regions of similar sediment depth were delineated in the field using a global positioning system (GPS).  The regions of similar sediment depths were later defined as polygons overlying an aerial photographic base using GIS.  Photographs were also taken from the helicopter and the ground to document sediment conditions.  

A second, independent analysis of the sediment loads deposited was also performed using a topographic map of the pre-dam construction for Hell Hole Reservoir obtained from PCWA.  The map scale is 1 in =200 ft, with 10 ft elevation contours.  The survey techniques used to create the pre-dam map are unknown, and there was no statement of vertical or horizontal accuracy provided on the maps.  The topographic map was geo-referenced to NAD 83 California State Plane Zone 2 coordinate system and then digitized.  Recent topography of Hell Hole Reservoir was collected in fall 2007.  The topographic data was collected by Air Maps USA, using aerial photogrammetric mapping techniques supported by ground control surveys.  The mapping was performed only over the dry, exposed reservoir bed, which encompassed the same study area as the ground surveys described above.  The rest of the reservoir bed was underwater at the time of the topographic data collection, and was therefore not surveyed or mapped, and is not included in this sediment accumulation analysis.  A 2007 topographic map of the reservoir bed was created at a scale of 1 in =200 ft with 5 foot elevation contours. The vertical accuracy of the 2007 contour map is ± 2.5 ft.

GIS was used to compare the amount of elevation change between the pre- and post-dam topographic maps.  In addition, six equally spaced cross-sections and a longitudinal profile that followed the centerline of the former Rubicon River were extracted from the pre- and post-dam topographic data.  The cross-sections and longitudinal profile were used for comparison of bed elevation changes between the two time periods. 

The accuracy of the topographic comparison between the two maps is limited by the coarser 10 ft contour spacing interval in the pre-dam topographic map.  Additional sources of inaccuracy are probably associated with areas of dense vegetation indicated on the pre-dam topographic map, which likely limited survey elevation accuracy.  Comparison of the pre-dam and post-dam elevation data at specific fixed reference points of elevation (benchmarks on bedrock outcrops) showed mixed results.  In some cases the elevation data points matched exactly, but in other cases, the data points did not match up very well.  The accuracy of the pre-dam elevation contours and therefore analytical results is probably within the range of ± 5 ft, but the accuracy is probably less in areas that had dense vegetation.  Therefore, calculated elevation changes between the pre- and post-dam era that are within approximately ± 5 ft could be attributable to elevation mapping inaccuracies as much as to any real change on the ground.  Considering that the ground survey measurements of sediment deposition typically were less than 4 ft, sediment accrual in most areas (see Section 6.2.1 for results), the topographic map comparison with a ± 5 ft accuracy did not provide a good method for refining the ground survey measurement results.  However, the comparison of pre-and post-dam topography was valid for determining if there have been substantial, larger-scale changes associated with reservoir sediment accumulation. 

The extent to which sediments within the uppermost portions of Hell Hole Reservoir (accessible for visual and aerial topographic surveys) have been re-mobilized and transported further downstream outside of the study area was also considered.  This could occur during periods when the reservoir was at a low-pool and high spring runoff occurred, transporting sediment further toward the dam.  Under this scenario, potential sediment accumulations further downstream towards the dam would be overlooked by this current assessment.  Therefore, an analysis was conducted to determine how often the reservoir had been lower than the study area (i.e., below approximately 4,515 ft elevation) and when there had been inflows to the reservoir of a relatively high magnitude, sufficient to mobilize deposited sediments, particularly the coarser bed material consisting of gravel and larger size material.  

Particle Size Composition
Particle sizes captured in Hell Hole Reservoir were determined by field studies, including visual observations from aerial and ground surveys and by quantitative sampling of reservoir bed particle sizes.  The volume of sand, gravel, and cobble captured in the reservoir since construction was completed in 1966 was calculated.  Fieldwork was conducted in fall 2007 (pebble counts, bulk sampling, and soil pits) to identify surface and subsurface particle sizes over the exposed reservoir bed during low water surface elevation.  The pebble counts were performed using standard methods (Harrelson et al. 1994). 

Bulk samples were primarily collected where there was some evidence of sediment deposition, such as in the vicinity of the overbank regions adjacent to the former stream channel, and near where tributary channels enter the reservoir.  The sediment texture in these regions was often heterogeneous and included size fractions coarser than sand.  Bulk samples were collected to a depth of approximately 1.5 ft using a shovel.  The bulk sample material was collected and sieved in a laboratory using standard American Society for Testing and Materials (ASTM) screens at one-half phi intervals down to the lower end of the sand sized fraction, and then each sieved portion was weighed.  Silt and clay sized sediment were combined together and characterized as “fines.”  Both the pebble counts and bulk sample data were plotted as frequency histograms and cumulative particle size distribution curves.  

Soil pits were dug at various locations and photographed to assist with a visual determination of the types of particle sizes present.  Soil pits were concentrated in areas where the particle size gradation was overwhelmingly sand size material.  The soil pits were dug with a shovel to a depth of approximately 1.5 ft.  A sand card was used as a reference to characterize the texture of the sand.  All of the soil pit material was categorized according to the proportional amount of sand, and any coarser gravel, or cobble material that may have been present. 

The particle size analysis was organized into six categories as follows:

· Sand (i.e., “fines”) is material finer than 2 mm, and for purposes of this analysis included material that may be of silt or clay size;  

· Fine Gravel ranges from 2 mm to 8 mm;  

· Medium Gravel ranges from 8 mm to 45 mm; 

· Coarse Gravel ranges from 45 mm to 64 mm;

· Cobble ranges from 64 mm to 256 mm; and

· Boulder/bedrock is greater than 256 mm.  

The locations of the pebble counts, bulk samples, and soil pits were recorded with a GPS.  Additionally, the reservoir bed was delineated with the GPS into a series of polygons that define relatively homogeneous regions of representative particle sizes.  Bedrock material exposed within the full-pool reservoir footprint was determined both in the field and using aerial photography. 

North and South Fork Long Canyon Diversion Pools

Estimated Sediment Loads 

The sediment loads delivered to and captured by North and South Fork Long Canyon Creek diversions were estimated using recent historical information on the amount and frequency of sediment removal by PCWA.  Sediment particle sizes stored in the two diversion pools was characterized by collecting bulk samples over the exposed bed at low water surface elevation during the fall of 2006.  Most of the diversion pool bed at each diversion was dry at the time of the sampling.  Bulk samples were collected from multiple shallow pit excavations to depths of approximately 1 ft using a shovel.  Approximately 2 gallons of material was collected from each pit.  The excavation pits were randomly placed beginning near the dam face, and then randomly spaced progressing upstream toward the inlet of each diversion pool.  There were no indications of sediment size sorting in either diversion pool (i.e., deposited sediments are poorly sorted).  The bulk sample material was sieved at one-half phi intervals using standard ASTM screens down to the sand size faction, and then each sieved fraction was weighed.  The resulting bulk particle size data were graphically plotted as frequency histograms and cumulative particle size distribution curves. 

Particle Size Composition

Since the deposited sediments were poorly sorted (i.e., very limited zonation into homogenous regions of distinct particle size groupings), the individual bulk sample particle sizes were cumulatively added together to calculate the proportion of sand, fine gravel, medium gravel, coarse gravel, and cobble present in each of the diversion pools.  The relative proportion of each particle size present was used to calculate the proportional volumes of sand, fine gravel, medium gravel, and coarse gravel that deposit in the diversion pools, and that is periodically subject to excavation and removal by PCWA to maintain the functioning of the diversions.  Since there is no historical data on particle sizes that have deposited in either diversion, the assumption is that the 2006 bulk sampling was representative of those particle sizes that have deposited in the past. 

Ralston Afterbay

Estimated Sediment Loads 

The sediment load delivered to and captured by Ralston Afterbay was estimated using several past and recent studies conducted by PCWA.  The rate of reservoir sedimentation, including topographic surveys to monitor the progression of sediment deposition over time, has been evaluated at various intervals during the past several decades.  

Particle Size Composition

Information on particle sizes captured in the reservoir has also been documented in past studies.  These past studies were used to summarize sediment delivery rates, and to estimate the proportion of medium and coarse (spawning) size gravels (8-64 mm) entrapped by the reservoir. 
Middle Fork Interbay

Estimated Sediment Loads 

The sediment load delivered to and captured by Middle Fork Interbay was estimated using recent historical information on the amount and frequency of sediment removal by PCWA.  

Particle Size Composition

Bulk sampling of sediments in the reservoir and laboratory analysis of particle size data was performed by PCWA in 1987. The 1987 particle size data was used to estimate the proportion of medium and coarse size gravels deposited in the reservoir.  

Hell Hole Seasonal Storage Increase Betterment

The potential amount of shoreline erosion associated with the Hell Hole Seasonal Storage Increase Betterment was estimated during field surveys.  Aerial photos and helicopter video of the reservoir were also used to distinguish and estimate the relative proportions of non-erodible bedrock shoreline areas from the more erodible shoreline areas.  The volume of potentially new shoreline erosion under the Hell Hole Seasonal Storage Increase Betterment was roughly approximated in this assessment.  

Identify Flows Necessary to Maintain Geomorphic Processes in Bypass Reaches and the Peaking Reach

The magnitude, duration, and frequency of impaired and unimpaired flows in the bypass and peaking reaches were compared using available USGS instantaneous peak streamflow gage data associated with the MFP.  Flood flow frequencies were calculated using the USGS computer program (PeakFreq) following the Bulletin 17B guidelines of the Hydrology Subcommittee, Interagency Advisory Committee on Water Data (USGS 1982) and Flood Frequency Analyses, Manual of Hydrology (Dalrymple 1960).  The results were plotted as flood frequency curves. 

The following three USGS gages were used in the analysis because they have both impaired and unimpaired instantaneous peak streamflow data:

· USGS Gaging No. 11433500 Middle Fk American Nr Auburn (1912-1964) (pre-Project);
· USGS Gaging No. 11433500 Middle Fk American Nr Auburn (1965-2005);
· USGS Gaging No. 11427700 Duncan Ck Nr French Meadows (1965-2005); and
· USGS Gaging No. 11427750 Duncan Ck below Diversion Dam (1965-2005).
The Duncan Ck Nr French Meadows Gage (11427700) is located above the diversion and represents unimpaired flow.  The Duncan Ck below Diversion Dam Gage (11427750) is located below the diversion and represents impaired flow conditions over the same time period.  The Middle Fk American Nr Auburn Gage (11433500) spans both the unimpaired, pre-dam era and impaired, post-dam era.  There are no other gaging locations on the bypass or peaking reaches with both impaired and unimpaired instantaneous peak flow data for direct comparison.

The data from the unimpaired and impaired flood flow frequencies were graphically plotted together to facilitate comparison of changes in peak streamflows for recurrence intervals ranging from 1.005 to 100 years. 

The average duration of flows for the gaging stations above were compared between the impaired and unimpaired periods.  The duration of flows (i.e., number of days) equaling or exceeding the 1.5-year unimpaired flood magnitude were tallied for each water year in the available gaging records.  The 1.5-year flood recurrence interval was selected as the threshold for comparing flow durations because it is a commonly recurring annual flood, and because it is typically considered to be a geomorphically significant flow.  For the duration analysis, average daily flows rather than instantaneous peak flows were used.    

Several gaging stations in the bypass or peaking reach have impaired instantaneous peak flow data, but do not have unimpaired instantaneous peak flow data available for comparison.  As proposed in the AQ 9 – TSP, a method to overcome this problem is to use a regional flood frequency curve to derive unimpaired flood frequency magnitudes.  The applicability of an existing regional flood frequency curve (USGS 1993) was tested in this report.  The unimpaired flood frequency results determined using the regional flood frequency curve were compared to actual unimpaired gaging records to see how closely their results match.  If the existing regional flood frequency curve (USGS 1993) does not provide a reasonable match, then a new regional flood frequency curve would be developed using flow records more specific to the Middle Fork American River watershed (see AQ 9 – TSP). 

Flood frequency discharges were calculated using USGS regional flood frequency equations for unimpaired flows (USGS 1993 and Waananen and Crippen 1977) which covers the entire California Sierra Region.  The USGS regression equations for estimating peak discharges were developed by the USGS for recurrence intervals ranging from 2 to 100 years, as follows:

Q2
= 0.24 A0.88 P1.58 H-0.8
Q5
= 1.20 A0.82 P1.37 H-0.64

Q10
= 2.63 A0.80 P1.25 H-0.58
Q25
= 6.55 A0.79 P1.12 H-0.52
Q50
= 10.4 A0.78 P1.06 H-0.48
Q100
= 15.7 A0.77 P1.02 H-0.43
where
A:
drainage area (square miles)

P:
mean annual precipitation (inches)

H:
altitude index, average of altitudes at points along the main channel at 10 percent and 85 percent of the distances from the site to the divide (thousands of feet)

The inputs for the A, P, and H variables listed in the equations above were taken from Table 5 (Basin characteristics and flood magnitude-frequency relations at gaging stations) in the Waanaen and Crippen (1977) report.  Two of the gaging stations (Middle Fork American Nr Auburn and Rubicon River Nr Georgetown) are listed in the table and the inputs for variables A, P and H were used.  The Duncan Ck Nr French Meadows Gage was not listed in the table, so a gage in a nearby location was used for the input variables P and H; and the drainage area variable (A) was derived from the existing gaging station data. 

The flood frequency results were plotted as curves and compared to the following three gaged USGS unimpaired peak streamflow flood frequency curves in the watershed:

· USGS Gage No.11433500 Middle Fk American Nr Auburn (1912-1964);
· USGS Gage No. 11427700 Duncan Ck Nr French Meadows(1965-2005); and
· USGS Gage No. 11431000 Rubicon River Nr Georgetown (1943-1964).
The results from the regional flood equations were compared to the actual gaging record results to test the accuracy of the regional equations for potential use at other sites where there is no available unimpaired peak flow data.  

Large Woody Debris Capture and Management in Reservoirs and Diversion Pools

The amount of LWD captured in Project reservoirs and diversion pools, and the relative extent to which LWD capture may effect the recruitment of LWD in downstream reaches were characterized during the 2006 and 2007 summer field seasons. 

Large woody debris capture in Project reservoirs and diversion pools was evaluated through field observations and by conducting interviews with PCWA personnel on LWD management practices.  The interviews with PCWA maintenance staff were used to compile information available on the sizes, amounts, and the frequency of LWD removal. 

A visual assessment was performed in August 2007 that included quantifying the number of LWD pieces captured at each of the Project reservoirs and diversion pools. While various sizes of debris may be present in the reservoirs and diversions, LWD was visually recognized as: (1) any piece with a diameter greater than approximately one foot; and (2) greater in length than half the bankfull width of the downstream channel (PCWA 2007b).  Table AQ 9-12 lists the length criteria used at the Project reservoirs and diversions pools.  Woody material smaller than these dimensions may consist of leaves, twigs, and branches, but  was not considered LWD.

The number of LWD that fit the defined criteria was tallied on the small and medium diversion pools.  This was done by walking or driving adjacent to the North Fork Long Canyon Diversion, South Fork Long Canyon Diversion, Duncan Diversion, Middle Fork Interbay, and Ralston Afterbay.  On the larger Project reservoirs, LWD was counted by walking, driving, or boating around the reservoirs.  Photographic documentation of the LWD present was also collected.

Large woody debris in the bypass and peaking reaches above and below reservoirs and diversion pools was collected for approximately one to two miles, except for above Hell Hole Reservoir, as part of the 2006 Physical Habitat Characterization Study (PCWA 2007b).  This information was used to help characterize the fate of LWD transport into Project reservoirs and diversion pools. 

1.0 Study Results

1.1. Sediment Conditions in the Bypass, Peaking and Comparison Reaches

1.1.1. Key Findings

· The V* values at all sampling sites in study stream reaches were less than 0.1.

· All study streams contained suitably-sized spawning material for trout, based on the gravel size criteria used in this report (8-64 mm).  

· The fine sediment content within the bulk spawning gravel samples was within the established criteria to support high trout reproductive success.

1.1.2. Results

Fine Sediment in Pools

The results of the quantitative V* measurements conducted in 2006 are provided in Table AQ 9-2 (previously presented in the 2006 Physical Habitat Characterization Study Report PCWA 2007b).  The results of the visual V* measurements conducted in 2007 are also provided in Table AQ 9-2.  The table summarizes the residual pool measurements, the average volume of fine sediment stored within the pool, and the calculated V*.  Map AQ 9-1 depicts the locations where the pools were sampled. 

The V* values at all sampling sites in study stream reaches were less than 0.10, indicating very little fine sediment storage.  V* values less than 0.10 are considered to be indicative of a relatively low proportion of fine sediment storage in pools, and indicates that there is adequate flow to maintain pool volume and transport fine sediments on a regular basis.  Pools with V* values ≤0.10 can be characteristically described as having fine bed material confined to small and discontinuous deposits in eddies or in slack water areas (Lisle and Hilton 1999). 

Based on visual observations of the pool substrate, the majority of the pools contained bedrock or boulders.  Cobble and/or coarse gravels were also noted within each of the pools surveyed.  In most cases, the fine sediment was a thin coating (less than 0.1 ft thick) located within the interstitial spaces of the coarse bed material.  At the few pool locations where thicker fine sediment deposits were present, the deposits were located primarily along the margins of the residual pool in slack water areas, or in the velocity shadow of larger boulders. 

Duncan Creek

V* was determined for 10 pools at the instream flow study site D6.3 (see Table AQ 9-2).  For all pools, the average thickness of the fines present ranged from trace amounts (<0.1 ft) to 0.2 ft thick. Visual V* estimates were all below the 0.1 threshold for very low fine sediment storage, with some pools having no sediment present. 

Middle Fork American River

V* was quantitatively measured along the Middle Fork American River in 2006 along two reaches (French Meadows Reservoir to Middle Fork Interbay and Middle Fork Interbay to Ralston Afterbay), and visually estimated in 2007 along three reaches (French Meadows Reservoir to Middle Fork Interbay, Middle Fork Interbay to Ralston Afterbay, and below Ralston Afterbay).  Two pools from French Meadows Reservoir to Middle Fork Interbay and six pools from Middle Fork Interbay to Ralston Afterbay were quantitatively measured in 2006 with a weighted V* of 0.03 for both reaches.  In 2007, a total of 26 pools were visually estimated along the three reaches.  The study results along all of reaches on the Middle Fork American River in both 2006 and 2007 revealed a V* well below 0.10 (see Table AQ 9-2).  Visual V* estimates for each pool along the entire Middle Fork American River (bypass and peaking reaches) ranged from 0.07 to <0.01, with most below 0.03.  

Rubicon River

V* was both quantitatively measured along the Rubicon River in 2006 and visually estimated in 2007 along two reaches (Hell Hole Reservoir to confluence with South Fork Rubicon River and the confluence with South Fork Rubicon River to Ralston Afterbay).  One pool was quantitatively measured in 2006, just upstream of Ralston Afterbay.  A total of 26 pools were visually estimated for V* in 2007, nine pools from Hell Hole Reservoir to confluence with South Fork Rubicon River and 17 pools from confluence with South Fork Rubicon River to Ralston Afterbay. 

The results of the V* study in 2006 and 2007, showed that all pools were below 0.1 for fine sediment (see Table AQ 9-2).  The weighted visual V* conducted in 2007 was 0.005 from Hell Hole Reservoir to the confluence with South Fork Rubicon River and 0.017 from the confluence with the South Fork Rubicon River to Ralston Afterbay.  

Long Canyon Creek

Fine sediment was visually assessed at 10 pools along each of the North Fork Long Canyon Creek and South Fork Long Canyon Creek study reaches, and nine pools were assessed along Long Canyon Creek (see Table AQ 9-2).  Weighted visual V* estimates along North Fork Long Canyon Creek, South Fork Long Canyon Creek, and Long Canyon Creek were 0.004, 0.002, and 0.00 (no sediment present), respectively.  All of which is well below the 0.10 threshold for fine sediment storage in pools.  Pools along the mainstem of Long Canyon Creek contained the least amount of fine sediment with seven of the nine pools surveyed containing no fine sediment. 

Comparison Streams

Two sites were sampled in river reaches not associated with the MFP.  These river reaches are located in the North Fork American River and the Middle Fork American River watersheds and were sampled to compare with data collected on the bypass and peaking reaches.  Specifically, the North Fork of the Middle Fork American River (NFMF2.3) was used for data comparison with the Middle Fork American River above Ralston Afterbay (MF26.2) and Middle Fork American River above Middle Fork Interbay (MF36.2).  The North Fork American River below Ponderosa Bridge (NF31.3) was used for data comparison with the peaking reach along the lower Middle Fork American River downstream of Ralston Afterbay (MF4.8 and MF14.1).

North Fork of the Middle Fork American River

Fine sediment was quantitatively measured in 2006 for three pools at NFMF2.3. V* values were all below 0.1, ranging between 0.03 and 0.07, with a reach average of 0.05 (see Table AQ 9-2). 

Findings from the 2006 and 2007 studies from the comparable Middle Fork American River study stream reaches had similarly low V* values to the North Fork of the Middle Fork American River.  The 2006 and 2007 Middle Fork American River V* values ranged from 0.000 to 0.07 (see Table AQ 9-2). 

North Fork American River 

Visual V* estimates were conducted on the North Fork American River in 2007 at five pools (NF31.3).  Fine sediment in the pools ranged from 0.00 (no fine sediment) to 0.02, with a reach average of 0.01 (see Table AQ 9-2). 

The North Fork American River is a comparison stream to the peaking reach of the Middle Fork American River below Ralston Afterbay.  The V* results between the two rivers are similar, with the pools in the peaking reach ranging from 0.0003 to 0.07, and a reach average of 0.002. 

Particle Size Composition and Fine Sediment Content of Spawning Gravels

The statistical results from the analyses of bulk sediment samples are presented in Table AQ 9-3.  Histogram and cumulative particle size distribution curves from each bulk sample are available in Appendix A.  For a comparison of all samples collected from a given river, Appendix B contains box and whisker plots of the bulk gravel particle size statistics.  The amount of fine sediment within the potential spawning gravel sample is shown in Table AQ 9-4. 

The D50 of the bulk samples at all the sampling locations were within the range of suitably sized spawning material, 8-64 mm, used by trout (see Appendix A, Appendix B, and Table AQ 9-3).

Fine sediment content for all of the gravel samples were within the established criteria to support high reproductive success.  The fine sediment levels associated with 18 of the total 58 unspawned bulk samples on study streams exceeded the criteria of less than 30 percent fines at the 6.4 mm size threshold.  However, accounting for the process of winnowing of fine sediments during spawning, all of the gravel samples were well within the criteria for fine sediment content at the 6.4 mm size threshold.  Two of the eight unspawned bulk samples on comparison streams (both on the North Fork American River), also exceeded the fine sediment criteria at the 6.4 mm size threshold, but accounting for the spawning process, both of these samples were also within the criteria.

One (MF4.8) of the 58 unspawned bulk samples slightly exceeded the criteria of less than 14 percent fines at the 1 mm size threshold on the study streams.  Accounting for the process of winnowing of fine sediments during the spawning process, this gravel sample was within the criteria for fine sediment content at the 1 mm size threshold.  One of the eight unspawned bulk samples on comparison streams (North Fork American River), also exceeded the fine sediment criteria at the 1 mm size threshold; but, when accounting for the spawning process, this sample was within the limits established for this report.

Duncan Creek

Four bulk samples were taken from the instream flow study site on Duncan Creek (D6.3).  The samples were collected in either pool tail outs or in step-pool sections where gravels had deposited in pockets in the velocity-shadow created by large boulders.  The D50 ranged from 11.6 to 22.3 mm, and the geometric mean ranged from 11.6 to 17.6 mm (see Appendix A, Appendix B, and Table AQ 9-3).  All of the samples were within the range of suitable spawning gravel sizes.  The replicate samples, SG3 and SG4 (side-by-side sample) had very similar particle sizes (see Table AQ 9-3).  The geometric means of the samples at both sites were similar (SG3=16.2 mm and SG4=17.6 mm).

The percentage of fines smaller than 1 mm in all samples was quite low (less than 1 percent), well under the 14 percent threshold, even before accounting for cleansing effect by fish spawning (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 10 and 22 percent in the unspawned bulk sample, all less than the 30 percent threshold for fine sediment.  

Middle Fork American River 

Four or five bulk samples were taken at each instream flow study sites (5 sites, total of 21 samples) on the Middle Fork American River.  Three sites were located along the Middle Fork American River bypass reach: Middle Fork American River below French Meadows Reservoir (MF44.7), Middle Fork American River above Middle Fork Interbay (MF36.2), and Middle Fork American River above Ralston Afterbay (MF26.2).  Two sites were located in the peaking reach: Middle Fork American River at the Otter Creek confluence (MF14.0) and Middle Fork American River near Buckeye Bar (MF4.8).  The results of the bulk particle size sampling along the Middle Fork American River are described separately for each instream flow study site. 

MF44.7

Four bulk samples were taken along the margins of step pools or in pool tail outs.  The D50 ranged from 10.0 to 15.2 mm, and the geometric mean ranged from 7.4 to 9.7 mm (see Appendix A, Appendix B, and Table AQ 9-3).  All of the samples were within the range of suitable spawning gravel sizes for the size of fish present.  The replicate samples (SG2 and SG3) had nearly identical geometric means (SG2=9.6 mm and SG3=9.7 mm) (see Table AQ 9-3).

The percentage of fines smaller than 1 mm in all samples was less than the 14 percent threshold, ranging from 7.5 percent up to 10.6 percent (see Table AQ 9-4).  Fines less than 6.4 mm slightly exceeded the 30 percent threshold at three of the four sampling sites.  However, after accounting for the effects of winnowing fine sediment due to spawning, the fine sediment content for fines less than 6.4 mm would be reduced to 19 to 22 percent of the sample, within the limits established for this report.
MF36.2

Five bulk particle size samples were taken along a run where a velocity-shadow was created by large boulders or along the margins or pool tail outs.  The D50 ranged from 7.9 to 25.0 mm, and the geometric mean ranged from 8.4 to 15.2 mm (see Appendix A, Appendix B, and Table AQ 9-3).  The replicate samples (SG1 and SG2) had similar geometric means (SG 1=9.0 mm and SG2=8.4 mm) (see Table AQ 9-3).

The percentage of fines smaller than 1 mm in all samples was less than the 14 percent threshold, ranging from 1.1 percent up to 4.1 percent (see Table AQ 9-4).  Fines less than 6.4 mm were 19 and 26 percent for SG4 and SG5, respectively, before accounting for the effects of cleansing by spawning activity.  SG1, SG2, and SG3 slightly exceeded the 30 percent threshold ranging between 31 and 39 percent fines, respectively.  However, accounting for the winnowing of fines during redd construction, the percent fines less than 6.4 mm would be reduced to 18 and 23 percent for SG1 and SG2, respectively.  

MF26.2

Four bulk samples were taken along the margins of high gradient riffles and in pocket water where a velocity-shadow was created by large boulders.  The D50 ranged from 8.9 to 26.4 mm, and the geometric mean ranged from 7.3 to 18.5 mm (see Table AQ 9-3).  The replicate samples (SG3 and SG4) were similar as shown by the geometric mean (SG3 = 7.3 mm and SG4 = 8.5 mm).

The percentage of fines smaller than 1 mm in all samples was less than the 14 percent threshold, ranging from 2.8 percent up to 8.1 percent (see Table AQ 9-4).  Fines less than 6.4 mm were 26 and 17 percent for samples SG1 and SG2, respectively.  

The proportion of fines less than 6.4 mm was 37 percent for both samples SG3 and SG4.  When accounting for the cleansing effect of spawning activity, the fine sediment content of samples SG3 and SG4 would be 21 percent, within the limits established for this report.  

MF14.1

Four bulk samples were taken along the margins of lateral scour pools, in low gradient riffles, and along step runs where gravels had deposited in pockets in the velocity-shadow created by large boulders.  The D50 ranged from 9.4 to 39.0 mm, and the geometric mean ranged from 9.0 to 21.2 mm (see Appendix A, Appendix B, and Table AQ 9-3).  The replicate samples (SG1 and SG2) had somewhat similar geometric means (SG1=10.9 mm and SG2=17.5 mm) (see Table AQ 9-3).

The percentage of fines smaller than 1 mm in all samples was less than the 14 percent threshold, ranging from 3.9 percent up to 5.8 percent (see Table AQ 9-4). 

Fines less than 6.4 mm were 19 and 18 percent for SG2 and SG4, respectively.  SG1 and SG3 had a fine sediment content up to 32 and 37 percent, respectively which is greater than the 30 percent threshold.  Similar results were found for samples taken from the comparison stream reach on the North Fork American River, where two samples of gravel deposits exceeded the fine sediment content for material less than 6.4 mm.  However, accounting for winnowing of fine sediment during the spawning process (see Figure AQ 9-3), the fine sediment content would be reduced down to 19 and 21 percent in these samples, respectively (see Table AQ 9-4), which is within the acceptable range for successful reproduction.

MF4.8

Four bulk samples were taken in pool tail outs and along step runs where gravels had deposited in pockets in the velocity-shadow created by large boulders.  The D50 ranged from 16.1 to 27.8 mm, and the geometric mean ranged from 9.9 to 16.4 mm (see Table AQ 9-3).  The replicate samples (SG1 and SG2) had similar geometric means SG1=9.9 mm and SG2=10.1 mm.

The percentage of fines smaller than 1 mm in three of the four samples was less than the 14 percent threshold, ranging from 5.0 percent up to 12.1 percent (see Table AQ 9-4).  Sample SG2 slightly exceeded the 14 percent threshold, with 14.7 percent of the total sample containing fines smaller than 1 mm.  Accounting for the winnowing of fines during spawning, this sample would be reduced to 9.8 percent, below the threshold and within the limits established for this report.  

Fines less than 6.4 mm were below the 30 percent threshold for SG3 and SG4, at 15 and 20 percent, respectively.  SG1 and SG2 slightly exceeded the 30 percent threshold (33 and 31 percent finer than 6.4 mm, respectively).  Similar results were found for samples taken from the comparison stream reach on the North Fork American River, where two samples of unspawned gravel deposits exceeded the fine sediment content for material less than 6.4 mm.  When accounting for the post-spawning fine sediment content however, both samples were under the threshold, and reduced down to 18 and 19 percent. 

Rubicon River 

Four bulk samples were taken at each of the three instream flow study sites on the Rubicon River.  The three sites on the Rubicon River were located below Hell Hole Reservoir (R25.7), at Ellicott Bridge (R20.9), and at the Long Canyon Creek Confluence (R3.5).  The results of the bulk particle size sampling along the Rubicon River are described separately for each site. 

R25.7

Four bulk samples were taken in pool tail outs, along margins of lateral scour pools and within low gradient riffles.  The D50 ranged from 15.1 to 24.2 mm, and the geometric mean ranged from 10.0 to 17.0 mm (see Table AQ 9-3).  The replicate samples (SG1 and SG2) had similar geometric means, SG1=17.0 mm and SG2=16.4 mm (see Table AQ 9-3).  

The percentage of fines smaller than 1 mm in all samples was well below the 14 percent threshold, ranging from 2.7 to 6.9 percent of the unspawned gravel material (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 8 and 34 percent.  Three of the four samples were below the threshold, but SG4 contained 34 percent fine sediment content.  After accounting for the effects of winnowing fine sediment due to spawning, the fine sediment content for fines less than 6.4 mm would be reduced down to 20 percent of the sample.

R20.9

Four bulk samples were taken in pool tail outs or along runs.  The D50 ranged from 7.5 to 15.6 mm, and the geometric mean ranged from 6.1 to 11.7 mm (see Table AQ 9-3).  The median particle sizes of all of the samples were within the range of spawning gravel sizes for the size of fish present.  The replicate samples (SG3 and SG4) had similar geometric means (SG3=6.1 mm and SG4=8.1 mm) (see Table AQ 9-3).

The percentage of fines smaller than 1 mm in all samples was below the 14 percent threshold, ranging from 3.3 to 10.6 percent of the unspawned gravel material (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 25 and 42 percent.  Three of the four samples (SG2, SG3, and SG4) were above the 30 percent threshold for fine sediment content less than the 6.4 mm particle size with 34, 42, and 35 percent of each respective sample.  After accounting for the effects of winnowing fine sediment due to spawning, the fine sediment content for fines less than 6.4 mm would be reduced to 20 to 24 percent of the sample.

R3.5

Four bulk samples were taken in pool tail outs or along the margins of lateral scour pools.  The D50 ranged from 10.0 to 28.2 mm, and the geometric mean ranged from 9.3 to 19.5 mm (see Table AQ 9-3).  The median particle sizes of all of the samples were within the range of suitable spawning gravel sizes.  The replicate samples (SG1 and SG2) had similar geometric means (SG1=19.5 mm and SG2=16.0 mm) (see Table AQ 9-3).

The percentage of fines smaller than 1 mm in all samples was below the 14 percent threshold, ranging from 3.5 to 5.6 percent of the unspawned gravel material (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 15 and 30 percent, for the unspawned material.  Considering that the redd construction process will even further reduce fine sediment content, these data indicate that the amount of fines were within the limits established for this report. 

Long Canyon Creek

North Fork Long Canyon Creek

Four bulk samples were taken from the instream flow study site on North Fork Long Canyon Creek (NFLC1.9).  The samples were taken in either pool tail outs or along runs where gravels had deposited in the velocity shadow of larger boulders.  The D50 ranged from 11.8 to 27.3 mm, and the geometric mean ranged from 10.0 to 17.6 mm (see Appendix A, Appendix B, and Table AQ 9-3).  The replicate samples (SG3 and SG4) had different geometric means of SG3=11.4 mm and SG4=17.6 mm) (see Table AQ 9-3).  

The percentage of fines smaller than 1 mm in all of the unspawned samples were less than the 14 percent threshold, ranging from 4.2 percent up to 6.4 percent (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 20 and 22 percent for unspawned samples SG3 and SG4, which is less than the 30 percent threshold for fine sediment.  However, the percentage finer than 6.4 mm slightly exceeded 30 percent for samples SG1 and SG2 (31 and 33 percent, respectively).  Accounting for the influence of the spawning process on winnowing of fines from gravel deposits, both samples would be expected to have a fine sediment content of 18 to 19 percent, respectively (see Table AQ 9-4), which is below the 30 percent threshold.   

South Fork Long Canyon Creek

Four bulk samples were taken from the instream flow study site on South Fork Long Canyon Creek (SFLC2.3).  The samples were taken in either pool tail outs or along runs where gravels had deposited in the velocity shadow of larger boulders.  The D50 ranged from 17.1 to 27.5 mm, and the geometric mean ranged from 11.5 to 16.8 mm (see Appendix B and Table AQ 9-3).  The replicate samples (SG3 and SG4) had slightly different geometric means.  The geometric means were 16.8 mm at SG3 and 13.8 mm at SG4 (see Table AQ 9-3).

The percentage of fines smaller than 1 mm in all samples was less than the 14 percent threshold (see Table AQ 9-4), ranging from 2.1 percent up to 9.5 percent.  Fines less than 6.4 mm ranged between 20 and 24 percent, all less than the 30 percent threshold for fine sediment.  

Long Canyon Creek

Five bulk samples were taken from the instream flow study site on Long Canyon Creek (LC9.0).  The samples were taken in pool tail outs, along runs or low gradient riffles, or in step-pool sections where gravels had deposited in pockets in the velocity shadow created by large boulders.  The D50 ranged from 18.3 to 38.8 mm, within the size gradation range of gravels used by trout.  The geometric mean ranged from 13.9 to 32.2 mm (see Appendix A, Appendix B, and Table AQ 9-3).  The replicate samples (SG3 and SG4) had slightly different geometric means (SG3=25.6 mm and SG4=14.4 mm).

The percentage of fines smaller than 1 mm in all unspawned samples was less than the 14 percent threshold, ranging from 0.9 percent up to 9.3 percent (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 10 and 29 percent, all less than the 30 percent threshold for fine sediment.  

Comparison Streams

Two comparison stream reaches were sampled in the vicinity of the MFP that have similar geomorphic conditions to the bypass and peaking reaches.  The North Fork of the Middle Fork American River (NFMF2.3) is comparable to the Middle Fork American River above Ralston Afterbay and Middle Fork American River above Middle Fork Interbay, RM 26.0 to 35.6.  The North Fork American River below Ponderosa Bridge (NF31.3) is comparable to the peaking reach along the lower Middle Fork American River downstream of Ralston Afterbay.  

North Fork of the Middle Fork American River

Four bulk samples were taken along the North Fork of the Middle Fork American River in either pool tail outs or in pocket water where gravels had deposited in the velocity shadow created by large boulders.  The D50 ranged from 11.3 to 41.7 mm, and the geometric mean ranged from 7.8 to 25.5 mm (see Table AQ 9-3).  The spawning material was similar to the Middle Fork American River bypass reach above Ralston Afterbay.  The percentage of fines smaller than 1 mm in all samples was low, ranging between 1.1 and 3.0 percent of the total sample at each sampling location (see Table AQ 9-4).  Fines less than 6.4 mm ranged between 16 and 25 percent, all less than the 30 percent threshold for fine sediment.  As a comparison to MF26.2 and MF36.2, fines less than 1 mm were similar between the Middle Fork American River bypass reaches and the North Fork of the Middle Fork American River.  The percent of fines less than 6.4 mm from the North Fork of the Middle Fork American River bulk samples were less, with a maximum of 25 percent (SG2) compared to 37 percent at MF26.2 (SG3 and SG4), although all samples from the bypass reach were within the limits established in this report for post-spawning fine sediment composition.   

North Fork American River 

Four bulk samples were taken along the North Fork American River in either pool tail outs or along low gradient riffles.  The D50 ranged from 10.6 to 31.6 mm, and the geometric mean ranged from 9.9 to 14.6 mm (see Table AQ 9-3).  The bulk samples from the peaking reach and the North Fork American River were similar. 

The percentage of fines smaller than 1 mm in all samples ranged between 3.1 and 14.1 percent of the unspawned gravel material (see Table AQ 9-4).  Sample SG3 just exceeded the threshold of 14 percent (14.1 percent), but accounting for winnowing of fines during redd construction, the spawned material would have a 9.4 percent fine sediment content, well within the threshold.  Fines less than 6.4 mm ranged between 17 and 33 percent.  Two of the four samples were below the threshold, but samples SG2 and SG3 were comprised of 32 and 33 percent fine sediment content, respectively, both slightly exceeding the threshold.  This is similar to the data collected along the instream flow study reaches at MF4.8 and MF14.1, both of which had two samples exceeding the threshold at the 6.4 mm.  For samples SG2 and SG3, the additional cleaning during spawning would reduce the sediment content for fines less than 6.4 mm to 19 percent, which is within the limits established for this report. 

1.2. Sediment Capture in Project Reservoirs and Diversion Pools

Key Findings

Hell Hole Reservoir

· Approximately 443,500 cubic yards of sediment has accumulated in Hell Hole Reservoir since Project operations began (1966-2007).  This sediment accumulation rate is consistent with California watersheds that yield low sediment loads.   

· The vast majority of the coarser bedload material (gravels and larger) captured in Hell Hole Reservoir has deposited within the sediment accumulation study area.  There is likely a smaller proportion of sediment deposition, mostly sands, downstream from the study area that is not accounted for in this analysis.  

· Sand-sized particles comprised the majority of the total sediment accumulation (72 percent).  Gravels of medium and coarse size ranges (8-64 mm) together comprised approximately 12 percent (52,000 cubic yards) of the total volume of sediment accumulation.  Average annual gravel load captured in Hell Hole Reservoir was approximately 1,250 cubic yards/yr.  The remaining sediments captured include 6 percent fine gravels (2-8 mm), 3 percent cobble (64-256 mm), and 6 percent boulder (>256 mm).

North and South Fork Long Canyon Creek Diversions
· Cumulatively, PCWA has removed small amounts (3,370 cubic yards) of sediment from the North Fork Long Canyon Diversion over an 11-year period from 1996-2006.  Of the 3,370 cubic yards removed, most of the sediment (61 percent) was sand (<2 mm).  Approximately 19 percent of the total volume, or 640 cubic yards, was medium (8-45 mm) and coarse gravel (45-64 mm) sizes.

· Cumulatively, PCWA has removed small amounts (5,350 cubic yards) of sediment from South Fork Long Canyon Diversion over the 11-year period from 1996-2006.  Of the 5,350 cubic yards removed, approximately 62 percent of the total volume or 3,300 cubic yards was medium gravel (8-45 mm) and coarse gravel (45-64 mm) that are typical of sizes used for trout spawning. 

· Both diversions have low trap efficiencies, so that most of the suspended sediment load (predominantly sand) is transported over the dam during high flow events.  Bedload sediments (coarse sand, gravel, and cobble) also pass over the diversion dams whenever the diversion pools become nearly filled with sediment or during very large storm events that can entrain material from the diversion pool.  Sediment removal for maintenance purposes only extracts the portion of the sediment load from the upstream watershed that is deposited in the diversion.  

Ralston Afterbay

· The total sediment load contribution to Ralston Afterbay between 1966-2006 was approximately 2,013,000 cubic yards, which represents an average annual sediment load of 50,325 cubic yards/yr.

· Approximately 25 percent of the sediment deposited in Ralston Afterbay, about 503,000 cubic yards, was in the medium (8-45 mm) and coarse (45-64 mm) gravel size ranges.  On an annual average basis, this represents about 12,575 cubic yards/yr of gravel deposition in the reservoir.  These estimates probably over-estimate the actual rate of gravel entrapment because part of the 2,013,000 cubic yards of sediment load that has been deposited very close to Ralston Afterbay Dam, although unanalyzed, is likely to consist of fine sediment with little or no gravels. 
· PCWA has initiated a pilot sediment management project at Ralston Afterbay to create sediment storage capacity in the reservoir to help maintain operational flexibility and to restore some of the coarse sediment recruitment to the channel downstream from the reservoir.  As part of this sediment management program, PCWA placed about 48,000 cubic yards of sediment (mixed sands, gravels, and larger) on Indian Bar immediately downstream of the dam in 2002.  This effectively “recycled” a portion of the 503,000 cubic yards of gravel size material previously trapped in the reservoir, making it available for recruitment to the downstream reach to enhance habitat for trout and benthic invertebrates. 

Middle Fork Interbay

· Sediment capture in Middle Fork Interbay, since the beginning of Project operations, was approximately 144,000 cubic yards based on maintenance records.  This represents an average annual sediment load of 11,100 cubic yards/yr delivered to Middle Fork Interbay over the 13-year period from 1987-2000.

· The total entrapment of medium (8-45 mm) and coarse (45-64 mm) sized gravel over the 13-year period of record was approximately 36,000 cubic yards, or 2,770 cubic yards/yr on an annual average basis.  

Results

Hell Hole Reservoir

Estimated Sediment Loads 

Map AQ 9-3 is an aerial photograph of Hell Hole Reservoir depicting the study area that was analyzed for this report.  There were large portions of the reservoir over which there has been relatively little sediment deposition.  Two primary indicators of near original, pre-dam bed elevations include exposed bedrock outcrops and old cut tree stumps.  Map AQ 9-4 shows a close-up of the study area with large sections of the reservoir bed having visible cut tree stumps and bedrock exposures inside the footprint of the reservoir at full pool (elevation 4,630 ft).  Tree stumps were very numerous in many locations (on the order of several thousand).  Only a few representative areas with denser clusters of tree stumps could be feasibly recorded with GPS data points, as depicted on Map AQ 9-4.  Appendix C provides a set of photographs taken from the helicopter and ground surveys of areas with old cut tree stumps and bedrock exposures (see Appendix C, Figures C-1, C-2, C-3, and C-4).  Most of the old cut tree stumps were located along the south side of the Rubicon River channel, although there were also some stumps on the north side, (see Appendix C), mostly situated closer to the banks of the river.  

Map AQ 9-5 shows the measured depths of sediment accrual over the Hell Hole Reservoir study area.  Although tree stumps indicate areas where the reservoir bed elevation has not changed substantially, sediment accumulation around the stumps was typically sandy material, measured to be from 0.25 ft to 1.5 ft depth.  However, in a few locales tree stumps were almost completely or entirely buried.  At these locations (see Map AQ 9-4), sediment accumulation was measured at depths greater than 1.5 ft up to about 4 ft depth.  There were no ground indications of sediment depths accruing to greater than 4 ft anywhere in the reservoir.  
Exposed bedrock areas are the original bed elevation and therefore represent areas with 0.0 ft of sediment accrual.  Bedrock exposures were found on both the north and south side of the Rubicon River channel, along the entire 10,000 ft length of the visible reservoir bed.  Around the perimeter of the reservoir near the full-pool elevation, the valley walls are typically steep, and are either composed entirely of bedrock, or bedrock mixed with boulders and large cobble, but there was virtually no sediment deposition in these areas (see Maps AQ 9-4 and AQ 9-5).  

Areas of the reservoir where relatively greater amounts of sediment deposition (>1.5 ft), predominantly sands (but also gravels mixed with sand) were present on the north side of the reservoir in the lower half of the study area.  This area is close to several small tributaries that enter the reservoir, including Grayhorse Creek (see Map AQ 9-5).  It appears that Grayhorse Creek and smaller (unnamed) tributaries are delivering sediments that include sand, gravel, and cobble size material to the reservoir (see Appendix C, Figures C-6 and C-7).  Importantly, this is a much wider section of the reservoir study area (approximately 950 ft width) than the upper half of the study area (approximately 350 ft width), so there is a larger area over which high flows can spread out as they overbank the low-flow channel of the Rubicon River during backwater conditions, providing greater opportunities for sediment deposition.  

A geographic information system (GIS) was used to calculate the volume of sediment accrual.  The surface area of each of the polygons defining the amount of sediment deposition was multiplied by their respective measured depths of sediment (see Map AQ 9-5), resulting in a total volume of sediment accrual for the reservoir.  The total amount of sediment deposition calculated from the field measurements was approximately 443,500 cubic yards.  Since the reservoir has been collecting sediments for 41 years (Hell Hole Dam became operational in 1966), this would be an average annual sediment accumulation rate of approximately 10,800 cubic yards per year.  It should be recognized that the annual sediment accrual rates calculated here are simply a mathematical accounting of sediment loading on an annualized basis for the entire 41 year period of record.  In reality, sediment loads do not move as an average annual amount.  Rather, sediment transport occurs episodically, with much greater amounts of sediment moved in years with very high flows, and much smaller amounts moved during years with only low flow events.   

The sediment load contribution to Hell Hole Reservoir calculated in this analysis is similar to that for low-yielding watersheds in California.  The average annual sediment load contribution to California streams that are considered to carry a low sediment load is approximately 80 tons/sq mi/yr (Leopold 1994).  The drainage area to Hell Hole Reservoir is 114 sq mi.  Based on an annual average sediment load of 10,800 cubic yards/yr, the contribution per square mile from the watershed upstream of Hell Hole Reservoir is 95 cubic yards/sq mi/yr which is approximately 107 tons/sq mi/yr.  

Particle Size Composition

A total of 12 bulk samples and eight pebble counts were collected to quantitatively analyze particle size composition over relatively homogeneous regions of the reservoir.  Map AQ 9-6 shows the locations of the particle size sampling.  The Hell Hole Reservoir bulk sample and pebble count cumulative particle size distribution curves and histograms are provided in Appendix D.  Additionally, thirty-three soil pits were dug and visually inspected to qualitatively identify the predominant particle sizes present (see Map AQ 9-6).  Particle size distribution curves were not created for soil pit samples because they were located in areas containing nearly 100 percent sand.  Photographs of a typical soil pit are provided in Appendix C, Figures C-8 and C-9.  In addition, visual observations of the percent contribution of different size material (i.e., sand, gravel, cobble, and boulder/bedrock) were also recorded for each sediment region delineated.  

The bulk samples, pebble counts, soil pit data, and field observations were collectively used to determine the particle size composition over the GPS delineated polygons in the reservoir.  Map AQ 9-7 shows the reservoir particle size composition data delineated into 25 polygons distributed over the reservoir footprint.  The proportion of sand, fine gravel, medium gravel, coarse gravel, cobble, and boulder/bedrock present in each of the defined polygon regions of the reservoir (see Map AQ 9-7) are listed in Table AQ 9-5.  Sixteen of the 25 defined regions of the reservoir were predominantly sand, including the largest areas of the reservoir.  Medium and coarse size gravels used by spawning trout represented more than 5 percent of the particle size composition of sediments in 15 of the 25 regions.  Most of the portion of the reservoir along the alignment of the Rubicon River channel itself contained higher proportions of the gravel material, as well as overbank regions near the low-flow channel.  

Overall, the particle size composition of the reservoir was predominantly sand, with regions of sand mixed with gravels, and with large interspersed areas of bedrock.  There were smaller areas of cobble and cobble mixed with gravels and boulders situated on the former banks of the Rubicon River.  These former river banks are close to the pre-dam elevation based on the presence of old cut tree stumps with root exposure (see Appendix C, Figure C-4).   

Integrated Analysis of Reservoir Sediment Deposition and Particle Sizes 

Sediment loading to Hell Hole Reservoir was independently calculated comparing the pre- and post-dam topographic mapping.  A longitudinal profile of pre- and post-dam topography following the thalweg of the Rubicon River was graphically plotted in Figure AQ 9-4.  The locations of the seven cross-sections are shown in Map AQ 9-8 and the cross-section plots are provided in Appendix E.  Overall, the river channel elevation has not substantially changed, and retained the same breaks in gradient in the post-dam topography as in the pre-dam topography.  Throughout most of the length of the channel longitudinal profile, the pre-dam elevation plots were slightly higher than the post-dam elevation, an indication that there has possibly been some incision (i.e., lowering) of the river bed channel.  From station 1,250 (approximately elevation 4,610 ft) to station 10,000 (approximately elevation 4,515 ft), the elevation of the river bed was within 5 ft of the pre-dam elevation, which is within the range of error associated with this part of the analysis.  As such, it cannot be definitively concluded that any aggradation or incision has occurred along the thalweg of the channel.  Ground survey measurements where bars of gravel and sand were observed along the low-flow channel indicated at least some small areas of aggradation along the former river bed.  However, if there had been a substantial amount of sediment aggradation associated with the post-dam survey, the longitudinal profile would have shown a pronounced flattening of the gradient, and the post-dam elevations would have been higher than the pre-dam elevations.  There were apparently some inaccuracies associated with the mapping of the pre-dam elevations in the upstream-most section of the channel and reservoir (station 0 to 1,250), which showed a more pronounced down-cutting of the channel (see Figure AQ 9-4).  Field surveys indicated that sediment accumulation has occurred in this part of the reservoir (near confluence of Five Lakes Creek and Rubicon River).  

GIS was also used to calculate the volume of sediment accrual comparing the pre- and post dam topography.  When all of the aggradational areas of the reservoir were summed together, the total increase in sediment volume is 272,000 cubic yards.  Assuming a ±5 ft error range associated with the amount of elevation change in the reservoir, sediment loading could be as high as 1,171,500 cubic yards, or as low as 32,700 cubic yards.  These estimates are within the range of the 443,500 cubic yards of sediment loading calculated based on the field measurement method, as discussed above.  

GIS was used to calculate the volume of sand, gravel, cobble, and boulder size material that has deposited in the reservoir.  This was accomplished by integrating the data for sediment accrual determined from field measurements (see Map AQ 9-5) with the particle size gradation data (see Table AQ 9-5 and Map AQ 9-6).  Results are provided in Table AQ 9-6 which shows the deposited volume of sediment in each of the particle size classes for each region of the reservoir.  The volume of newly deposited sediment since the beginning of Project operations corresponds to a numbered region on Map AQ 9-7.  Sand comprised the greatest proportion of aggraded sediments, approximately 72 percent (321,650 cubic yards), with the remaining particle size categories (fine gravel, medium gravel, coarse gravel, cobble, and boulders) ranging from 3 percent up to 9 percent of the total volume.  The volume of combined medium (8-45 mm) and coarse (45-64 mm) size gravels (typically used for spawning) comprised 12 percent of the total volume of aggraded sediments, approximately 52,000 cubic yards since Project inception.  This is equivalent to an average annual medium and coarse gravel load contribution of approximately 1,250 cubic yards/yr.  

GIS was also used to apportion the total sediment load based on the comparison of the pre- and post-dam topographic mapping into deposited volumes of sand, gravel, cobble, and boulders.  The same particle size data provided in Table AQ 9-5 and Map AQ 9-7 was used for this assessment, but the volume of sediment accumulation was determined by differential comparison of the pre- and post-dam topographic maps using GIS.  Based on the pre- and post-dam comparison approach, the relative proportions of deposited sediments were sand (66 percent), fine gravel (6 percent), medium gravel (7 percent), coarse gravel (10 percent), cobble (4 percent), and boulders (6 percent).  This is very similar to the results using the field measured data of sediment accumulation.  The total amount of medium and coarse gravel deposition is approximately 49,000 cubic yards, which is very close to the 52,000 cubic yards calculated from the field measurements.

While only the upper one-third of Hell Hole Reservoir was analyzed for sediment accumulation, the vast majority of water and sediment recruited from the watershed comes into this region of the reservoir.  The Rubicon River (a 4th order stream), Five Lakes Creek (a 3rd order stream), and Grayhorse Creek (a 2nd order stream) all enter within the study area of the reservoir.  A couple of other un-named first order channels also enter within this part of the reservoir.  There are six additional drainages that enter Hell Hole Reservoir downstream of the study section, but all are small, first order streams (only Cottonwood Creek is named).  Therefore the majority of the sediment recruitment into the reservoir is accounted for in this analysis.  

In order to characterize the extent to which this analysis accounts for most of the sediment that was likely to have been recruited and deposited in Hell Hole Reservoir, an additional evaluation was performed.  This evaluation determined how frequently the reservoir has been at a lower elevation than for this current analysis (i.e., below elevation 4,515 ft), and when there have been simultaneous high magnitude inflows to the reservoir that could have mobilized previously deposited sediments, transporting them downstream of the study area.  

Figure AQ 9-5 plots reservoir water surface elevation against inflow magnitude for a 29-year period of record from October 1, 1974 to September 30, 2003.  Average daily inflow and water surface elevation data were concurrently available for 1975 to 2003.  The horizontal line plotted on Figure AQ 9-5 is the downstream elevation 4,515 ft, for the exposed, dry reservoir bed area analyzed in this study.  The red arrows on the chart show the dates when inflow was greater than 2,000 cfs and water surface elevation was less than 4,515 ft.  Two thousand cfs was used as a benchmark for sediment transport because it was a commonly occurring annual high flow into the reservoir.  There was a total of 128 days when discharge was greater than 2,000 cfs over the period of record, and of those 128 days, only 6 days when the reservoir water surface elevation was simultaneously lower than 4,515 ft.  The rest of the time (122 days) inflows exceeding 2,000 cfs occurred when the reservoir was at a higher elevation; therefore, backwater would have occurred above the 4,515 ft elevation and sediments would have been deposited within the study area analyzed for this report.  As a note, the four greatest inflows of record occurred when the water surface elevation was higher than that analyzed in this report, when the Rubicon River would have been carrying the most sediment into the reservoir backwater area.  The data indicate the vast majority of bedload deposition is occurring within the dry, visible portion of the reservoir analyzed for the current study (above elevation 4,515 ft). 

North Fork Long Canyon Creek Diversion Pool

Estimated Sediment Loads 

The North Fork Long Canyon Diversion Dam is a 10 foot-high, 120 foot-long concrete gravity structure with a small diversion pool of less than one ac-ft of storage (PCWA 2007a).  The sediment deposition zone at the time of the 2006 bulk sampling extended from the dam face to approximately 100 ft upstream.  The diversion pool was completely filled with sediment.  Visual inspection indicated that the sediment deposits were poorly sorted, with only a small zone of coarser material toward the right side of the diversion pool and finer material on the left side behind a boulder groin and near the 36-inch sluice valve next to the intake.  Sediment excavation maintenance was beginning at the time of the bulk sampling.  

The most recent sediment removal maintenance activities occurred as follows (pers. comm. Steve Jones, 2007 and Jon Mattson, 2006):

1997
1,600 cubic yards

2005
400 cubic yards

2006
1,370 cubic yards

Cumulatively, this is 3,370 cubic yards of sediment removal over an 11 year period since sediment maintenance had been last performed in 1995.  Prior to 1995 sediment removal occurred in 1992, 1990, 1988, 1986, 1982, and 1980, but there are no records of the volume removed.

Particle Size Composition

To determine the proportional volume of sand, fine gravel, medium and coarse gravel, and cobble in the stored sediment, seven bulk samples were collected.  The results of the particle size analysis are shown in Table AQ 9-7 and the frequency histograms and cumulative particle size distribution curves are shown in Appendix E.  The greatest proportion of sediment, approximately 61 percent, was comprised of sand or smaller sized material (<2 mm).  This proportion is approximately 2,020 cubic yards of the total 3,370 cubic yards cumulatively removed from the diversion.  Fine gravel (2-8 mm) comprised approximately 20 percent of the total sample, medium gravels (8-45 mm) comprised 17 percent, and coarse gravels (45-64 mm) 2 percent of the total volume of sediment stored in the diversion.  There was no cobble (64-256 mm) present in the bulk samples.  The combined medium and coarse gravel sizes represented 19 percent or approximately 640 cubic yards of gravel captured and removed from the diversion over the 11-year period based on the 2006 size gradations.  This is about 60 cubic yards of gravel on an average annual basis. 

The amount of sediment deposited and removed from the diversion pool does not account for the entire portion of the incoming sediment load carried by North Fork Long Canyon Creek.  When the diversion dam is nearly filled with sediment, or during large flood events, bedload sediments are transported through the diversion pool and over the dam into the downstream reach.  Thus, sediment removal for maintenance purposes is likely removing only a portion of the gravels and other sediments delivered from the upstream watershed.  

South Fork Long Canyon Creek Diversion Pool

Estimated Sediment Loads

The South Fork Long Canyon Dam is a 27 foot-high, 145 foot-long concrete gravity structure with a diversion pool of less than one ac-ft of storage (PCWA 2007a).  The sediment deposition zone at the time of the 2006 bulk sampling extended from the dam face to approximately 255 ft upstream.  The diversion pool appeared to be completely filled with sediment.  Gravel sized material was dominant on the bed surface, with some sand and cobble sized sediments intermixed.  

The two most recent sediment maintenance activities occurred in 1997 and 2006, when 2,500 cubic yards and 2,850 cubic yards of material were excavated, respectively (pers. comm., Steve Jones 2007).  Prior to these dates, sediment removal is known to have occurred in 1995, 1988, 1986, 1982, and 1980.  There are no records of sediment removal amounts for these dates, and no information on sediment removal prior to 1980.

Particle Size Composition

To determine the proportional volume of sand, fine gravel, medium gravel, coarse gravel, and cobble in the stored sediment, five bulk samples were collected.  The results of the particle size analysis are shown in Table AQ 9-8 and the frequency histograms and cumulative particle size distribution curves are provided in Appendix E.  The greatest proportion of sediment, approximately 50 percent, was comprised of medium gravel sized material (8-45 mm).  Coarse gravel (45-64 mm) comprised approximately 12 percent of the total volume of material present in the bulk samples.  The remaining portion was comprised of sand, fine gravels, and cobble which represent 19 percent, 17 percent, and 2 percent of the deposited sediment, respectively.

The total combined sediment removal during the last two maintenance periods (1997 and 2006) was 5,350 cubic yards, of which medium and coarse gravel sizes together accounted for 62 percent or approximately 3,300 cubic yards based on the sampled 2006 size gradations.  This equates to an average annual gravel deposition rate (and removal rate) of approximately 300 cubic yards of gravel/year.  The amount of sediment deposited and removed from the diversion pool does not account for the entire portion of the incoming sediment load carried by South Fork Long Canyon Creek.  When the diversion dam is nearly filled with sediment, or during large flood events, bedload sediments are not deposited, but transported through the diversion pool and over the dam into the downstream reach.  

Ralston Afterbay

Estimated Sediment Loads

Ralston Afterbay has a long history of sediment management activities to maintain reservoir capacity for power generation and operational flexibility. Associated with sediment management activities, PCWA has conducted several studies to determine the rate of reservoir sedimentation, including topographic bathymetric surveys to monitor the progression of sediment deposition over time.  Based on the latest surveys and calculations of sediment input, the net sediment volume accruing to the reservoir as of 2006 is 1,577,958 cubic yards (S&E Engineering 2007) since the beginning of Project operations in 1966.  This amount does not include a cumulative total of approximately 435,000 cubic yards of sediment removal over several decades for maintenance purposes.  The last sediment removal, approximately 88,000 cubic yards
, occurred in late 2002.  Including the amount of sediment removed for maintenance purposes, the total sediment load contribution to Ralston Afterbay was approximately 2,013,000 cubic yards between 1966-2006, which represents an average annual sediment load of 50,325 cubic yards/yr.  This annual sediment load estimate is very close to a previous study of long-term sediment loading, calculated to be about 51,300 cubic yards/yr for the period 1966-1995 (Bechtel 1997).

The majority of the sediment load, carried as suspended sediment (transported by the Middle Fork American River and the Rubicon River) passes downstream of the reservoir and is never deposited.  It has been estimated that about 80 percent of the total suspended sediment load passes to the downstream reach, with approximately 20 percent of the suspended sediment load depositing in the reservoir (Ayres Associates 1997).  Consequently, a relatively larger proportion of the bedload material transported by the Middle Fork American River and the Rubicon River is deposited in the reservoir since the trap efficiency for the larger bedload material is always greater than for suspended sediment.  

PCWA initiated a pilot sediment management project at Ralston Afterbay in August 2001.  The primary purpose of the project is to create sediment storage capacity in the reservoir, to help maintain operational flexibility.  A secondary objective of the pilot project is to restore some of the coarse sediment recruitment to the channel downstream from the reservoir.  This sediment is important for the maintenance of downstream geomorphic features and supports habitat for fish and benthic macroinvertebrates (Jones and Stokes 2002).  The sediment management consists of two components: (1) dredge and removal of sediment from the upstream end of the reservoir, with a portion of the dredge material to be placed on Indian Bar located just downstream from the dam; and (2) sediment pass-through (SPT), which consists of re-operating Ralston Afterbay Dam during high flow events to pass larger quantities of fine sediment (silts and sands) to the downstream reach than occurred under past operations.  The SPT operation is triggered whenever river flows exceed 3,500 cubic ft/sec.  

In October 2002, approximately 88,000 cubic yards was excavated from the upstream end of the reservoir (this is coarser material that cannot be mobilized by the SPT project), and about 48,000 cubic yards of this dredge material was placed downstream of the dam on Indian Bar.  The remaining 40,000 cubic yards excavated in 2002 was end-hauled to a permanent storage site.  The dredge material placed on Indian Bar will become available for recruitment to the downstream reach when reservoir releases are high enough to erode material from the bar.  

Particle Size Composition

Several different particle size analyses of reservoir sediments have been performed including those by Alpha Geotechnical (1988), Bechtel Corporation (1997), and PCWA (2001).  Sediments closer to the dam were composed of finer materials, described as silty sands (Alpha Geotechnical 1988).  Starting about 3,150 ft upstream from the dam sediments were predominantly gravel and sand mixtures, but also with cobble and boulders progressing upstream toward the Ralston Powerhouse (Alpha Geotechnical 1988).  Particle size analysis using bulk samples and test pits of the coarser material bars (beginning about 3,150 upstream from Ralston Afterbay Dam) was performed by Alpha Geotechnical (1988), and used by Musseter Engineering (2001) to represent the size of sediments that were considered for excavation and removal to the Indian Bar Sediment Disposal Site (discussed above), located downstream of Ralston Dam.  An average particle size curve was derived from four different particle size samples, each representing material from four different bars (see Figure AQ 9-6).  Using the averaged particle size gradation curve, the proportion of material that would be in the medium and  coarse gravel size range (8-64 mm), was approximately 25 percent of the particle size composition in the reservoir.   
Assuming that 25 percent of all material that has historically deposited in Ralston Afterbay is within the medium and coarse gravel size range, then of the 2,013,000 cubic yards that has been trapped since the beginning of Project operations, about 503,000 cubic yards would be medium and coarse gravel material.  The placement of 48,000 cubic yards of dredge material on Indian Bar effectively “recycles” a portion of the 503,000 cubic yards of gravel size material trapped in the reservoir.  On an average annual basis, this represents about 12,575 cubic yards/yr deposition of gravel material.  These estimates are probably a slight over-estimation of the actual rate of gravel entrapment.  This is because that portion of the 2,013,000 cubic yards of sediment deposited in Ralston Afterbay closest to the dam are known to be comprised more of a “silty sand” size. 

Middle Fork Interbay

Estimated Sediment Loads

Middle Fork Interbay has a long history of sediment removal to maintain proper functioning of the diversion and powerhouse.  The following is a compilation of the known sediment removal activity since the beginning of Project operations, through 2006:

Date
Sediment Volume Removed (cubic yards) 
October 1987
25,000

October 1988
35,000

February 1997
16,000

October 2000
68,000

Total
144,000

A previous study determined that some sediments had been removed from Middle Fork Interbay prior to 1987 (Alpha Geotechnical 1988), but there are no records of the amounts removed prior to 1987.  Typically, most of the accessible sediment in the reservoir is removed during the fall maintenance outage (pers. comm. Steve Jones 2007).  Assuming that the sediment removal accounts for nearly all of the sediment input to the reservoir between maintenance intervals (i.e., there is no substantial long-term build-up of sediment in “dead pool storage”), then the amount of sediment recruitment to Middle Fork Interbay since 1987 is approximately 144,000 cubic yards.  This is an average annual sediment load of 11,100 cubic yards/yr over the 13 year period 1987-2000.

Particle Size Composition

Particle size gradation data are available for sediments deposited at Middle Fork Interbay as of 1987 (Alpha Geotechnical 1988).  The available particle size data was developed from bulk sampling of four test pits that were spaced at about 300 foot intervals upstream from the dam.  The particle sizes sampled from the test pits were taken from near the surface and at depths up to 5 feet below surface.  A laboratory performed a sieve analysis on the particle size distributions, which were plotted as cumulative particle size distribution curves (see Appendix D).  For each bulk sample, the portion of the cumulative particle size distribution curve which corresponded to medium and coarse gravel sizes (8-64 mm) was recorded, as follows:

Bulk Sample
Percent Medium and Coarse Gravel (8-64 mm)
TP-1
38%

TP-2
4%

TP-3
40%

TP-4
15%

Average
25%

Averaging the four bulk samples together, the proportion of medium and coarse size gravels was 25 percent.  Assuming that sediments accruing to Middle Fork Interbay after 1987 have a similar particle size distribution to the 1987 samples, then 25 percent of all captured sediments were in the medium and coarse gravel size range.  This proportion of medium and coarse gravels delivered to Middle Fork Interbay (25 percent) is the same as that independently calculated for Ralston Afterbay.  This is a reasonable finding because most of the geologic material that comprises the drainage area to both Ralston Afterbay and Middle Fork Interbay is the same, predominantly associated with the Shoo-Fly Complex, and in somewhat smaller proportions the Mehrten formation and the Sierra Nevada batholith.  

Based on this analysis, about 25 percent of the long-term sediment load delivered to Middle Fork Interbay would be comprised of medium and coarse size gravels (8-64 mm).  Thus, the estimated total entrapment of medium and coarse gravel is at least 36,000 cubic yards over the 13 year period of record, or 11,100 cubic yards/yr on an annual average basis.  

1.3. Hell Hole Reservoir Seasonal Storage Betterment 

1.3.1. Key Findings

· About 20 percent of the 11-mile long Hell Hole Reservoir shoreline is susceptible to potential erosion from operations of the Hell Hole Reservoir Seasonal Storage Increase Betterment.  The remaining reservoir shoreline is composed of erosion resistant bedrock or boulder-cobble material.  

· Estimated sediment loading from the erodible shoreline areas is 2,600 cubic yards.  This is an extremely small percentage (0.0009 percent) of the 335,000,000 cubic yard volume (207,590 ac-ft) of the existing reservoir capacity at full pool.  Considering that the water surface of the reservoir has already been higher during occasional spill flow events than the projected water surface elevation will be under the betterment, any new areas of erosion will be very small.  
1.3.2. Results

Potential erosion along the shoreline of Hell Hole Reservoir associated with raising the water level approximately 6 feet for the Hell Hole Reservoir Seasonal Storage Increase Betterment would be small.  Hell Hole Reservoir is located almost entirely within the Sierra Nevada batholith, which is dominated by massive and fractured bedrock, with very little soil development on steep slopes that border the reservoir shoreline.  Based on a review of aerial photography and video, at least 8.5 miles of the 11-mile long shoreline is bedrock-boulder size material that would be highly resistant to any erosion.  Most of the material that would be subject to erosion is decomposed granitic material that is comprised of coarse sands found in small, interspersed pockets along bedrock joints and fractures, or coarse sands intermixed with glacial (in moraines) gravel and cobble deposits on steep slopes. Soil types around the reservoir are predominantly soil associations that include rock outcrops as a major component, including the Chaix-Rock Outcrop complex, Litihic Xerumbrepts-Rock Outcrop complex, and Rock Outcrop-Tinker association (USDA 2008).  Bedrock would not be eroded, although some boulders and large cobbles could be undermined from their current positions on the steep valley walls causing them to be displaced further down-slope into the footprint of the reservoir.  At full pool, wave action and reservoir level fluctuations likely would cause erosion of limited amounts of loose sandy material from the bedrock joints and from within the  interstitial spaces of the glacial deposits where they are found along the shoreline slopes. 

It is estimated that up to 20 percent of the shoreline length may be susceptible to erosion based on field observations from helicopter, boat, and walking around a portion of the reservoir.  Based on the estimate of 20 percent of the shoreline materials susceptible to erosion, up to a 6.0 ft water surface elevation increase, there is approximately 69,700 sq. ft of erodible surface area.  Loose sandy material along the shoreline appeared to be 0.5-1.0 ft depth before reaching bedrock, based on field observations.  Conservatively assuming an average 1 ft depth of erodible materials, the volume of potentially erodible sediments is about 69,700 cubic feet (2,600 cubic yards).  This is a very small amount of sediment volume relative to the entire volume of the reservoir.  At full pool, Hell Hole Reservoir has a gross storage capacity of 207,590 ac-ft, which is equivalent to 335,000,000 cubic yards of storage volume.  The 2,600 cubic yards of erodible sediments represent 0.0009 percent of the reservoir storage volume.  Even if the entire 11-mile shoreline were erodible to a depth of 1 ft, the volume of sediment generated would be 12,900 cubic yards, which is only 0.004 percent of the reservoir storage volume.  It should also be recognized that the 6.0 ft band above the existing full pool water surface elevation has been periodically inundated in the past during periods of high inflow and spills.  The water surface has been as much as 10-15 ft above the spillway elevation (PCWA 2007) during these spill periods, subjecting the higher elevation 6 ft band associated with the betterment to some prior shoreline erosion. 

Identify Flows Necessary to Maintain Geomorphic Processes in Bypass Reaches and the Peaking Reach

1.3.3. Key Findings

· Unimpaired and impaired annual peak streamflows were compared at USGS gaging locations that have sufficient streamflow data: Duncan Ck Nr French Meadows and Duncan Ck below Diversion Dam; and Middle Fk American Nr Auburn:

· Unimpaired peak streamflows were considerably higher for 1.005 to 2.33 (mean annual flood) recurrence intervals compared to impaired peak streamflows at these gages.

· Unimpaired and impaired peak streamflows at the same two gages were similar for the 5 year up to 100 year recurrence intervals.

· For the Middle Fk American Nr Auburn (gage 11433500), the unimpaired 1.5-year flow average duration was 7 days per year.  The average duration of the 1.5-year flow since Project operations have begun remains unchanged, an average of 7 days per year.

· For the 1.5-year flow on Duncan Creek, comparing durations above (gage 11427700) and below (gage 11427750) the diversion, the unimpaired 1.5-year duration was on average 17 days per year and the impaired 1.5-year duration was shorter, averaging 6 days per year. 

· The regional flood frequency curve developed by the USGS was tested by comparing the curve to actual unimpaired streamflow gaging data at three locations in the watershed: Middle Fk American Nr Auburn (gage 11433500), Duncan Creek Nr French Meadows (gage 11427700), and on the Rubicon River Nr Georgetown (below confluence with South Fork Rubicon River) (gage 11431000).  Although the USGS regional flood frequency curve closely emulated the unimpaired annual peak flows recorded on the Middle Fork American River in the peaking reach, it did a poor job predicting the magnitude of unimpaired flood peaks above Duncan Creek Diversion and on the Rubicon River.  Therefore, a new regional flood frequency curve will be developed using gaging records that are available for the Middle Fork American River watershed, as required by the AQ 9 – TSP.  

1.3.4. Results

The magnitude, duration, and frequency of impaired and unimpaired flows in the bypass and peaking reaches were compared using available USGS instantaneous peak streamflow gage data associated with the MFP.  Only the gaging stations with both impaired and unimpaired peak flow data available were used in this analysis.  

The unimpaired flood frequency curves for the three USGS gaging stations are shown in Figures AQ 9-7, AQ 9-8, and AQ 9-9.  At the two gaging stations where impaired streamflow was available (Middle Fk American Nr Auburn in the peaking reach and Duncan Creek Nr French Meadows), the impaired flood frequency curve is also shown for comparison.  Table AQ 9-9 depicts the unimpaired and impaired streamflow for the two gaging stations for flood recurrence intervals from 1.005 year up to 100 years. 

A comparison of the peak streamflow data at the two gaging stations show a greater difference between the unimpaired and impaired peak streamflows at the more frequent  recurrence intervals (1.005 up to 2.33 year flood flows) with lower magnitude annual peak floods. Unimpaired peak flows were up to 22 times greater at Duncan Creek than impaired peak flows for the 1.005 year flood flow.  Similarly, unimpaired peak flows were 7 times greater on the Middle Fork American River when compared to the impaired 1.005 peak flows.  At the frequency of the mean annual flood (2.33 recurrence interval) unimpaired peak flows were only 1.5 times greater than the impaired peak flows.

For moderate and large magnitude flood flows (5 to 100 year recurrence intervals), the unimpaired and impaired peak streamflows were similar, and within the error range (95 percent confidence limits) associated with calculating peak flood flows.  This indicates that for moderate and large flood events, unimpaired peak flows have not been substantially altered by Project operations at these two gaging stations. 

The duration of unimpaired and impaired flows equaling or exceeding the 1.5-year flood frequency was compared for the two gaging stations, shown in Table AQ 9-10.  This analysis was based on a comparison using the maximum average daily flows rather than the instantaneous peak flows.  For the Middle Fk Nr Auburn (gage 11433500), the unimpaired 1.5-year flow event (average daily basis) is 7,400 cfs.  This unimpaired 1.5-year flow was equaled or exceeded an average of 7 days per water year (average excludes water years when flows are less than 7,400 cfs).  Using the same gaging station for the period of record after Project operations begin (1966-1985), 7,400 cfs was equaled or exceeded an average of 7 days per water year.  There was no difference in the average duration of the 1.5 year unimpaired flow (7,400 cfs) between pre- and post-dam periods. However in the post-dam era 7,400 cfs occurred slightly less frequently than in the pre-dam era, calculated to be a 1.7-year impaired flow event rather than a 1.5-year unimpaired flow event (see Table AQ 9-10).  The 1.5-year impaired flow is 5,240 cfs.

For Duncan Creek Nr French Meadows (gage 11427750), the 1.5 year unimpaired flow (average daily basis) is 212 cfs.  The unimpaired 1.5-year flow was equaled or exceeded an average of 17 days per water year (average excludes water years when flows were less than 212 cfs).  The average number of days the unimpaired 1.5-year flow (212 cfs) was equaled or exceeded at Duncan Creek below Diversion Dam (gage 11427751) was 6 days per water year.  Thus, flow durations equaling or exceeding the unimpaired 1.5-year event (212 cfs) were on average three times longer than the impaired flow durations.  In the post-dam era 212 cfs occurred slightly less frequently than in the pre-dam era, calculated to be a 2.0-year impaired flow event rather than a 1.5-year unimpaired flow event.  The 1.5-year impaired flow is 110 cfs.

Several gaging stations in the Project area have impaired flood frequency data, but do not have unimpaired flood frequency data available for comparison.  As proposed in the AQ 9 – TSP, a method to overcome this problem is to use a regional flood frequency curve to derive unimpaired flood frequency magnitudes.  The applicability of an existing regional flood frequency curve (USGS 1993) was tested in this report.  The unimpaired flood frequency results determined using the regional flood frequency curve were compared to actual unimpaired gaging records to see how closely their results match.  This tests the accuracy of the regional equations for potential use at other study sites where there is no available unimpaired peak flow data.  If the existing regional flood frequency curve (USGS 1993) does not provide a reasonable match, then a new regional flood frequency curve will be developed using flow records more specific to the American River watershed (see AQ 9 – TSP).  

The USGS regional flood frequency curve was tested by comparison to unimpaired streamflow gaging records (see Figure AQ 9-11).  The flood frequency curves were calculated using the regional equations from the USGS for the three USGS gaging stations that have unimpaired peak streamflow records.  The inputs for the variables in the equations for each location and the calculated peak streamflows are shown in Table AQ 9-11.  

The USGS regional flood frequency curve closely emulated the unimpaired annual peak flows recorded on the Middle Fork American River in the peaking reach.  However, the flood frequencies derived from the USGS regional flood frequency relationship significantly underestimates peak streamflow on the Rubicon River Nr Georgetown and Duncan Creek below Diversion Dam.  It appears that the regional curve also may not be applicable to larger drainage areas lower in the watershed.  The use of the regional curve is not a reliable source for estimating unimpaired peak streamflows for other locations in the Project area. 

Large Woody Debris Capture and Management in Reservoirs and Diversion Pools

1.3.5. Key Findings

· Woody debris (including small woody material) was observed in all Project reservoirs and diversions in 2007.

· Wood large enough to be classified as LWD, according to the size criteria based on channel width, was observed in Hell Hole and French Meadows reservoirs, Duncan Creek Diversion Pool, North Fork Long Canyon Diversion Pool, and Middle Fork Interbay.

· No LWD was observed in the South Fork Long Canyon Diversion Pool and Ralston Afterbay.

· In Duncan Creek Diversion, and North Fork Long Canyon diversion pools, and Middle Fork Interbay, one to six pieces of LWD were observed, while in Hell Hole and French Meadows reservoirs 40-50 and 100-150 pieces of LWD were observed, respectively. 

· Recruitment of LWD into Project reservoirs and diversions comes from either upstream sources transported downstream in the channel, or from steep vegetated hillslopes surrounding the reservoir or diversion. LWD observed in Hell Hole and French Meadows reservoirs was stored along the high water mark and along the back of the dam.  

· LWD transported from upstream or recruited from hillslopes into the smaller diversion pools (Duncan Creek, North Fork Long Canyon, and South Fork Long Canyon diversion pools) can be transported downstream past the diversion dams during high flows and spills. 

· LWD transported from upstream or recruited from hillslopes into the smaller reservoirs (Middle Fork Interbay and Ralston Afterbay) can be transported downstream past the dam due to maintenance practices that flush LWD caught along the log booms or intake structures. 

· The density of LWD per mile upstream and downstream of the diversions and reservoirs was similar (except above Hell Hole Reservoir where no data was collected).  

· LWD maintenance at all Project reservoirs and diversions occurs, but on a relatively infrequent basis, approximately once every five years.  Wood is either collected and burned (Hell Hole Reservoir and Ralston Afterbay) or is flushed passed the dam (Middle Fork Interbay and Ralston Afterbay).

1.3.6. Results

The presence of LWD in Project reservoirs and diversion pools occurred from: (1) fluvial transport from upstream sources; or (2) direct recruitment from steep heavily forested shorelines surrounding certain reservoirs (Hell Hole and French Meadows reservoirs and Ralston Afterbay).  Recruitment from shoreline areas may be due to windthrow, senescence, disease, fire, and mass-wasting of hillslopes.    

Wood large enough to be classified as LWD (size criteria of LWD varies depending on width of channel) was observed in or along all Project reservoirs and diversion pools in 2007 except in Ralston Afterbay and South Fork Long Canyon Diversion Pool.  At locations where LWD was observed, it was primarily stored along the high water mark or on the back of the dam (Hell Hole and French Meadows reservoirs). 

Large woody debris was observed immediately downstream of Duncan Diversion, South Fork Long Canyon Creek Diversion, North Fork Long Canyon Creek Diversion, and Middle Fork Interbay.  This suggests that recruitment of wood from these four reservoirs was either over the diversion dams, derived from sources immediately downstream of each of these dams, or passed through the dam due to maintenance practices (Middle Fork Interbay).  During high flows, it is likely that LWD can readily pass over the smaller diversion dams because they have relatively small impoundment areas. However, they can also trap some LWD, as determined from the 2007 field surveys.

Large woody debris transported into Hell Hole and French Meadows reservoirs was stored along the high water mark or on the back of dam.  LWD was not observed directly below these dams; however, there was documented LWD recruitment sources below each of these reservoirs as discussed in the 2006 Physical Habitat Characterization Study (PCWA 2007b). 

According to PCWA personnel, the need for LWD management in the Project reservoirs and diversion pools occurred on an infrequent basis (on average once every five years).  When LWD maintenance was necessary, maintenance activities focused on removal of debris surrounding intake structures or along log booms to ensure proper functioning of the spillway and diversion inlets.  The LWD removed was typically burned on site. 

Large woody debris present in the channel downstream of Project dams and diversions was observed along all study stream reaches during earlier studies, as discussed in the 2006 Physical Habitat Characterization Study conducted by PCWA (2007b).  The findings of that study noted that LWD was most prevalent in the upper river reaches below the diversion dams (particularly Middle Fork American and Rubicon rivers) and decreased further downstream in the watershed.  This finding indicates that there are wood recruitment sources available nearer to the diversion dams, or better opportunities for LWD to become well-anchored in the upper watershed.  A similar trend was also observed in other Sierra Nevada streams where the amount of large wood decreases with higher order streams located more downstream in the watershed (Reudiger and Ward 1996).  Typically, transport of LWD during high flow events, particularly on channels of smaller width (relative to the length of LWD pieces), does not occur very frequently or over long distances.  This is because the LWD remains very stable during high flows and is not subject to downstream transport.  To be stable, LWD requires a large portion of the wood mass to be anchored on the hillslope or streambank, or caught between other standing trees and boulders so that it is not easily washed downstream.  This occurs most often when the length of wood can easily span the bankfull width of a relatively smaller channel.  

The overall relative effect of wood trapping and removal on Sierra Nevada channels is generally small.  This is because once LWD is subject to transport; it rarely becomes well-anchored in a manner where it can provide habitat benefits.  Therefore, while LWD may provide habitat and geomorphic benefits, interruption of LWD transport does not have a substantial influence on habitat conditions.  In fact, LWD has much less of an influence on channel morphology compared to prevailing geologic factors such as the type and size of bed materials (bedrock outcrops and boulder dominated lower bank areas), which has been confirmed by other researchers (Berg et al. 1998).  

Some of the PCWA debris management activities, including the removal of LWD at Project reservoirs and diversion pools, is described in SD B (PCWA 2007a).  A detailed discussion is provided of the management activities and field observations for each reservoir and diversion pool is provided below.  Table AQ 9-12 summarizes the LWD findings and maintenance practices.  Appendix F contains photo documentation of the location and size of the woody debris observed. 

Hell Hole Reservoir

The lower half of the reservoir from the Hell Hole Boat Ramp to the narrows section upstream was observed by boat and car.  The upper half of the reservoir was inaccessible by boat due to the low lake levels, so observations were obtained by walking along the exposed reservoir bottom. 

A total of approximately 40-50 pieces of LWD were counted.  The majority of LWD was primarily found within the lower portions of Hell Hole Reservoir.  The observed LWD was mostly deposited along the high water mark on the northern shoreline. Approximately 5 pieces were identified along the back of the dam at the high water mark, and in lesser quantities at the high water mark along the southern shoreline.  Isolated pieces of LWD were observed along the upper half of the reservoir, also deposited at the high water mark.  Some recruitment of LWD from the surrounding shoreline directly to the reservoir is possible due to the predominately forested slopes above the high water mark.  Active erosion along the shoreline was not observed; however, some trees along the margins were visibly leaning towards the reservoir, potentially becoming LWD. Woody debris was also observed along the spillway, but the debris present was not large enough to be classified as LWD.  

The observations of LWD coincided with observations and maintenance practices by PCWA.  Woody debris consisting of small twigs and branches or trees of a size considered to be LWD get trapped behind the dam and on the spillway.  As a result, approximately once every five years when the reservoir is drawn down, the wood on the spillway is gathered into small piles around and burned.  Wood that may be floating in the water or on the back of the dam is left in place.   

Quantitative LWD data within the channel upstream of Hell Hole Reservoir was not available.  Qualitative observations of the channel during fish and amphibian fieldwork and helicopter flights both above and below the reservoir did not indicate a difference in LWD abundance.

French Meadows Reservoir

Large woody debris was primarily observed along the high water marks throughout the reservoir with a density of approximately one piece of LWD per 200-300 feet of shoreline (100-150 pieces of LWD total).  Woody debris was consistently observed along the majority of the reservoir shoreline.  In addition, clusters of smaller debris and larger woody pieces were observed along the northern shoreline near the dam.  Various sizes of woody debris was also scattered along the back of the dam, but only four pieces were large enough to be classified as LWD.  Large woody debris captured within French Meadows Reservoir is generally left in place by PCWA.  

Visual observations also noted some direct hill slope recruitment of LWD to the reservoir.  Actively eroding hill slopes and drainage ways covered with fallen or leaning trees were observed.  This observation was more common along the lower part of the reservoir, downstream of the boat ramps. 

Middle Fork Interbay

There was no woody debris observed along the margins of the reservoir.  There were several smaller and one large piece located along the edge of the plunge pool immediately downstream of the dam.  It is unknown if this wood originated from upstream and was passed through the dam during PCWA’s LWD management practices (described below), or if the LWD originated from surrounding hillslope failures. 

Limbs, twigs, leaves, logs, and trees get trapped on the upstream side of the log booms in Middle Fork Interbay.  This usually occurs during high flow events.  To prevent the log boom from breaking due to the accumulation of debris, and/or before woody debris begins accumulating against the spillway gates, the log boom is released from the shore allowing the woody debris to float downstream toward the spill gates.  Some woody debris also gets past the log boom before it is released.  The decision to release the log boom from the shore is made by an experienced PCWA employee.  Before the log boom is released, an operator will open one spill gate to create a flow sufficient to attract the woody debris that has built up on the log boom.  Usually this activity occurs during storm events when two or three spill gates are opened at the dam to spill the storm flows.  After the woody debris has moved through the spill gate, the spill gates are closed and the log boom is re-attached to the shore.  This entire process may take an hour to spill and remove the woody debris from the log boom.  Debris flushing procedures occur on average once every five years, in conjunction with storm flows.  The most recent debris flushing occurred during high flows in December 2005. 

Quantitative LWD data for the channel downstream of Middle Fork Interbay was not available.  Qualitative observations of the channel during fish and amphibian fieldwork and helicopter flights both above and below Middle Fork Interbay did not indicate a difference in LWD abundance.

Ralston Afterbay

There was no LWD observed within Ralston Afterbay during the 2007 field study. Similar maintenance practices described above for Middle Fork Interbay are conducted at Ralston Afterbay.  Large and small woody debris is removed from the log boom during large storm events and allowed to pass through the spill gates.  Due to the larger size of Ralston Afterbay, it may take up to four hours to clear the log booms once the spill gates are opened.  

There is also a power trash rack permanently installed at the Ralston-Oxbow Tunnel Intake, near Ralston Afterbay Dam, to remove accumulated up woody debris.  This debris is typically small woody material, not LWD.  This is done on average once a year, and any debris removed from the intake is taken by dump truck to a designated area near Ralston Afterbay Dam and is burned.  

Quantitative LWD data for the channel immediately downstream of Ralston Afterbay was not available.  Qualitative observations of the channel during fish and amphibian fieldwork and helicopter flights both above and below Ralston Afterbay did not indicate a difference in LWD abundance.

Duncan Creek Diversion Pool and Dam

Six pieces of LWD (longer than the 22 foot length LWD criteria) were counted behind the dam.  Three of the LWD pieces were floating within the diversion pool and the remaining three were stored up along the banks at the high water mark.  In addition, three pieces of LWD were also noted just downstream of the dam in the channel. 

Due to the steep hill slopes surrounding the diversion and dam there is some potential for direct recruitment of LWD to the diversion.  Steep vegetated hillslopes are also present immediately downstream of the dam, providing a recruitment source for LWD. According to PCWA personnel, historically LWD rarely becomes trapped in the diversion.  

South Fork Long Canyon Creek Diversion Pool and Dam

There were no pieces of LWD observed in the diversion pool in 2007.  In addition, there was hardly any smaller woody debris present behind the dam.  Similar to Duncan Creek Diversion Pool, LWD removal is rarely required.  

There is minimal potential for direct hill slope recruitment of LWD to due to the small size of the impoundment and flatter terrain surrounding the dam.  

The amount of LWD upstream and downstream of the diversion was similar on South Fork Long Canyon Creek. Upstream of South Fork Long Canyon Diversion, at least 20 pieces of LWD were observed within the first mile.  In addition, at least one log jam consisting of six or more pieces was also observed within the first mile upstream.  Within one mile downstream of the diversion, 22 pieces of wood longer than 15 feet were observed in 2006, some of which comprised a log jam (PCWA 2007b).  

North Fork Long Canyon Creek Diversion Pool and Dam

Three pieces of LWD were observed along the high water mark where the channel flows into the reservoir.  The orientation of the wood appeared to indicate that they have fallen in place, rather than recruited and transported from an upstream source.  In addition, a small log jam of seven LWD pieces and numerous smaller sized woody debris were noted just downstream of the dam along the left bank.  The source of this wood is unknown, but it could have been either floated over the dam during high flows, or been recruited from stream-side trees below the dam. 

There is some potential for hill slope recruitment directly to the reservoir, but the small area and flatter terrain surrounding the diversion and dam limits the possibility of any large amounts of woody debris being stored behind the dam. 

The amount of LWD observed upstream and downstream of the diversion was similar. Upstream of North Fork Long Canyon at least 20 pieces longer than 15 feet and at least one log jam consisting of six or more pieces of LWD were observed within the first mile.  Downstream of the diversion, at least 35 pieces of wood longer than 15 feet were observed in 2006 along the first mile (PCWA 2007b).  
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