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Abstract 

 
The Downstream Geomorphic Effects of Dams:  

A Comprehensive and Comparative Approach 

 

by 

 

Justin Toby Minear 

 

Doctor of Philosophy in Landscape Architecture and Environmental Planning 

 

University of California, Berkeley 

 

Professor G. Mathias Kondolf, Chair 

 

 

 Large dams commonly alter the natural regimes of hydrologic and sediment 

processes that are critical for the maintenance of native instream and riparian 

communities, often affecting landscapes hundreds of kilometers from the dam. California 

has over 1,400 large dams, some of which have been in place for over 100 years. As a 

consequence, the legacy of large dam construction has greatly altered California’s natural 

hydrologic and sediment processes.  

 

 Previous attempts to estimate the effects of multiple large dams on sediment 

processes have ignored two key factors for large spatial and temporal modeling: sediment 

trapping due to multiple dams in the same watershed and decreasing sediment trapping as 

reservoirs fill. Here, I develop a spreadsheet-based model that incorporates both factors. 

Using California as a case study, measured sedimentation rates first were used to estimate 

sediment yields for distinct geomorphic regions and the rates then were applied to 

unmeasured reservoirs by region. The results of the model show that statewide reservoirs 

have likely filled with 2.1 billion m
3
 of sediment to date, decreasing total reservoir 

capacity by 4.5%. In addition, approximately 200 reservoirs have likely lost more than 

half their initial capacity to sedimentation. 

 

 Fourteen of the fifteen major tributaries to the Sacramento-San Joaquin river 

system in California are dammed by “foothill” dams, very large dams situated at the base 

of the mountain fronts. Constructed primarily in the 1940s-1970s, the foothill dams 

include some of the largest dams in the United States. In addition to blocking access to 

migrating endangered salmonids, the dams have further altered downstream hydrologic 

and sediment processes by changing flow-duration and frequencies and releasing 

sediment-free flows. There has been no comprehensive effort to evaluate the long-term 

changes in magnitude and frequency of sediment transport downstream of these dams, 

despite hundreds of millions of dollars spent on restoration efforts. In this study, I 

evaluate the different effects of the foothill dams on downstream rivers using hydrologic 
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analyses of pre- and post-dam flows, calculations of bedload transport from an extensive 

literature search and field data, and field observations using gravel tracer and monitored 

cross sections from water year 2006 (WY2006) to test the results of the bedload transport 

calculations. From the results of the hydrologic analysis, the average reduction in the 2-

year return interval flow for the dams is 65%, however, there is a wide range in the 

results, with some post-dam flows remaining equal to pre-dam magnitudes, particularly at 

larger return intervals. Using topographic data and tracer gravel collected during water 

year 2006, extensive gravel movement was observed downstream of the dams, indicating 

that even after 50+ years of operation, the riverbeds below the dams are continuing to 

transport sediment and still are responding to the cessation in supply. From the 

calculation of bedload transport for each of the major tributaries, post-dam annual 

bedload transport has fallen by an average of 45%, with total bedload of particles greater 

than 8mm decreasing by 42%. Some rivers, while having reductions in flood flows, had 

increases in bedload transport downstream of the dam, primarily due to increases in 

medium-magnitude medium-frequency events. Bedload is still transported at high rates 

for most sites, with eleven of the fourteen rivers transporting more than 100,000 m
3
 / yr 

in the post-dam period. Effective discharge in these channels is difficult to determine due 

to confounding factors, however, the majority of the rivers have a high-percentage of 

total bedload transported at discharges larger than the 5-year return interval suggesting 

that higher discharge events tend to dominate the channel response.  

 

 A sediment budget was constructed for both coarse and total sediment for each of 

the fourteen major tributaries to the Sacramento-San Joaquin river system downstream of 

the major “foothill” dams. The methods used to construct the sediment budget include a 

reservoir sedimentation model, bedload transport equations, and suspended and bedload 

measurements from gaging stations. The results of the sediment budget indicate a volume 

of approximately 244 million m
3
 of sediment is trapped behind dams in the upper 

watersheds, and 4.0 million m
3
 is trapped by the dams each year. With the exception of 

the mainstem Sacramento River, very little bedload material is supplied by smaller 

tributaries to the gravel-bed reaches downstream of the foothill dams. Ten of the fourteen 

rivers do not have enough supply from small tributaries to meet the calculated average 

annual bedload transport. Several of the rivers (Putah Creek, the Mokelumne River, and 

the San Joaquin River) may be strongly affected by small tributaries downstream of the 

dams because they have relatively large watersheds downstream of the dams and highly 

reduced post-dam transport ability. Approximately 267,000 m
3
 of gravel has been 

artificially augmented into Sacramento-San Joaquin tributaries downstream of the foothill 

dams through 2004. While gravel augmentation projects have been extensive on six of 

the rivers, they are minimal or absent on the other eight rivers. Overall, gravel is 

augmented at only 3.7% of the post-dam bedload transport capacity, however, some 

rivers with highly reduced flows have had gravel augmented at rates that approach the 

post-dam gravel transport rate, primarily due to the large post-dam reduction in bedload 

transport. 
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Chapter 1: Introduction 
 

 Natural regimes of hydrologic and geomorphic processes are critical for the 

maintenance of native instream and riparian communities (Poff and Ward 1989, Gregory 

et al. 1991, Poff et al. 1997). High flows disturb river channels, banks, and floodplains, 

thereby generating new landforms and areas for colonization by both riparian and 

instream communities (Gregory et al. 1991).  Thus at any one time, due to geomorphic 

disturbance, a river has a suite of habitat types each occupied by different species 

assemblages forming a diverse patchwork of species and habitats (Resh et al. 1988, 

Naiman and Decamps 1997).  Native riparian plants, such as cottonwoods, and instream 

organisms depend on natural flow regimes because they have life-history strategies that 

are timed to exploit the timing and magnitude of natural flow events (Poff and Ward 

1989, Naiman and Decamps 1997, Mahoney and Rood 1998).   

 Large dams, due to their capacity to store large amounts of water, have the 

potential to disrupt the natural flow regime and sediment supply in downstream rivers, 

thus altering the physical template on which instream and riparian communities depend 

(Petts 1979, Petts 1984, Williams and Wolman 1984, Collier et al. 1996, Richter et al. 

1996, Grant et al. 2003).  The most common downstream hydrologic effects of large 

dams are decreased magnitude and frequency of high flows, increased duration and 

magnitude of low flows, decreased connectivity between the channel and floodplain, 

altered timing of flow during the year, and altered temperature regimes (Ward and 

Stanford 1979, Petts 1984, Collier et al. 1996, Nilsson and Berggren 2000). The dam-

induced reduction in scouring peak flows and an increase in low flows often allows 

vegetation to encroach onto previous streambed surfaces (Wilcock et al. 1996, Surian 

1999), thereby further reducing instream habitat and sediment supply. Recruitment of 

riparian vegetation has been found to decrease below dams for certain riparian species, 

such as cottonwoods, that depend on occasional disturbance and consistent stage 

reduction through the seed germination period (Mahoney and Rood 1998, Everitt 1995, 

Johnson 2002, Nakamura and Shin 2001).  Riparian and instream communities typically 

respond to the alteration of natural flow by shifting towards less diverse communities, 

often with high numbers of invasive species (Ward and Stanford 1979, Petts 1984). 

Native instream communities in regions with high inter- and intra-annual variation in 

climate, like California, are particularly susceptible to dam-induced flow alterations 

compared to communities in more temperate regions (Gasith and Resh 1999, Poff and 

Ward 1989).  

 In addition to altering flow regimes, large dams trap all coarse sediment and 

nearly all of the fine sediment within their upstream reservoirs (Brune 1953). This 

sediment trapping starves downstream channels of both bedload and suspended sediment 

supply, resulting in bed incision as material is excavated from the bed (Gilbert 1917, 

Williams and Wolman 1984, Kondolf 1997, Vericat and Batalla 2006), and often causes a 

concurrent bed material coarsening (Williams and Wolman 1984, Petts 1979, Dietrich et 
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al. 1989). Incision of the river bed may further decouple the river channel from its 

surrounding floodplain (Williams and Wolman 1984).  The dam-related changes in 

sediment supply and transport can extend for hundreds of kilometers downstream of the 

dam and takes decades for the river to fully respond to post-dam conditions (Williams 

and Wolman 1984, Andrews 1984, Hazel et al. 2006). The biological effects of dam-

related sediment trapping can include reduction in spawning gravel supply for salmonids 

(Kondolf and Matthews 1993), reduction in fine-sediment deposits (Hazel et al. 2006) 

utilized by riparian tree seedlings, and increased instream light penetration, which can 

increase the standing stock of benthic algae and macrophyte communities (Lowe 1979).  

 

Large dams in California 

 In California, extensive dam construction has occurred over the last century and a 

half, with currently over 1,400 large dams in the state (Figure 1). Dam construction in 

California peaked in the 1960s and 1970s, with the construction of the massive “foothill” 

dams, located on the major tributaries to the Sacramento-San Joaquin river system, in the 

foothills between the mountains and the alluvial Central Valley (Figure 2). These foothill 

dams include some of the largest dams in the United States. The location of these dams, 

intercepting water and sediment mountain regions before it reaches the plains, has greatly 

reduced sediment supply to the lower rivers. Fourteen of the fifteen major tributaries to 

the Sacramento-San Joaquin river system have been dammed by foothill dams, with only 

one remaining relatively undammed major river, the Cosumnes River.  

 Biologically, one of the most destructive effects of the foothill dams was the 

blocking of access to upstream habitat for native salmonids, such as the Chinook salmon 

(Yoshiyama et al. 1996) and Steelhead trout (Lindley et al. 2006). Seventy to ninety 

percent of the available upstream habitat was blocked by the foothill dams on most river 

systems (Yoshiyama et al. 1996, Lindley et al. 2006), leaving less than thirty percent 

available downstream of the dams, primarily in the Middle Sacramento River and its 

undammed tributaries. Unfortunately, much of the remaining habitat (downstream of the 

dams) does not contain suitable habitat for certain species and seasonal runs of salmon, 

particularly spring run Chinook (Yoshiyama et al. 1996). The remaining habitat 

downstream of the dams continues to degrade with time as the dams alter flow regimes 

and sediment supply (Kondolf and Swanson 1993, Kondolf and Matthews 1993). In 

addition to the reduction in spawning gravels as they are flushed downstream (Kondolf 

and Matthews 1993), many of the rivers in the Sacramento-San Joaquin river system 

report fine sediment problems, primarily associated with the reduction in gravel mobility 

and the infiltration of fine sediment into the spawning gravel (Vyverberg et al. 1997, 

Horner et al. 2004, Kondolf et al. 2001). Many of the salmon species in the Sacramento-

San Joaquin river system have consequently been listed as threatened or endangered 

(Calfed 2000a,b). 
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 In response to the declining fish populations in the downstream rivers and 

concurrent fish declines in the Sacramento-San Joaquin delta, the state of California and 

the federal government have embarked on a series fish rehabilitation programs. Notable 

programs include the Four Pumps program, the Anadromous Fisheries Recovery 

Program, CalFed, and the current Delta Stewardship Council. Hundreds of millions of 

dollars have been spent on restoration activities downstream of the dams to recover these 

fish species. The restoration activities have stopped further declines of most of the fish 

stocks, however, the current fish populations are a fraction of their historical numbers and 

still are considered vulnerable to extinction (CalFed 2000a,b). 

 A major critique of the fish restoration efforts undertaken to date has been the 

absence of a basin-wide comprehensive plan to effectively revitalize these fish species 

and to determine the best use of restoration funds. The only previous comprehensive 

plan, the CalFED Ecosystem Restoration Program Plan (CalFed 2000a,b) evaluated the 

biology of the fish populations extensively, but its assessment of underlying changes to 

hydrology, sediment supply and geomorphology was rudimentary. The recent study by 

the U.S. Army Corps of Engineers (USACE 2002), while called the “Comprehensive 

Study”, only addresses the effects of flows, primarily for levee stability. As a result of the 

lack of a comprehensive plan, many of the restoration projects in the Sacramento-San 

Joaquin river system, while being well-planned and scientifically-based at a site level, 

have been planned and implemented in a piece-meal way. Given limited restoration 

funds, a comprehensive framework of the changes that have occurred downstream of the 

dams, combined with strategic, targeted restoration projects will achieve the most “bang 

for the buck”.  

 

Objectives of this dissertation 

 In this dissertation, I address several large-scale questions concerning the long-

term effects of large dams in California, particularly their effects on the gravel-bed 

reaches of Sacramento-San Joaquin river system. In Chapter 2, I tackle the issue of 

reservoir sedimentation and the lifetime of dams as they fill. In California, many dams 

are often located in the same watershed, raising a thorny issue: how can sediment yields 

be calculated with multiple trapping effects of large dams within the same watershed, 

particularly as they fill over time? In response to this question, I develop a reservoir 

sedimentation model (“3W” model) that accounts for the trapping of dams in the same 

watershed, while also accounting for the decrease in trap efficiency as the dams fill over 

time. Using the 3W model, I calculate long-term sediment yields and estimate the state-

wide sediment trapping and the infilling of dams from 1849 to present and project the 

rates up to the year 2200.  

 Given the varied operation of the foothill dams in the Sacramento-San Joaquin 

river system (Figures 3, 4), it is likely that the response of the downstream gravel-bed 
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rivers also will vary. Of particular interest, particularly due to the biological 

repercussions to salmonid species, is the question: how have the dam-induced changes in 

flow altered bedload transport in the regions downstream of the dams? In Chapter 3, I 

investigate the long-term effects of flow alteration on bedload transport and bed 

conditions downstream of the foothill dams in the Sacramento-San Joaquin river system. 

Using a combination of field data and previously published data from a variety of 

sources, I develop bedload transport curves for the gravel-bed rivers downstream of the 

dams. With the bedload transport curves, I examine the changes between pre- and post-

dam annual bedload transport, the total bedload deficit and the magnitude and frequency 

of bedload transport. 

 For rivers downstream of large dams, a major factor influencing the post-dam 

channel response is the rate and volume of sediment supply from downstream tributaries, 

particularly compared to the pre-dam sediment supply rate and the post-dam transport 

rate (Williams and Wolman 1984, Schmidt and Rubin 1995, Grant et al. 2003). In 

Chapter 4, I address the issue of sediment supply to the downstream rivers in the 

Sacramento-San Joaquin river system using a sediment budget approach. Gravel 

augmentation volumes and rates are collected and compared to the post-dam bedload 

transport capacity using the grain size distribution of the current river bed as well as an 

ideal gravel augmentation grain size distribution.  
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Figures 

 

 
Figure 1. Map of the large dams (black circles) in California (source data CDSD 2007). 

Shaded area is the Sacramento-San Joaquin watershed, with major tributaries. 
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Figure 2. Map of the fourteen foothill dams and their reregulating dams in the 

Sacramento-San Joaquin river system (source data CDSD 2007), also includes the dams 

on the Chowchilla and Fresno Rivers, though these were not studied in the present effort. 

Gray-shaded area downstream of the dams is the undammed watersheds, orange- and 

yellow-shaded areas are the watersheds upstream of the foothill dams. 
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Figure 3a-c. Plots of monthly pre- and post-dam water discharge for the Bear River (top), 

San Joaquin River (middle), and American River (bottom). Note the differences in flow 

alteration between the different dams. 
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Figure 4. Differences in pre-dam and post-dam flood frequency reduction for the Yuba 

River (top), and the San Joaquin River (bottom). In both graphs, the top curves are the 

pre-dam flood frequencies and the bottom curves are the post-dam flood frequencies (in 

each grouping, the top line is the +95% confidence interval, middle line is the mean, and 

the bottom line is the -95% confidence intervals). The flood frequencies for 2-year and 

larger flows (probability < 0.5) on the Lower Yuba River have not been significantly 

affected by dams. In contrast, on the San Joaquin River, nearly all flood frequencies have 

been significantly reduced compared to the pre-dam state, in some cases they are reduced 

by more than a factor of 10.  
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Chapter 2: Estimating reservoir sedimentation rates at large spatial  

and temporal scales: A case study of California 

Abstract 

 Previous reservoir sedimentation models have ignored two key factors for large 

spatial and temporal modeling of multiple reservoirs: trapping by upstream dams and 

decreasing sediment trapping as reservoirs fill. A spreadsheet-based model was 

developed that incorporates both factors. Using California as a case study, measured 

sedimentation rates were used to estimate sediment yields for distinct geomorphic regions 

and applied those rates to unmeasured reservoirs by region. Statewide reservoirs have 

likely filled with 2.1 billion m
3
 of sediment to date, decreasing total reservoir capacity by 

4.5%. About 200 reservoirs have likely lost more than half their initial capacity to 

sedimentation. 

 

Introduction 

 Reservoir sedimentation is a serious problem in many regions with high sediment 

yield, particularly in geologically active regions such as California. Small-capacity 

reservoirs in rapidly eroding mountain regions are most vulnerable to sedimentation 

problems. The costs of dealing with accumulated sediments can be prohibitively 

expensive and, for some dam removals, have been the greatest component of dam 

decommissioning costs (e.g., U.S. Bureau of Reclamation 2006). Even before reservoirs 

fill completely with sediment, sediment within the reservoir can reduce usable capacity, 

interfere with outlet works, damage turbines, and cause backwater flooding upstream 

(Morris and Fan 1998). Reservoirs filled with sediment may be at greater risk during 

earthquakes because accumulated sediment deposits are denser than water and may exert 

greater force against the dam during seismic shaking (Chen and Hung 1993). Reservoir 

sediments are also a significant global sink for carbon and other important nutrients 

(Vorosmarty et al. 2003, Stallard 1998). In addition, the trapped sediment is not available 

for downstream economic and ecological benefits, such as beach replenishment (Willis 

and Griggs 2003) or salmonid habitat, and release of sediment-starved water commonly 

causes bed incision in the downstream channel, which can result in downstream stream 

bank erosion, infrastructure damage, and drawdown of the alluvial water table (Williams 

and Wolman 1984, Kondolf 1997). 

 In the design and maintenance of most reservoirs, little thought has been given to 

sustaining reservoir functions as capacity is progressively lost to sedimentation. Instead, 

most reservoirs are designed with extra capacity to be able to absorb sediment inputs 

without losing reservoir function over the planned lifetime of the dam, which is typically 

50 years (Morris and Fan 1998). The loss of reservoir capacity from sedimentation is 

difficult to offset with construction of new reservoirs because reservoirs have already 

been constructed at most viable sites in the developed world (Morris and Fan 1998). 
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Maintaining reservoir capacity into the future will require that we address capacity losses 

from sedimentation, which requires tools to predict sedimentation rates and to identify 

reservoirs vulnerable to rapid sedimentation.  

 Existing reservoir sedimentation models are not able to model large temporal or 

spatial scale patterns of sedimentation involving multiple dams, primarily due to the 

extensive data requirements of the models. Current sedimentation models include 

process-based models that operate at small temporal and spatial scales (i.e. single 

watersheds and a short range of years) and require data such as yearly or daily hydrologic 

records, detailed reservoir bathymetry, and sediment grain size distributions (e.g. Ackers 

and Thompson 1987, Sundborg 1992, Lajczak 1996, Tarela and Menendez 1999, Rowan 

et al. 2000). Similarly, geographic information system (GIS) based large spatial scale 

models estimate sedimentation on the basis of land use and/or hydrologic data 

(Verstraeten et al. 2003, Vorosmarty et al. 2003), which are lacking for most areas, 

particularly for historical periods. In addition, applying these process-based models 

without calibration can result in modeled sediment yields diverging from measured 

sediment yield rates by orders of magnitude (Trimble 1999). 

 Most importantly, existing reservoir sedimentation models do not account for two 

important factors: the effects of trapping by upstream reservoirs and changes in the rate 

of sediment retention, known as the trap efficiency, over time as reservoirs fill. As 

upstream reservoirs are built, they can reduce sediment yield to downstream reservoirs. 

This effect is particularly important in areas with numerous reservoirs within the same 

watershed, as exemplified by the 57 reservoirs on the American River and tributaries 

upstream of Folsom Reservoir, California (California Division of Safety of Dams 

(CDSD), Electronic database of dams and reservoirs in California, 2004, available at 

http://www.water.ca.gov/damsafety/). 

 Temporally variable trap efficiency, the percentage of the incoming sediment 

trapped by a reservoir, is an important factor to include in sedimentation models when the 

time scale of the model is approaching the time scales at which appreciable changes 

occur in reservoir capacity because of reservoir sedimentation. For bed load sediment, 

trap efficiency is 100% (except in very small diversion or low-head navigation dams) but 

for suspended sediment trap efficiency varies roughly with the ratio of reservoir capacity 

to river inflow: large reservoirs typically approach 100% and small reservoirs are less 

efficient, with trap efficiency decreasing over time as sedimentation reduces capacity 

(Brune 1953). Previous reservoir sedimentation models have either not incorporated trap 

efficiency (Dendy et al. 1973), thereby implicitly assuming 100% trap efficiency, or have 

used constant trap efficiency less than 100% (Taylor 1983, Renwick et al. 2005, 

Vorosmarty et al. 2003).  

 In this study, I develop a new spreadsheet-based model that iteratively calculates 

sediment yield, accounting for trapping by upstream reservoirs and changing trap 

efficiency with time. As a case study, the model was applied to California, where a large 

number of the state’s 1391 dams are in areas of high sediment yield. Dozens of small 
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reservoirs in the state have already experienced significant capacity loss, and the 

population of reservoirs is aging: more than half are more than 50 years old, and at least 

170 are more than a century old (Figure 1). 

 

Methods 

 The approach used here consists of two parts: (1) a determination of sediment 

yield by geomorphic region from measured reservoir sedimentation rates and (2) the 

application of this sediment yield rate to unmeasured reservoirs in each region. 

 

2.1. Determining sediment yield by geomorphic region 

 To capture the pronounced regional variations in sediment yield, geomorphic 

regions were delineated, as those defined by the California Geological Survey (CGS) 

(2002) on the basis of similar climate, relief, geology, and vegetation (Table 1 and Figure 

2a). To determine sediment yield by region, reservoir sedimentation data was compiled 

from Dendy and Champion (1973, 1978), Federal Interagency Sedimentation Committee 

(FISC) (1992), Willis and Griggs (2003), Kondolf and Matthews (1993), and unpublished 

data of B. Greimann, U.S. Bureau of Reclamation (personal communication, 2005). 

Remarkably few reservoirs in California have been subject to sedimentation surveys, with 

the number of surveys declining since the mid-20th century (Figure 3). Three reservoirs 

were excluded (Matilija, San Clemente, and Englebright) that have been proposed for 

removal and have good sedimentation data to use to test the model. 

 To locate the reservoirs, an initial assessment was performed of the Reservoir 

Sedimentation Information System (RESIS) (Steffen 1996), which organized data from 

Dendy and Champion (1973, 1978) and FISC (1992) into a computerized database, later 

updated (as RESIS-II) with an automated location program that attempted to match 

coordinate data from each of the reservoirs, with approximately 75% success (Stallard et 

al. 2001). The RESIS-II database had inconsistencies in reported drainage areas and 

spelling of reservoir names (Stallard et al. 2001), errors in reservoir location, and 

duplicate entries with conflicting data. Instead, the reservoir sedimentation records were 

matched to the database of the CDSD, which regulates the 1391 dams in the state that 

exceed a threshold size of 7.7 m high and 18,500 m
3
 storage capacity or 1.8 m high and 

61,700 m
3
 storage capacity. Initially, 214 reservoirs were identified with sedimentation 

records, from which the records were removed for debris basins (89) and dry flood-

control-only reservoirs (19) because they are dry most of the year and would have 

different trap efficiencies. Also excluded were diversion dams (1) and reservoirs that 

lacked essential data, such as age or size (2). This left 103 reservoirs, for which the 

locations could be determined for 69 by matching the name, stream, size, and 
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construction date to the CDSD database. The remaining 34 reservoirs were not used 

because their location could not be confidently determined. 

 Using Universal Transverse Mercator (UTM) coordinates in the CDSD database, 

the locations of all dams (measured and unmeasured) were plotted on a GIS map of 

California and dendritic diagrams were compiled relating reservoirs to others upstream 

and downstream. Superimposing geomorphic regions of California (from CGS, 2002) 

onto the larger GIS map, each reservoir was assigned to one of the regions on the basis of 

its catchment’s dominant geomorphic region. 189 dams were excluded from the CDSD 

database since they lacked drainage area, year completed, or UTM coordinates, leaving 

1202 dams. Overlaid on a GIS layer of reservoirs and lakes, the CDSD dams typically 

plotted within tens of meters of where the hydrography data set displayed the appropriate 

lake or reservoir. There were significant differences between the CDSD and the National 

Inventory of Dams (NID) databases, despite the fact that the California entries in the NID 

were supposedly compiled from CDSD data. Hundreds of dams appeared in one but not 

the other database. The source of this discrepancy was not obvious. 

 

2.2. Estimating sediment yield rates by geomorphic region 

 The following equation from Brown (1944) was used to calculate trap efficiency, 

expressed in S.I. units: 

Ca,t = 1 – 1 / [1 + (0.00021 x Ka,t-1 / Wa)]    (1) 

where Ca,t is trap efficiency (expressed as a decimal percent) of reservoir a at time step t; 

Ka,t-1 is reservoir capacity (m
3
) of reservoir a at time step t - 1, calculated by equation (5); 

and Wa is drainage area (km
2
) of reservoir a. The Brown equation was chosen instead of 

the better known Brune curve (Brune 1953) because the Brune relation requires water 

inflow data, which were available for only about 20% of the reservoirs. 

 To calculate the sediment yield from a basin with a reservoir that has a 

sedimentation record, a coupled worksheet model was constructed to calculate the 

weighted watershed area (adjusted for upstream construction of reservoirs and trapping 

effects) for a reservoir of interest, while taking into account trap efficiency for all 

reservoirs in the basin and construction of upstream reservoirs. For the first worksheet, a 

set of formulas were created, three versions of which are shown here for each time step (a 

year in this case), to take into account trap efficiency as well as upstream reservoirs: 

A’a,t = {Ca,t[Aa – (A’b + A’c +…)]},     (2) 

A’b,t = {Cb,t[Ab – A’c]},      (3) 

A’c,t = {Cc,tAc}        (4) 
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This set of equations represents the weighted watershed area (A’) for a single time step 

for a set of reservoirs along a single mainstream. In the equation, A’ is the weighted 

watershed area (km
2
) during the time step; C is trap efficiency (decimal), calculated from 

Brown’s (1944) equation (1); A is the drainage area (not sediment contributing area) 

(km
2
); subscripts a, b, and c denote different reservoirs: in this case reservoir a is farthest 

downstream and c is upstream of b; and subscript t denotes current time step (yearly in 

this case). If reservoirs b and c were on separate streams and not in line with each other, 

the formula to use for reservoir b would be equation (4). 

 For the first part of the study, to determine the sediment yield rates for reservoirs 

with measured sedimentation rates, two populations of reservoirs were differentiated: 

measured and unmeasured. Since the infill rates and sediment yield are not known a 

priori for the unmeasured reservoirs, the initial trap efficiency was used as the single 

value for unmeasured reservoirs upstream of the measured reservoir of interest. For the 

measured reservoirs, since both initial and final trap efficiency could be calculated, a 

linear interpolation was used between them to determine trap efficiency for the 

intervening years. For the second part of the study, in which the sediment yield rates were 

applied to calculate reservoir sedimentation in unmeasured reservoirs, trap efficiency was 

calculated from the Brown (1944) curve on a yearly basis as described in equation (1). 

 The following equation was used to determine the volumetric sediment yield for a 

single measured reservoir: 

Y = Xa / sum(t start to t finish)(A’a)      (5) 

where Y is the sediment yield of the basin (m
3
 km

-2
 per time step), Xa is the amount of 

sediment accumulated in reservoir a (m
3
), sum(t start to t finish) is the sum over the years of 

the sedimentation survey from which Xa is derived, and A’a is calculated from equations 

(2), (3), and (4) above. Here Y is a volumetric sediment yield, not sediment yield by 

weight, since it has not been corrected for the density of the sediment in the reservoirs. 

 

2.3. Estimating reservoir sedimentation in unmeasured reservoirs 

 For the second part of the study, estimating reservoir sedimentation in 

unmeasured reservoirs, the calculated volumetric sediment yield values was used for each 

geomorphic region from the first part of the study, applying the median sediment yield as 

well as the 25th and 75th quartiles (Table 1). Geomorphic regions lacking measured 

reservoirs (Modoc, Cascade, Basin and Range, and Mojave Desert), were assigned yields 

from nearby regions.  

 A coupled three-worksheet (3W) model was constructed, similar to the model for 

estimating sediment yield, linking yearly time steps of varying trap efficiency, reservoir 

capacity, and reservoir sedimentation rate. For the first worksheet of the 3W model, a set 
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of formulas was created, three of which are shown here, to calculate reservoir 

sedimentation in a given reservoir for each time step (a year in this case), taking into 

account trap efficiency as well as upstream reservoirs: 

Ra,t = {Ca,t-1[AaY – (Rb + Rc + Rc + …)]},    (6) 

Rb,t = {Cb,t-1[AbY – (Rc)]},      (7) 

Rc,t = {Cc,t-1[AcY]}       (8) 

This set of equations represents the reservoir sedimentation R for a single time step for a 

set of reservoirs along a single mainstream. In the equation, R is the amount of sediment 

(m
3
) trapped during the time step; C is trap efficiency (decimal), in this case calculated in 

the second worksheet from Brown’s (1944) equation (1); A is the reservoir’s drainage 

area (not just the area below upstream dams) (km
2
); Y is sediment yield (m

3
 km

-2
 per time 

step); subscripts a, b, and c denote different reservoirs: in this case reservoir a is farthest 

downstream and c is upstream of b; and subscript t denotes current time step (yearly in 

this case), while subscript t - 1 represents the previous time step. If reservoirs b and c 

were on separate streams and not in line with each other, the formula to use for reservoir 

b would be equation (8). To determine the total amount of sediment deposited, R was 

summed for the period of interest. 

 In the second worksheet, trap efficiency was calculated for each reservoir using 

the Brown (1944) curve, equation (1) in section 2.2, with the capacity term, K, calculated 

in the third worksheet. The third worksheet calculates the reservoir capacity to reflect the 

amount of sediment deposited in the reservoir during the previous time step: 

Kt = Kt-1 - Rt        (9) 

where K is reservoir capacity (m
3
), subscripts t and t - 1 denote the current and previous 

time step, and R (m
3
) is the calculated value from equations (6), (7), and (8) above.  

 Reservoir sediment was assumed to all have the same density, 960 kg m
-3

, the 

median value from Dendy and Champion (1973, 1978) and FISC (1992), after comparing 

reported values of density among geomorphic regions. The linked 3W worksheets used to 

determine both steps of this study (estimating sediment yield from measured reservoirs 

and estimating reservoir sedimentation in unmeasured reservoirs) can be found in the 

auxiliary material for this paper stored at the University of California, Water Resources 

Center Archives.  

 

2.4. Uncertainty and limitations of the model 
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 Many variables influence sediment deposition within a reservoir, including flow, 

relative pool height, sediment supply from upstream, and sediment size and distribution, 

which vary regionally with geology, geomorphic delivery processes, land use history, 

fires, and climatic cycles. The approach used here assumed that similar processes occur 

within geomorphic regions and that these processes are constant through time, which is a 

simplification necessary for computation. Thus, this model is appropriate for detecting 

regional trends and highlighting reservoirs potentially at risk of sedimentation but would 

not give accurate estimates of sedimentation within individual reservoirs. 

 For this study, the assumption was that the surface sediment samples from Dendy 

and Champion (1973, 1978) and FISC (1992) were representative of the sediment density 

found throughout each individual reservoir, but in reality sediment density can vary in a 

single reservoir with sample location and depth and how composite sediment density is 

calculated for the reservoir (e.g., Snyder et al. 2006). For the 3W model, the median 

sediment density of 960 kg m-3 from Dendy and Champion (1973, 1978) and FISC 

(1992) (taken primarily from grab samples at the top layer of sediment) was applied to all 

geomorphic regions in the study since there was little statistical evidence to support using 

a different value, but densities could certainly vary among and within regions. 

 

Results 

 The median sediment yield in the state is 180m
3
 km

-2
 yr

-1
, with the highest yield 

(520m
3
 km

-2 
yr

-1
) in the Transverse Ranges and the lowest (89 m

3
 km

-2
 yr

-1
) in the Central 

Valley. Although compilations of sediment yield data typically show smaller yields from 

larger basins (Walling 1983), no such trend was apparent in this small data set. Total 

annual sediment accumulated in California reservoirs through the year 2008 is estimated 

to be 2.1 billion m
3
, representing a decrease of 4.5% of the state’s total reservoir storage 

capacity of 47.2 billion m
3
. Extrapolated to year 2200, the cumulative sedimentation is 

predicted to reach 7.1 billion m
3
 (15% of statewide capacity) (Figure 4). 

 The 3W model predicted that at present, over 120 reservoirs have capacities 

reduced to less than 25% of original capacity and almost 190 reservoirs have less than 

50% of original capacity remaining (Figure 2b). These include not only small diversion 

dams and debris basins but also several moderate-sized reservoirs with well-known 

sedimentation problems, including San Clemente, Searsville, Jameson, Gibraltar, 

Matilija, and Century reservoirs. 

 Comparing the 3W model results against sedimentation data for three well-studied 

reservoirs exposed some discrepancies, as should be expected when using a median or 

mean sediment yield value. San Clemente Reservoir on the Carmel River decreased in 

reservoir capacity from 1.76 million m
3
 in 1921 to 154,000 m

3
 in 2000 (Coastal 

Conservancy 2007), a difference of 1.62 million m
3
. The 3W model predicted 1.65 

million m
3
 of sediment, close to the measured loss of capacity. Englebright Dam on the 
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Yuba River was built in 1941 with an initial reservoir capacity of 86 million m
3
. The 3W 

model estimated that Englebright Reservoir should have 5.6 million m
3
 of sediment on 

the basis of regional trends, but Childs et al. (2003) estimated the volume of sediment in 

the reservoir at 21.9 million m
3
. This discrepancy may be explained by the fact that the 

measured reservoirs that were used to develop the sediment yield rate for the Sierra 

Nevada do not include many from the hydraulically-mined region. Englebright Dam was 

built specifically as a debris basin to trap sediment from hydraulic mining upstream, 

much of which remains in tributaries and continues to move down into the reservoir 

(James 2005). As such, the catchment sediment yield of the Yuba River and other historic 

mining regions is likely much higher than elsewhere in the Sierra Nevada. Matilija Dam 

on Matilija Creek (Ventura River) was built in 1949 with a capacity of 8.66 million m
3
, 

which decreased to 5.45 million m
3
 in 1967 when the dam was lowered out of safety 

concerns arising from structural deterioration (U.S. Bureau of Reclamation 2006). 

Matilija Dam had approximately 615,000 m
3
 of storage remaining in 1999, with the 

reservoir nearly full of 4.5 million m
3
 of sediment trapped (U.S. Bureau of Reclamation 

2006). The 3W model estimated 3.2 million m
3
 of deposited sediment, or approximately 

70% of the observed reservoir sedimentation. 

 

Discussion 

 When creating reservoir sedimentation models, it is important to take into account 

trapping by upstream reservoirs and incorporating variable trap efficiency in areas with 

numerous dams in the same watershed. Without taking into account upstream reservoirs, 

the total drainage area impounded by dams in California would appear to be 906,000 km
2
 

(over 2 times the area of the state). However, after correcting for reservoirs in upstream 

watersheds using the 3W model, the impounded drainage area drops to 186,000 km
2
 46% 

of the state). The results of the 3W model were compared against two simple reservoir 

sedimentation models, both of which did not account for trapping by upstream reservoirs 

and assumed either perfect trap efficiency or set trap efficiency to the static initial value. 

The two simpler models overpredicted reservoir sedimentation rates compared to the 3W 

model by 416% and 161%, respectively, up to the year 2008 (Figure 4).Without 

accounting for upstream dams or trap efficiency, total sedimentation in the year 2200 

would be projected to be 33.1 billion m
3
, or two thirds of the state’s reservoir capacity, 

much higher than the volume projected by the 3W model (7.1 billion m
3
). 

 While the median rates of sediment yield were chosen to estimate sedimentation 

in unmeasured reservoirs for this study, a valid critique is that median rates are an overly 

conservative estimate and ignore some of the high rates of sedimentation observed in a 

few of the measured reservoirs (Figure 5). Some of the high rates of sedimentation 

observed in the measured reservoirs are associated with the effects of fires, which can 

increase sediment yields by up to 10-80 times for the year immediately following the fire 

(Krammes 1969, Rice 1982). The effects of fire on sediment yields is a complex process, 

the effects of which depend on a variety of factors including extent and intensity of the 
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fire and the intensity and timing of rainfall following the fire (Moody and Martin 2001). 

In general, sediment yield rates decrease quickly after the first year, with yields returning 

to pre-fire rates within four to ten-years, likely related to vegetation regrowth (Rice 1982, 

Moody and Martin 2001). For this particular study, median rates were chosen to estimate 

rates of reservoir infilling since they most closely represented the rates affecting the 

majority of reservoirs (i.e. relatively few reservoirs would be expected to be influenced 

by large-scale fires). Given the long return period of large-scale fires (on the order of 30-

200 years depending on the region), the use of mean rates would most likely produce 

sediment yields that would be more typical of long-term landscape sediment yields.  

 The 3W model as well as future reservoir sedimentation models could be 

improved by a statistical analysis of the Brown (1944) and Brune (1953) sediment 

trapping data since these curves are still recommended in standard reservoir engineering 

textbooks (Vanoni 2006). The Brown and Brune equations were derived by fitting the 

data by eye and, as such, no meaningful statistical information can be gleaned from them. 

A brief statistical analysis was performed during the course of this current study and 

found that compared to the original data, both Brown and Brune’s equations produce 

residuals that have a trend and are not homoschedastic. An improvement of generalized 

trap efficiency equations would be a valuable contribution to the field. An expansion or 

evaluation of the quality of their data set also would be warranted. In California, a 

welcome addition to the current reservoir sedimentation database would be additional 

sedimentation surveys, particularly in geomorphic regions that have not been well studied 

such as the Siskiyou, Mojave Desert, and Modoc Plateau regions. 

 

Conclusion 

  Sediment accumulated in reservoirs creates costly problems for dam operation 

and ultimate decommissioning. Many of the dams on the landscape can be viewed as 

future maintenance problems, which will become more urgent as they fill with sediment 

and lose capacity. In addition, the carbon stored within reservoir sediments has been 

shown to be a significant sink of terrestrial carbon (Stallard 1998). Given that most 

reservoirs have not been surveyed for sedimentation, managers could benefit from a tool 

with which to identify at a regional level those reservoirs at higher risk of filling in the 

near future so that problems can be anticipated and countermeasures can be explored and 

implemented such as installation of upstream sediment traps, sediment pass-through, 

flushing, or mechanical removal. 

 The 3W model presented here is the first such model to estimate reservoir 

sedimentation at a large number of reservoirs while taking into account the effect of 

reduced sediment input due to trapping by upstream dams, important in rivers with 

multiple dams. The model serves to identify reservoirs vulnerable to sedimentation 

problems by virtue of their size and regional sediment yields and which may be likely 

candidates for either removal or sediment management. This study indicates that 
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sedimentation rates are small relative to overall storage capacity statewide, but some 

individual reservoirs have been affected because of their small capacities and high 

sediment yields of their catchments. The model correctly identified several small 

reservoirs that have been recognized as having filled (or nearly so) with sediment and 

identified several others that are likely to experience such problems in the near future, 

which have important implications given the high costs of dredging or decommissioning 

such structures. While a state-level study was completed here, the 3W model could be 

applied equally well to individual watersheds with varying sediment yields. By 

anticipating which reservoirs are most vulnerable to capacity loss from sedimentation, the 

3W model approach is a tool with which managers can identify reservoirs at risk and can 

implement countermeasures where feasible and warranted to avoid the costs of sediment-

filled reservoirs. 
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Figures 
 

 
 

Figure 1. Graph showing the cumulative reservoir storage capacity and number of dams 

built per year in California (source, CDSD dataset 2004). 
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Figure 3. Period of reservoir sedimentation surveys in California. Note the sparseness of 

data for the latter part of the 20th century. Numbers on the y axis correspond to the 

reservoir identification numbers held on file at the University of California, Berkeley, 

Water Resources Center Archives. 
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Figure 4. Cumulative reservoir capacity and estimates of reservoir sedimentation. Shown 

are long-term reservoir sedimentation accumulation predicted by the 3W model and 

predictions by simplified sedimentation models that do not account for multiple upstream 

dams or temporally variable trap efficiencies. 
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Figure 5. Map of California showing measured reservoir sedimentation rates. Note the 

several high sedimentation rates spread throughout the state.  
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Chapter 3: Magnitude, Frequency and Duration: Sediment mobilization 

downstream of dams in the Sacramento-San Joaquin river system of 

California 
 

Abstract 

 Large dams commonly alter the natural regimes of hydrologic and geomorphic 

processes that are critical for the maintenance of native instream and riparian 

communities. Much of the previous research on the long-term geomorphic effects of 

dams has been conducted on sand-bedded streams, often within only two decades of dam 

closure. Less is known about the long-term effects on gravel-bedded streams, which 

likely respond over longer timeframes. In the Sacramento-San Joaquin river system, 

excellent flow and good geomorphic datasets exist for the gravel-bedded streams 

immediately downstream of the largest “foothill” dams, with 50-year pre- and post-dam 

data as well as hundreds of agency and consulting reports. There has been no 

comprehensive effort to evaluate the long-term changes in magnitude and frequency of 

bedload transport downstream of these dams, despite hundreds of millions of dollars 

spent on restoration efforts. In this study, bedload transport is calculated to estimate the 

long-term downstream effects of these dams using data from an extensive data and 

literature search combined with supplemental data collected during this study, including 

topographic data and gravel tracer from the water year 2006. The average reduction in the 

2-year return interval flow for the dams is 65% (ranging from 34% to 95%), however, 

there is a larger range for other return intervals, with some post-dam flows remaining 

equal to pre-dam magnitudes, particularly at larger return intervals. The results of the 

tracer gravels show extensive gravel movement downstream of the dams, indicating that 

even after 50+ years of operation, the riverbeds below the dams are continuing to 

transport sediment and are continuing to respond to the cessation in sediment supply.  

Post-dam annual bedload transport has fallen by an average of 45%, with bedload 

transport of particles greater than 8mm decreasing by 42%. Some rivers, while having 

reductions in flood flows, had increases in bedload transport downstream of the dam, 

primarily due to increases in medium-magnitude medium-frequency events. Bedload 

transport is still transported at large volumes (>100,000 m
3
 / yr) for most sites. Effective 

discharge in these channels is difficult to determine due to confounding factors such as 

instream gravel mining and historical gold mining, however, the majority of the rivers 

have a high-percentage of total bedload being transported at discharges larger than the 5-

year return interval. This result suggests that higher discharge events are now controlling 

channel response, instead of high frequency low-magnitude events.  
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Introduction 

Importance of the natural flow regime 

 Natural regimes of hydrologic and geomorphic processes are critical for the 

maintenance of native instream and riparian communities (Poff and Ward 1989, Gregory 

et al. 1991, Poff et al. 1997). High flows disturb river channels, banks, and floodplains, 

thereby generating new landforms and areas for colonization by both riparian and 

instream communities (Gregory et al. 1991).  Thus at any one time, due to geomorphic 

disturbance, a river has a suite of habitat types each occupied by different species 

assemblages forming a diverse patchwork of species and habitats (Naiman and Decamps 

1997).  Native riparian plants, such as cottonwoods, and instream organisms depend on 

natural flow regimes because they have life-history strategies that are timed to exploit the 

predictive timing and magnitude of natural flow events (Poff and Ward 1989, Naiman 

and Decamps 1997, Mahoney and Rood 1998).   

 

Detrimental effects of large dams on the natural flow and sediment regime 

 Large dams, due to their capacity to store large amounts of water, have the 

potential to disrupt the natural flow regime and sediment supply in downstream rivers, 

and thus alter the physical template on which instream and riparian communities depend 

(Petts 1979, Petts 1984, Williams and Wolman 1984, Collier et al. 1996, Richter et al. 

1996, Grant et al. 2003).  The most common downstream hydrologic effects of large 

dams are decreased magnitude and frequency of high flows, increased duration and 

magnitude of low flows, decreased connectivity between the channel and floodplain, 

altered timing of flow during the year, and altered temperature regimes (Ward and 

Stanford 1979, Petts 1984, Collier et al. 1996, Nilsson and Berggren 2000). Reduction in 

scouring peak flows and an increase in low flows often allows vegetation to encroach 

onto previous streambed surfaces (Wilcock et al. 1996, Surian 1999), thereby reducing 

instream habitat and sediment supply. Recruitment of riparian vegetation has been found 

to decrease significantly below dams for certain riparian species, such as cottonwoods, 

that depend on occasional disturbance and consistent stage reduction through the seed 

germination period (Mahoney and Rood 1998, Everitt 1995, Johnson 2002, Nakamura 

and Shin 2001).  Native instream communities in regions, like California, with high inter- 

and intra-annual variation in climate are particularly susceptible to dam-induced flow 

alterations compared to communities in more temperate regions (Gasith and Resh 1999, 

Poff and Ward 1989). Riparian and instream communities typically respond to the 

alteration of natural flow by shifting towards less diverse communities, often with high 

numbers of invasive species (Ward and Stanford 1979, Petts 1984). 

 In addition to altering flow regimes, large dams trap all coarse sediment and 

nearly 100% of the fine sediment within their upstream reservoirs (Brune 1953). This 
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sediment trapping starves downstream channels of both bedload and suspended sediment 

supply, resulting in bed incision as material is excavated from the bed (Gilbert 1917, 

Williams and Wolman 1984, Kondolf 1997, Vericat and Batalla 2006), and often causes a 

concurrent bed material coarsening (Williams and Wolman 1984, Petts 1979, Dietrich et 

al. 1989). Incision of the river bed may further decouple the river channel from its 

surrounding floodplain (Williams and Wolman 1984).  The dam-related changes in 

sediment supply and transport can extend for hundreds of kilometers downstream 

(Williams and Wolman 1984, Andrews 1984). Biological effects of dam-related sediment 

trapping can include reduction in spawning gravel supply for salmonids (Kondolf and 

Matthews 1993), reduction in fine-sediment deposits (Hazel et al. 2006) utilized by 

riparian tree seedlings, and increased instream light penetration, which can increase the 

standing stock of benthic algae and macrophyte communities (Lowe 1979).  

 Much of the previous research on the effects of dams on the magnitude and 

frequency of downstream geomorphic processes has occurred on what were previously 

sand-bedded streams (e.g. Williams and Wolman 1984, Andrews 1984, Schmidt and 

Rubin 1995). Less is known about the long-term (e.g. 50+ year) geomorphic response of 

gravel-bedded streams to regulation. In particular, the higher threshold of mobility in 

gravel-bedded systems results in less-mobile beds compared to sand-bedded streams, in 

which sand mobilizes at relatively low shear stresses and can move as both bedload and 

suspended load. Gilvear (2004) found that the gravel-bedded Spey River, Scotland, 

responded to regulation primarily by narrowing and was still adjusting its bed 60 years 

later. The Trinity River in Northwestern California (Wilcock et al. 1996) is one of the 

few well-studied regulated gravel-bedded streams and exhibits some of the unique factors 

affecting regulated gravel-bedded streams. Due to flow diversion out of the Trinity Basin 

and into the Sacramento-San Joaquin system, the transporting ability of the Trinity has 

been reduced such that the primary adverse effects are the deposition of sand and fine 

sediment into the main channel from tributaries and the development of deltas at major 

tributary junctions (Wilcock et al. 1996, Milhous 1997). Additionally, sediment trapped 

by the dam and riparian encroachment onto the previous gravel bar surfaces have greatly 

reduced gravel supply, resulting in a decrease of bar topography (Scott McBain, McBain 

and Trush, pers. comm.) and a lack of suitable spawning and rearing habitat for 

salmonids (Wilcock et al. 1996). 

 The Sacramento-San Joaquin river system of California has been extensively 

dammed during the last century, with 619 dams in the watershed large enough to be 

regulated by the California Division of Dams (jurisdictional CDSD dams are larger than: 

7.62 m in height and 18,500 m
3
 in volume or 1.83 m in height and 61,600 m

3
 in volume, 

CDSD 2005) (Figure 1). 42% of the Sacramento-San Joaquin watershed, including nearly 

all of the high-elevation areas, which have the highest precipitation, is now contained 

behind the major “foothill” dams (Figure 2). The foothill dams, located at the mountain 

fronts as the rivers decrease slope, include some of the largest dams in the world, with a 

range of dam sizes, periods of operation and operating styles (CDSD 2005). The 

construction of these dams has greatly affected the downstream gravel-bedded rivers, 
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including altering the magnitude and frequency of the natural flow regime and greatly 

reducing sediment supply (Porterfield et al. 1978, CDWR 1981, Kondolf and Matthews 

1993, Singer and Dunne 2004). There is some evidence that the channels downstream of 

the dams are continuing to evolve, despite the passing of 40- to 70-years since dam 

closure, including grain size coarsening (Figure 3) (CDWR 2004a), vegetation 

encroachment (Vick 1995, Kondolf et al. 1996), and incision. Incision, while difficult to 

pin down using point locations such as USGS gaging stations, has been observed in the 

range of 1-4m for the reaches downstream of several of the dams (James 1991, 1997, 

Cain 1997, Kondolf and Swanson 1993, Fairman 2007), suggesting that these reaches are 

still adjusting to the effects of dam closure, although the continuing incision through 

historical mining sediment may be a confounding factor in some rivers (James 1991, 

1997). In addition to blocking upstream access to 82% of salmonid habitat (Yoshiyama et 

al. 1996), the dams in the Sacramento-San Joaquin river system have continued to 

degrade the remaining downstream habitat, such that, present salmonid stocks are much 

reduced compared to historical population levels (Sommer et al. 2001, Williams 2001). 

Restoration efforts of these threatened and endangered fish runs is a major motivation for 

the restoration of the rivers downstream of the major foothill dams (CalFed 2000a,b).  

 Only sparse information exists regarding the dam-related alteration to bedload 

transport frequencies and magnitudes downstream of the dams in the Sacramento-San 

Joaquin river system, despite hundreds of reports and restoration projects and hundreds of 

millions of dollars spent on restoration efforts. The few data that do exist and are 

pertinent to bedload transport in the Sacramento-San Joaquin river system are 

interspersed among the agency and consulting reports. To date, there has been no 

systematic review or compilation of the available river specific geomorphic information.  

The last compilation effort, the CalFed Ecosystem Restoration Program Plan (CalFed 

2000a,b), did not adequately address geomorphic issues, a fact that has been widely 

recognized. A synthesis of the existing data and compilation into bedload transport 

estimates would be a significant contribution to the understanding and restoration of these 

rivers.  

 

Objectives           

 The primary objective of this study is to evaluate the bedload transport 

downstream of the dams on the fourteen major dammed tributaries in the Sacramento-San 

Joaquin river system and to compare the long-term effects of dams on bedload transport. 

The questions of interest for this chapter include: What are the current rates of bedload 

transport? Are the channels downstream of the dams still adjusting to dam closure (i.e. is 

bedload transport still occurring and how frequently)? What has been the effect of the 

long-term (50+year) dam regulation on the bedload transport in the streams below the 

dams? 
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Site Description 

The Sacramento-San Joaquin River System 

 The Sacramento-San Joaquin river system is located approximately 150 

kilometers inland of the Pacific Ocean and connects to the coast via the San Francisco 

Delta and San Francisco Bay, eventually exiting through the Golden Gate (Figure 2). The 

Sacramento River drains the northern part of the valley, and the San Joaquin River drains 

from the south. Both the Sacramento and San Joaquin receive waters from the western-

side of the Sierra Nevada Mountains, as well as the eastern-side of the Coast Ranges. 

Runoff from the Coast Ranges is primarily dominated by winter-storm events (Jones et 

al. 1972), while the runoff from the Sierra Nevada is dominated by a combination of 

snowmelt and winter-storm events. Summer months in California’s Mediterranean 

climate have little precipitation, and the majority of precipitation occurs in a relatively 

small time period between November and April.  

  The Sacramento-San Joaquin has had other human-caused historical influences in 

addition to dam construction. One of the largest impacts was hydraulic mining that 

occurred during the gold rush of the 1850s-1890s (Gilbert 1917), the effects of which 

continued into the early 1900s (James 1999) (Figure 4). The impacts of hydraulic mining 

are detailed by Gilbert in his classic 1917 study, where he estimated approximately 2,360 

x10
6
 m

3
 of sediment was excavated from the Sierra Nevada tributaries (primarily Yuba, 

Bear, and American with lesser impacts on Feather and some of the southern tributaries), 

with 203 x10
6 

m
3
 still deposited in the stream channels of the Sierras, and 405 x10

6 
m

3
 

deposited in piedmont deposits at base of the foothills. Many of these deposits today are 

still in place upstream of the foothill dams (James 1989). Gilbert (1917) proposed that 

even in his time the main aggradational effects of hydraulic mining had passed, a 

hypothesis that has since been revised by James (1997) to reflect the slow moving tail of 

the lag deposits left behind by the original sediment wave. Englebright Dam on the Yuba 

River, one of the smallest foothill dams, was commissioned specificially as a retention 

dam to halt downstream progression of the hydraulic mining sediment (James 2005, 

Childs et al. 2003).  

 Other important factors influencing the geomorphology downstream of the 

foothill dams include gold dredging on piedmont and instream that occurred in the mid-

1900s and was particularly active on the San Joaquin tributaries, Clear Creek and the 

Yuba and Bear Rivers (Clark 1969, Vick 1995, Kondolf and Matthews 1993). Instream 

and floodplain gravel mining (1930s-1990s) have been a more recent but significant 

source of gravel and sand removal in many of the rivers, with extraction rates in some 

cases exceeding annual sediment loads by two or more orders of magnitude (Kondolf and 

Matthews 1993, Kondolf and Swanson 1993). Levee construction and bank hardening 

has also occurred in the region, particularly on the Lower Sacramento and Lower Feather 

(USACE 2002).  
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 There are fourteen major foothill dams in the Sacramento-San Joaquin river 

system (Figure 2). Many of the foothill dams in the Sacramento-San Joaquin river system 

have smaller reregulation dams downstream, which serve several purposes, including 

rerouting water from the larger dams into canals, providing stable downstream flows, or 

are connected to hydroelectric operations. Several of the foothill dams are second 

generation dams, as they have replaced older structures located near the same site, often 

with a significant increase in capacity. For example, New Don Pedro dam with a capacity 

of 2.5 billion m
3
 was built in 1971 to replace the original Don Pedro dam built in 1926 

with a capacity of 358 million m
3
. 

 

Methods 

 Since there are fourteen major dammed tributaries in the Sacramento-San Joaquin 

river system, it was not within the cost or time-frame of this study to directly measure 

bedload transport in each river. Instead, I calculate bedload transport in each river here 

using bedload transport equations supported with field studies and tracer gravel 

observations during WY2006. The background data used in the bedload transport 

calculations were compiled from an extensive literature search through hundreds of 

agency and consultant reports and is in itself a useful contribution to any future bedload 

management in the Sacramento-San Joaquin system. 

 After the extensive literature search, it was determined that seven of the major 

tributaries had none or sparse geomorphic information about them. As such, these 

tributaries were targeted for field work (Table 1). It is hoped that data collected from the 

current study will help to increase future research and decision-making on these little-

studied tributaries. Appendix B contains the pertinent field data and compiled data used 

in calculations by this study. The seven tributaries not directly studied have had some 

level of geomorphic evaluation and restoration projects on them though nearly all were 

lacking data on bedload transport data. The two exceptions are Clear Creek, which has 

had extensive sampling and studies related to bedload transport (McBain and Trush and 

GMA 1999, McBain and Trush 2001). The Upper Sacramento River has also had only 

limited bedload sampling and calculations (see Singer and Dunne 2004 and Singer 2008), 

which is surprising given the attention given to the middle and lower reaches (Brice 

1977, Michelli et al. 2004, Singer and Dunne 2004) as well as to sediment export to the 

Sacramento-San Joaquin Delta downstream (Porterfield 1980, McKee et al. 2002, Singer 

and Dunne 2004, Wright and Schoelhamer 2004, among many others).  

 A review of historical photographs from the Water Resources Center Archive was 

undertaken to determine the bed conditions in the Sacramento-San Joaquin river system 

before the dams were built, however, only a few pre-dam photographs were discovered. 

For the rivers heavily affected by hydraulic mining on the east-side of the Sacramento 

Valley, the pre-mining historical grain size will likely never be known since few 
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photographs exist of that time. On the few major rivers with photographs from pre-dam 

periods, gravel was seen or inferred from the geomorphic features present (e.g. gravel 

bars). 

 For the hydrologic analyses, flow gages downstream of the dams were located in 

U.S.G.S. records and from the California Data Exchange Center (CDEC). Gaging records 

of defunct gages that were flooded by dam construction were also located and collected 

as these often had the best record of pre-dam hydrology. The year of dam completion and 

one year after completion were removed from the record as these were likely to be 

influenced by dam construction activities and the subsequent filling of the reservoir. The 

complete list of the gages used in the following hydrologic analyses is listed in Table 2.  

 For each of the selected gages, I used average monthly flows to determine 

changes in the annual distribution of flows, average daily flow data to determine changes 

in the cumulative distribution, and instantaneous peak flows to estimate flood 

frequencies. The United States Army Corps of Engineers (USACE) HEC-SSP software 

was used to determine the flood frequency analysis using U.S.G.S. Bulletin 17B 

procedures (USGS 1982). Results were plotted in HEC-SSP using a Weibull plotting 

position, and can be found in Appendix A. The majority of stream gages used in this 

study are downstream of the reregulating dams, however, in the few cases where the 

gages were upstream of diversion points, it was assumed that the water diversions had 

minimal influence on the magnitude of bedload transport events downstream (Figure 5). 

The R statistical software was used for the Kolmogorov-Smirnov tests using a 

discontinuous sample and bootstrapped techniques. 

 

Field methods  

 On each of the seven tributaries identified as lacking geomorphic data, one to 

three study sites were established (Figure 6). Each study site was located as close as 

possible to a gauging station. Locations were avoided that could possibly be affected by 

gravel augmentation (determined by a dataset partially collected during this study) as 

well as gravel mining. Preferable sites were located far from typical river access points 

and with difficult access to minimize the potential for human interference, particularly for 

the gravel tracer studies. Most of the sites are on public land and as such, are accessible 

by the public, making them otherwise difficult to protect. Each study site was chosen 

carefully to be representative of the respective reach of river, while also having steady, 

uniform hydraulics. Several of the study sites were vandalized or did not adequately 

represent steady, uniform flow, and their results will not be considered here. Sites were 

chosen with care for the application of the bedload transport formulas.  

 At each study site, one to three cross sections were established that covered the 

channel and each floodplain (Figure 7). The location of the cross sections was chosen to 
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be the transition from pool tail to riffle at low flow, typically over the upper portion of a 

bar. This location was chosen for two reasons: it is a location preferred by salmon for 

spawning habitat and in the absence of other controls it is also the local control on the 

longitudinal profile. Benchmarks were installed in four locations along each cross 

section: two bracketing the active channel and two well above the estimated Q5 flow to 

keep them from moving during the highest floods. Benchmarks were primarily 1.9 cm by 

1 meter rebar pins driven at least two-thirds of their length into the ground to keep them 

immobile. A horizontal tape was stretched between the lowest or highest rebar pairs to 

provide sufficient control for the cross section survey. At two of the sites (American and 

Yuba), it was judged too hazardous to boaters to stretch a tape across the full width of the 

river. Instead, the tape was lined up by sighting along the rebar pins on the near shore 

with the far bank pins and using a compass bearing. Two instruments were used in the 

course of the study to measure the vertical dimension in conjunction with a leveling 

survey staff: a Topcon AT-G2 auto-level (two-person operation) and a Topcon RL-H3C 

construction-grade laser level (one-person operation).  

 To characterize each study site, a sketch map and one to three Wolman pebble 

counts were performed (Wolman 1954). One of the pebble counts was performed 

approximately two meters downstream of the established cross section to characterize the 

cross section bed material and was kept to the same patch area as the gravel tracers. This 

pebble count was located downstream to minimize disturbance to the bed in the 

immediate vicinity of the cross section, and un-necessary disturbance to the cross section 

was kept to a minimum (i.e. walking on it). Other pebble counts were performed on 

nearby bars if they were present. 

 At the initiation of the study, a longitudinal profile at each site was measured at 

low flows with the same methods as the cross sections. The initial longitudinal profile 

extended upstream and downstream of the cross sections for a total length of between ten 

and thirty channel widths, with width being estimated at the line of perennial vegetation 

at the cross section. To measure the longitudinal distance away from the cross sections, a 

tape was stretched along the channel or, for longer straight distances, the distance 

measurement abilities of the auto-level and survey staff were employed. The low water 

line, thalweg and high water marks were surveyed along the longitudinal profile. Dates of 

high water marks were later estimated based on flow records and the estimated age of the 

deposits, utilizing deposits only less than one year old.  

 During the course of the study, stage for a variety of flows was recorded at each 

site. The measurements of stage for low flows coincided with most in-channel work (i.e. 

gravel tracer placement). For higher flows, direct measurements of stage tied into the 

cross section benchmarks were made when possible, both at the cross section and in 

longitudinal profile. Water stage measurements during floods were not possible for all of 

the sites since flood flows on separate rivers occurred at the same time and were far apart. 

High water marks, such as debris lines and flattened grass were used to document peak 

stage of recent floods, with observations made within a week of flood peaks for the 
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WY2006 flows. Slope was estimated by regression from the measurements of the high 

water marks or measured high water stage along the longitudinal profile. Slope was not 

calculated from the bed longitudinal profiles. Larger scale slope estimates were made 

using published results of hydraulic models, such as HEC-RAS and UNET (e.g. USACE 

2002).  

 Gravel tracers were utilized to estimate initial motion and the width of transport 

along the bed (Figure 8). A large supply of pure white quartz river rock was collected 

from the American and Yuba River floodplains. The white quartz river rock was chosen 

as a tracer because it is foreign in most watersheds, and with the exception of the Yuba, is 

relatively rare on the beds of the rivers where it is found. The white quartz tracer was 

chosen over painted rocks because painted rocks were more obvious and hence 

susceptible to human interference. The line of quartz tracers was not easy to discern until 

looking directly in line with the cross section. For preparation, the quartz tracer was 

soaked in a chlorine-bleach solution for several days then scrubbed with wire brushes to 

eliminate potential biological contamination between the rivers. Each gravel tracer was 

then measured along the b-axis and marked with the b-axis measurement along at least 

three sides using a sharpee pen. At the end of the two-years of gravel tracer placement, 

the sharpee marks were still clearly visible on immobile grains, however, at some sites 

there was sufficient macrophyte growth to obscure the whole upper surface of the grain 

(the sharpee marks were still clearly visible on the bottom of the grain). This problem 

also likely would have occurred if the grain were painted. 

 In this study, the purpose of the tracer gravel experiments was only to document 

whether the tracer particles were mobilized (i.e. presence or absence along the cross 

section line). In other types of tracer gravel studies, the recovery of the tracer particles is 

important to measure the distance tracers are transported.  Many of these studies have 

tagged tracers with magnetic or radio-frequency tags (Hassan and Egenzinger 2003).  

However, for the purposes of this study, distance transported was not critical, so I 

performed only a coarse search for mobilized particles a distance of two channel widths 

downstream.  For this study, the tracer gravel was considered mobilized if its distance 

away from the cross section line was at least 0.5m. In practice, for the field sites during 

WY2006, if the particle moved from the cross section line, it was not found again, hence 

the 0.5 m transport distance rule did not come into effect.  

 Gravel tracers were placed at the cross section using a modified version of the 

minimum disturbance technique (see review by Hassan and Ergenzinger 2003). The cross 

section tape was strung taught across the lower of the two sets of rebar benchmarks, with 

the tape as close as possible to the water surface, typically within 0.3 m. The tape 

stretched close to the water surface allowed the researcher to be able to stand above the 

tape and look down to accurately locate tracer locations along with the use of a stadia rod 

and bubble level. To minimize disturbance to the natural bed, the researcher approached 

the cross section from downstream and as far from the cross section as possible. A natural 

rock along the profile was first selected and its location noted before it was carefully 
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removed to preserve the shape and structure of the gravel pocket. The natural rock was 

then measured along the b-axis, and a similar-sized and shaped gravel tracer was then 

chosen and carefully placed back into the pocket. To minimize the amount of time the 

pocket was exposed, a large supply of tracer gravel, as well as all the measurement 

instruments, was carried by the researcher in the stream. In this way, it required 

approximately 30 seconds to locate, remove, measure, and replace a natural rock with a 

tracer. The water velocities at most underwater sites were below approximately 0.3 m per 

second and thus had little opportunity to remove fine-grained interstitial material while 

the main rock was being removed. If the pocket collapsed, as occurred in approximately 

20 percent of the cases, the pocket was lightly re-excavated by hand and the gravel tracer 

was placed as close to the original elevation and orientation of its predecessor as possible. 

To minimize the disturbance to the bed, the material from the pocket was allowed to fall 

back onto the tracer but the material was not packed around the tracer, nor was the tracer 

pushed into the bed. Gravel tracers were located at approximately 10cm to 25cm 

intervals, with small intervals for smaller rocks, large intervals for larger rocks, to 

minimize the interactions caused by the tracer placement disturbance. 50 to 120 gravel 

tracers were placed at each cross section. The distribution of gravel tracers placed was 

not the same as the Wolman pebble count. The gravel tracer was weighted towards the 

D90, D84, and D50 estimates from the Wolman pebble count data, though some smaller 

grain sizes were also included, down to approximately 16mm. Below 16mm, it was 

difficult to mark the grains or to see them in the bed. Once the gravel tracers were in 

place, they were surveyed into the cross section using a level and stadia rod. 

 Each cross section was revisited after major flows. In the case of WY 2006 there 

were no intermediate flows at most of the sites, with the first flood approaching the 20 

year return interval in some cases (see Table 1). Flows did not return to base flow until 

the next spring. For each successive resurvey of the gravel tracers, the cross section was 

surveyed with the tape, level and stadia rod. These measurements were then compared 

against the elevations of the cross section during the emplacement of the gravel tracer. 

The gravel tracer was assumed to have been moved out of the site if no gravel tracer was 

present and the cross section elevation at the position of the emplaced gravel tracer was 

equal to or lower by an amount equal to the b-axis of the placed tracer. If the measured 

cross section elevation was higher than the elevation at the time of tracer emplacement, 

the extent of the deposition was determined. Within the deposition area, the largest 3-5 

placed gravel tracers were identified from previous records and at each of their positions 

along the cross section, the deposit was excavated to a depth of the original emplacement 

minus the b-axis of the tracer particle. To account for potential errors in locating the 

tracer gravels, an area of approximately 0.25m x 0.25m was excavated at each tracer. If 

located, the gravel tracer was left in place and was assumed to have been immobile. If the 

gravel tracer was not located, it was assumed to have been mobile. In addition, a Wolman 

pebble count was performed on the rocks deposited on top of the tracer to determine 

grain size.  
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Desktop methods 

 On some of the study site cross sections it was not possible to survey the 

uppermost portion of the cross section due to cliffs or inaccessible banks. The upper-

portions of these cross sections were determined by fitting them to floodplain cross 

sections cut from aerial lidar or photogrammetric surfaces generated from previous 

studies (see Table 3). The software ESRI ArcGIS 9.1 was used to compile, generate and 

cut these data.  10-20 other cross sections from each reach were created from the digital 

elevation model and were used to determine the representativeness of the chosen study 

cross sections. 

 Topographic locations with varying geographic coordinates were converted into 

Universal Transverse Mercator, Zone 10N, NAVD88, Geoid03 using the U.S.A.C.E. 

CorpsCon Software, version 6.0.  The U.S.A.C.E. software HEC-DSS was used to view 

the water surface slopes from the UNET model by the U.S.A.C.E. (2002). Digitization of 

data from other reports was completed with the Engauge Digitizer distributed from the 

Source Forge.  

  

Bedload calculations 

 A number of bedload transport equations and bedload transport software were 

reviewed and tested by the author for this study. After review, the surface-based bedload 

equations of Parker (1990a) and Wilcock and Crowe (2003) were selected as viable 

options, given the available inputs and their development in similar conditions to the field 

sites. The Parker (1990a) bedload equation previously has been applied to rivers below 

dams for determination of effective discharge and management applications (Andrews 

and Nankervis 1995). These equations were developed for mixed-grain size, gravel-

bedded rivers with low- to moderate- bedload transport rates and have been relatively 

successful at estimating bedload transport when compared to measured rates in similar 

field conditions (Gaeuman et al. 2009). The software applications, ACRONYM (Parker 

1990b), the draft version of EASI (Enhanced ACRONYM Series 1 and 2, Stillwater 

Sciences 2000), and the recent BAGS (Pitlick et al. 2009), which all implement the 

bedload equations of Parker (1990a) were tested to calculate sediment transport for a 

variety of flows. The BAGS model was selected for use in this study since it also 

implements the Wilcock and Crowe (2003) bedload transport equation, which was useful 

to compare with some of the sites that had bulk grain size data. 

 Roughness at the field sites was calculated using the Gauckler-Manning equation 

from known parameters at the sites near USGS gaging stations:  
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        (1) 

Where U is mean channel velocity, S is slope, R is hydraulic radius, and n is roughness. 

The calculated n for three of the sites had close total roughness values (mean n = 0.0365, 

range 0.0359 to 0.037). To determine the roughness associated only with the bed, 

Horton’s method for variable roughness was calculated (Chow 1959): 

       (2) 

Where nc is the composite channel Manning’s n, Pi is the wetted perimeter and ni is the 

roughness for a given segment i of the cross section, P is the wetted perimeter of the total 

cross section, and N is the total number of sections used (Chow 1959). 

 Horton’s variable roughness method did not produce appreciable differences in 

the n values, likely because the floodplains were relatively small at these three sites. At a 

fourth site, on the Bear River at Wheatland (USGS gage 11424000), the calculated n 

(0.0245) value was much lower than the other sites, for both a 90.6cms and 1031cms 

flow, with excellent slope data (400m long). This result might be explained by the 

location of the gage just downstream of a bridge constriction or a widening of the upper 

part of the cross section in the downstream direction (i.e. flow is not uniform at higher 

discharges). The Bear River U.S.G.S. gage site at Wheatland has also had a complex 

history of adjustment following the excavation of hydraulic mining, including cutting into 

underlying weakly-consolidated sedimentary layers (James 1991).  

 The BAGS model uses the Keulegian resistance equation to determine the 

velocity profile: 

      (3) 

Where u* is the shear velocity (g Rc Sf)
0.5

, R and Rc are the hydraulic radius of the main 

channel, g is gravity, and Sf is the friction slope, and ks is the roughness, where ks is 

determined for the Parker (1990a) and Wilcock and Crowe (2003) equations from the 

original approximations (ks = 2D90 for Parker (1990a), and ks = 2D65 for Wilcock and 

Crowe (2003)). 
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 The Parker (1990a) surface-based bedload equation was developed using 

empirical bedload measurements from Oak Creek, Oregon (Milhous 1973), a supply-

limited gravel-bedded stream with a developed armor layer (Shih and Komar 1990). 

Particles smaller than 2mm were excluded from calculation in the Parker model since 

original formulation of the equations were formulated only for grain sizes larger than 

2mm (Parker 1990a).  

 The Parker (1990a) surface-based bedload equations are calculated from the 

transport intensity relationships (Wi
*
 in equations 4 and 5 below) from three nested 

equations: the hiding function (equation 6), the strain function (equation 7), and the 

transport stage (equation 8). Different transport intensities are matched with the following 

relationship (Parker 1990a, using Wilcock et al. 2009 notation and modification):  

 (4) 

where φ is a dimensionless parameter relating the amount of force available to move a 

grain against the resistance due to weight and other forces (φ50 is this dimensionless 

parameter for D50 grain), and Wi
*
 is a dimensionless parameter representing the amount 

of power required to transport bedload scaled by the amount of power available (Parker et 

al. 1982).  

 Wi
*
 is calculated as: 

       (5) 

where s is the relative submerged density of rock in water (ρs/ρ, density of rock / density 

of water), g is gravity, qbi is the width-normalized bedload transport rate for size fraction 

i, u* is the shear velocity (calculated using equation 3, with ks = 2D90), and Fi is the 

fraction of surface grain size fraction i. 

 The hiding function (taking into account the effect of large particles “hiding” 

small particles) is calculated as: 
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      (6) 

Where ω is the strain function (calculated from equation 7 below) that accounts for the 

sorting of the bed surface as stresses increase, φsg is the φ dimensionless parameter 

calculated for the surface geometric mean grain size (equation 8 below), and Di and Dsg 

are the grain size of the i-th fraction and the geometric mean grain size respectively.  

 The strain function is calculated from: 

      (7) 

Where σφ o and ωo are functions of φsg determined from a strain plot (see Parker 1990a) 

and σφ  is the standard deviation of the φ parameter. 

 The third equation determines the relative amount of force available to move a 

grain against the resistance due to weight and other forces: 

        (8) 

Where τ*
sg is calculated in equation 9, and τ*

rsg is the reference Shields stress, assumed to 

be 0.0386 (Parker 1990a). 

       (9) 

Finally, Qbi, the total bedload transport rate for size fraction i, is given as: 

        (10) 
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where B is the channel width and u
*
 is calculated in BAGS from the Keulegan resistance 

equation (equation 3 above) for the parameters from the main channel (Parker 1990a, 

notation from Wilcock et al. 2009). The Qbi for each size fraction is then summed to 

determine the total bedload transport rate. 

 The Wilcock and Crowe (2003) surface-based bedload equation has a form 

similar to the Parker (1990a) surface-based bedload equation, the main difference being 

that Wilcock and Crowe (2003) incorporates an equation for increased transport observed 

when the sand fraction constitutes a portion of the bed. 

 The Wi
*
 function of Wilcock and Crowe (2003), takes the function: 

     (11) 

where: 

        (12) 

where τ is the shear stress (ρgRSf ), and τri is the reference shear stress for size fraction i: 

       (13) 

Where τrs50 is the reference shear stress for the surface median particle size (Ds50), Di is 

the diameter of size fraction i. The exponent b in equation 13, is calculated from: 

      (14) 

where Dm is the mean surface grain size. 

 The reference dimensionless shear stress for the mean surface grain size is found 

from the Shields stress: 
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        (15) 

where τrm is the reference shear stress, and where τ
*

rm is found from: 

      (16) 

where Fs is the amount of sand on the bed surface expressed as a percent. Lastly, the Qbi 

for each size fraction is found from equation 10 above (same as the Parker 1990a 

solution) and summed for the total bedload transport rate. 

 As a test, the Wilcock and Crowe (2003) and Parker (1990a) bedload transport 

equations were used to calculate bedload transport at the Bend Bridge gage (U.S.G.S. 

gage #11377100), where bedload measurement data were available for the years 1977-

1980. Slope and grain size data (average of four bed material samples in 1977) were 

available, but no cross section was available, so the BAGS functions were applied using 

width only. The results (Figure 9) show a relatively good fit, though the three years for 

which there were bedload data were relatively low flow years. 

 The BAGS model was used to calculate bedload transport for approximately 

fifteen equal-spaced bins spanning the full range of flows. Fifteen bins were chosen after 

a review of the literature (see Table 4), though guidance on this issue is relatively sparse 

for bedload transport flux calculations (see Discussion). The guidelines of Crowder and 

Knapp (2005), developed for suspended sediment, were adhered to where possible for 

most of the sites (i.e. less than 10% of total load in the first bin). Pre- and post-dam flow 

frequencies were grouped into these fifteen bins and used to calculate the magnitude-

frequency curves, with the mid-point of the bins used for plotting and calculation. 

 

Results 

Flood frequencies and flow duration 

 The results of the flood frequency analysis show a wide range in the dam-induced 

alteration of the flow regime in the Sacramento-San Joaquin river system, with an 

average reduction in the 2-year flow event by 65% (Table 5). The maximum reduction 

was on Putah Creek, with a 95% reduction in the 2-year flow event, from 790cms pre-

dam to 43cms post-dam. The Feather River and San Joaquin Rivers were close behind 

with a 93% and 89% reduction in 2-year flows. These are some of the highest reported 
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rates of dam-induced flow reduction in the United States (Magilligan et al. 2003). With 

increasing return interval, the effects of the dams diverged, with some rivers, like the 

Bear River, having larger 25-year return interval events post-dam than pre-dam (Table 5). 

Additionally, a Kolmogorov-Smirnov test using daily flow frequency curves showed that 

all dams had significantly different distributions of flows in the post-dam period 

compared to the pre-dam period (Table 6).  

 

Field sites and tracer gravels 

 The results of the tracer gravel and field evidence of bedload transport during 

WY2006 are presented in Table 7. The different sites were exposed to a range of flows, 

experiencing flow events with post-dam return intervals from 7- to 15- years (<1 to ~30 

year pre-dam events), with particularly large flows occurring in the Sacramento basin 

tributaries (Table 1). As a result, all sites had tracer gravel movement, with complete 

transport occurring at six of the eight sites and partial transport occurring at Stony Creek 

and the San Joaquin (WY2006 return interval flows of 10 and 10+ years respectively for 

the post-dam period). At all sites, the tracer gravels were mobilized across the full width 

of the cross section where they were placed, so it is assumed that the full cross section 

was transporting sediment. All of the site cross sections exhibited topographic change 

within the order of decimeters, supporting the results of the gravel tracer (Table 7).  

 The calculated normalized Shields stress (the shear stress of the flow divided by 

the reference Shields stress of the D50) for the WY2006 flows experienced at the study 

sites, varied from near 1 at most sites to over 2.3 at the Bear River BR2 site. These values 

of normalized Shields stress correlate well with the results of the tracer gravel 

observations, indicating that the D50 of most sites were in the range of partial to 

complete bedload transport. 

  

Bedload calculations 

 On average, the amount of total post-dam bedload transport was reduced by 45% 

of pre-dam rates (Table 8). Since total bedload rates can be dominated by finer particles, 

bedload was also broken into size fractions of greater and less than 8mm. Using only 

8mm grains, post-dam bedload transport rates were reduced to 42% of pre-dam rates. 

 Some of the dams greatly increased bedload transport (Table 8, Figures 10a-n) 

due to higher post-dam flow releases (e.g. Stony Creek). Of particular importance were 

medium-frequency medium-magnitude events that were not apparent in the flood 

frequency analyses, but which dominated the bedload transport (Figure 10a). Stony 

Creek, for example, had a 2-year return interval flow decreased by 32% from pre-dam 
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conditions, yet had a 180% increase in bedload transport due to medium frequency, 

medium magnitude events (Figure 10a). This finding is contrary to the assumption that 

dam-induced alteration of floods, such as the 2-year return interval, is directly related to 

the magnitude of geomorphic change (e.g. Magilligan et al. 2003, Schmidt and Wilcock 

2008).  

 In general, the magnitude-frequency plots (after Wolman and Miller 1960), show 

some average changes in the relative effectiveness of the post-dam discharges but the 

results do not trend in a single direction (Figure 10a-n). While it might be expected that 

all of the rivers would be dominated in the post-dam period by larger flows due to the 

increase in the transport threshold as grain size increases (Wolman and Miller 1960), a 

number of the rivers in the Sacramento-San Joaquin river system still have large 

percentages of their bedload transported at relatively low discharges (e.g Yuba River, 

Figure 10b). In general, the sites with larger sediment sources (Yuba), or with greatly 

reduced flows (San Joaquin) had a stronger dominance of the high-frequency, low-

magnitude events. Sites with smaller sediment source areas (Feather) or without reduced 

flows (Bear) had more dominance by larger flows. This effect was likely primarily 

realized through the post-dam grain size which was used in the calculations. Other factors 

that might be influencing the changes and could be explored at a later date include the 

time since closure, and the distance downstream of the dam. 

 

Discussion 

 One significant confounding factor for the hydrologic analyses that was not 

expected at the outset of this study was the large capacity of other dams in the watersheds 

upstream of the foothill dams (Table 9). In several of the rivers, the foothill dam 

contributed only 50-70% of the total reservoir storage capacity of the watershed. In 

addition, in some watersheds there were very large dams built upstream of the foothill 

dam, which lessened the effect of the foothill dam (e.g. New Bullards Bar upstream of 

Englebright Dam). In most cases, these effects were partially controlled by sub-dividing 

the temporal hydrologic record into three categories instead of two to account for the 

construction of major upstream dams (e.g. New Bullards Bar on the Yuba River) (Table 

2). The sheer number of reservoirs constructed in the upstream watersheds, some of 

which transfer water out of the respective basins, makes an accurate evaluation of the 

hydrologic changes a daunting task (see Curtis et al. 2005). Much of the restoration 

responsibility falls on the lowermost dams, however, it is clear that downstream effects 

are partially caused by reservoirs farther upstream. One potentially viable solution would 

be to model the downstream changes using all the dams in the system, similar to water-

supply models, particularly since many of the dams already coordinate transfers between 

dams.   



 54 

 Given the bedload transport rates calculated in this study, a major question for the 

reaches below the foothill dams, is why haven’t they incised more? Incision rates for the 

rivers that have been studied are approximately 1-4m (Cain 1997, James 1991, 1997, 

Kondolf and Swanson 1993, Fairman 2007), yet there are still significant amounts of 

sediment being transported. One possible explanation is that there has been extensive 

uncovering of claypan deposits on the beds of the streams (Figure 11). The claypan 

bedrock outcrops are a weakly cemented sedimentary layer of mudstone, and are 

mentioned in passing by numerous authors on the beds of several of the rivers (Kondolf 

and Swanson 1993, Cain 1997, McBain and Trush 2001). Some of this outcropping may 

be due to historical human activities, particularly on the rivers affected and rerouted by 

hydraulic mining waste (James 1991), and by rivers affected by instream mining (Cain 

1997). The result may be that much of the riverbeds are held up by these claypan layers 

instead of being incised. During field work for this study, extensive claypan outcrops 

were found on Putah Creek, American River, San Joaquin River, Bear River and Stony 

Creek (Figure 11).  

 Gravel-bedded rivers, like those studied here, exhibit much more complex 

adjustments in response to reductions in sediment supply than just the adjustment in gross 

sediment flux studied here. Primary responses of gravel-bedded rivers to cessation of 

sediment supply include incision into the bed and a concurrent decrease in slope (Gilbert 

1917, Dietrich et al. 1989), coarsening in grain size (Dietrich et al. 1989, Lisle et al. 

1993, Vendittti et al., in prep), development and persistence of armor layers (Kinerson 

1990, Whiting and King 2003), shrinking sediment transport zones (Dietrich et al. 1989, 

Lisle et al. 1993) and changes in patch dynamics (Nelson et al. 2009). Alternate bar 

sequences (Venditti et al. in prep.) and vegetation interactions also add another layer of 

complexity. The results found here using surface-based bedload equations are directly 

tied to the use of the post-dam grain size, which might reflect some of the processes listed 

above, but does not incorporate the more complex interactions.  

 The post-dam grain size distributions used here reflect some of the best historical 

data available, however, they come with some important limitations. First, the use of the 

pebble count method for determining grain size distributions of the bed was chosen by 

this study because of the relative abundance of historical data and its direct relation to the 

Parker (1990a) bedload equation. There are more sophisticated methods of determining 

the characteristic grain size of a reach of river combining facies mapping and grain size 

estimation (e.g. Bunte and Abt, 2001, Buffington and Montgomery 1999), but these 

methods were not employed here in order for the data from the various rivers to be 

compared. Secondly, the Parker (1990a) surface-based bedload equation was chosen for 

this study because of the relative lack of fines and sand on the surface of the riverbed. 

While the historical photographs found for most of the major tributaries suggest they 

were gravel-bedded before the dams were constructed, there is some evidence that 

suggests that this was not historically the case for at least the San Joaquin River. Cain 

(1997) quotes from Grunsky, a Lieutenant visiting the San Joaquin River in 1878 near the 

present day Friant dam site, “River fordable – water flows over sand and fine gravel and 
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very flat – low sandbars sub divided into a number of streams.” The post-dam grain size 

for this site is now well into the gravel range (D50 of 60mm). It is likely that the pre-dam 

grain size is smaller than the value used in the bedload calculations here and hence pre-

dam bedload transport would be underestimated.  

 One unintended product of this study is that while there has been much discussion 

in the literature about determining appropriate bedload transport equations, there has been 

relatively little written about applying these equations to flux through time, particularly 

with the use of flow-duration curves. A review of several bedload studies that have 

computed total flux and effective discharge (Table 4) shows a variety of methods used. 

The use of the flow-duration curve method originally began with suspended sediment 

studies and has been imported for use in bedload studies without significant investigation 

into the potential effects of the size of bins used or the distribution of the bins through 

time. Some of the critical papers relating bankfull flow to magnitude and frequency of 

low return interval events (i.e. 1.5 year or 2 year flow) have used the flow-duration 

method (Table 4). In particular, the strongly heteroschedastic streams draining the Coast 

Ranges were very sensitive to the class size of the bin chosen because the flattening of 

the curve of flow frequencies coincided with the steepening of the bedload transport 

curve. Small discrepancies in the approximation of either of the curves resulted in order 

of magnitude differences in sediment transport. 

 The effects of small tributary inputs of water and sediment (particularly sand) 

have not been well studied in the Sacramento-San Joaquin river system, particularly 

compared to other large river systems (e.g. Grand Canyon, Trinity River). The decrease 

of sediment supply from the upper watershed has increased the relative contribution and 

importance of these lower tributaries. Some of these tributary watersheds below the dams 

are substantial, and many are urbanized, leading to higher peak flows and potentially 

increased sediment supply. The timing of the small tributary peak flows is often mis-

matched with the mainstem river, particularly for those rivers with flow peaks that are 

suppressed for flood control and for those rivers in the rainfall dominated watersheds, 

such as the west-side tributaries to the Sacramento River and the lower-elevation 

watersheds on the east-side. On Putah Creek for example, at least three of the tributaries 

that enter Putah Creek below Monticello Dam have downcut extensively, contributing 

large volumes of fine sediment and sand to lower Putah Creek, resulting in the 

aggradation of floodplains by 60cm or more (Rich Marovich, personal communication, 

1/26/2006). During field work for this study in WY2006, 30cm of sand deposition was 

measured on the floodplain at site PC1, immediately downstream of the Putah Diversion 

Dam. One possible explanation for the downcutting of the tributaries downstream of the 

dam is that the stage of Putah Creek is kept artificially low for flood control purposes, 

hence, in the post-dam period, the tributaries have a lower base elevation and have 

downcut in response (note in USACE 1995 reconnaissance report).  

 It is surprising that there has been so little monitoring of sediment conditions or 

transport given the ecological importance and expense put into restoration on the 
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Sacramento-San Joaquin river system. One important use of these monitoring data would 

be to establish rates of gravel augmentation to minimize bed degradation downstream of 

the dam or for spawning gravel. The San Joaquin River Restoration Program, which 

started operating in WY2010, provides an example of how these rivers could be 

monitored, with the initiation of bedload and suspended sediment monitoring at five new 

stations (Scott Wright, USGS, personal communication). While the monitoring of site-

scale gravel augmentation and restoration projects has greatly improved in the last decade 

(Kondolf et al. 1996, CDWR 2004b), there is a lack of reporting of baseline data (i.e. pre-

project conditions) for a number of the restoration projects. A wider monitoring network, 

combined with better reporting of current conditions would greatly improve restoration 

effectiveness and science.   

 

Implications for river restoration  

 While other studies have been able to show distinct dam-related changes in 

geomorphically important flows related to dam operation (Schmidt and Rubin 1995), the 

Sacramento-San Joaquin river system does not exhibit effects nearly as distinct. The long 

history of human activity, such as hydraulic mining, gold dredging and instream mining, 

as well as the large number of dams constructed at varying times, makes the signal of 

dam-caused degradation difficult to see. While the exact effects of the dams might not 

ever be clearly shown in light of the various other human-caused disturbances in the 

watersheds, it is clear that the dams have greatly altered the downstream geomorphic 

processes and continue to alter the downstream rivers. In particular, halting downstream 

sediment supply and altering flows have greatly modified the functioning of downstream 

geomorphic processes.  

 Rather than attempting to reconstruct a past condition, it might be more 

productive to try to recreate a semblance of alluvial processes in the rivers downstream of 

the foothill dams using general geomorphic guidelines (e.g. Trush et al. 2000). The 

Trinity River Restoration Program and the Lower Clear Creek restoration program are 

good examples of river-scale restoration programs that provide templates for future 

programs in the Sacramento-San Joaquin system. Establishing flood pulses, supplying a 

variety of coarse sediment (not just spawning gravel) (e.g. McBain and Trush 2000), and 

enabling upstream-to-downstream sediment connectivity would be a good start to re-

creating geomorphic processes.  

 

Conclusions 

 Using empirical field data and bedload transport equations, this study found that 

the lowermost “foothill” dams of the major tributaries to the Sacramento-San Joaquin 
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river system had quite diverse effects on bedload transport in the downstream gravel-

bedded rivers. Field data on six tributaries for the WY2006 year showed widespread 

bedload transport, indicating that the channels were continuing to adjust to post-dam 

conditions. While the 2-year return interval flow was reduced by all the dams (average 

reduction of 65%), the calculated post-dam bedload transport varied greatly, with some 

dams increasing the bedload transport downstream due to higher medium magnitude, 

medium frequency flow events. Other dams greatly decreased bedload sediment 

transport, primarily through reductions in flow magnitudes. Further studies into the 

effects of reduced sediment supply on the downstream bed condition (particularly bar 

topography and grain size) would be warranted given the direct influence of sediment 

transport and bed condition on endangered salmonid habitat downstream of the foothill 

dams. Future restoration programs in the Sacramento-San Joaquin river system could 

gain important understanding of the system, by using a large-scale comparative approach, 

such as that used in this study, instead of only river-specific approaches as is currently 

practiced. 
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Figures 

 

 
 

Figure 1. Map of the Sacramento-San Joaquin river system, showing dams in the 

watershed regulated by CDSD (CDSD 2005). 
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Figure 2. Map of the major watersheds of the Sacramento-San Joaquin river system 

dammed by the foothill dams. Watersheds are labeled with river name with foothill dams 

in parentheses. 
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Feather River Surface Grain Size D84
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Figure 3. Downstream trends of D84 grain size downstream of Oroville Dam on the 

Feather River, suggesting coarsening from 1982 to 2003 (from CDWR 2004a). 
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Trends in Sediment Yield of Sacramento River, CA (1800-present)
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Figure 4. Trends in the sediment yield of the Lower Sacramento River, 1800 to present, 

showing the large peak in yield from hydraulic mining in the late 1800s, and the gradual 

declining trends to the present (modified from Wright and Schoellhamer 2004). 
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Putah Creek flows, WY2006
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Figure 5. Graph showing WY2006 flows on Putah Creek at Winters (USGS gage 

11454000), and the reduction in baseflows from the Putah South Canal just downstream 

(USGS gage 11454210). The majority of stream gages used in this study were 

downstream of the reregulating dams, however, in the few cases where the gages were 

upstream of diversion points, it was assumed that the water diversions had minimal 

influence on the magnitude of bedload transport events downstream. In this case, the 

diversion of the Canal occurs at the Putah Diversion Dam, just upstream of study sites 

PC1 and PC2. 
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Figure 6. Map of study sites established in this study. Stars show location of study sites, 

shaded area is the watershed upstream of the major foothill dams.
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American River Cross Section (AR1)
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Figure 7. American River site, AR1, showing measured bed elevations and water stage 

elevations (from USACE 2002). 
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Figure 8. Placement of 1
st
 set of tracer gravel lines at Bear River site, BR2. A second set 

of stone was placed approximately 0.5m upstream soon after the photo was taken. Note 

the relatively undisturbed bed and low-elevation of the stationing tape, which allowed for 

precise relocation in the event of aggradation. 
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Figure 9. Graph of measured bedload at the USGS gage on the Sacramento River at Bend 

Bridge above Red Bluff (#11377100) for the WY 1977-1980, plotted with the bedload 

transport equations from Parker (1990a) and Wilcock and Crowe (2003) calculated using 

bed material collected at the same site on 1/5/1977 (average of four samples). Note: this 

station is the only station with records of bedload measurements in the Sacramento-San 

Joaquin river system other than the Lower Sacramento and Lower Clear Creek. The 

discharges during which these bedload measurements were taken are high-frequency, low-

magnitude events. The maximum flow of 447cms during which bedload was sampled, is 

exceeded a large portion of the time at this site (14% for post-dam period) and likely 

reflects transport only at lower discharges. 
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Following pages, Figures 10a-n. Graphs of magnitude-frequency of bedload transport for 

pre- and post-dam periods on the major tributaries to the Sacramento-San Joaquin river 

system. “GSD” in the graph title is “grain size distribution”. 
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Stony Creek (SC1a,b site) pebble count GSD, magnitude - frequency of bedload transport 

using Parker 1990
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San Joaquin River (SJR1 site) pebble count GSD, magnitude - frequency of bedload transport using 

Parker 1990
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 Tuolumne River (II-9 site) pebble count GSD, magnitude - frequency of bedload transport using 

Parker 1990
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American River (AR1 site) bulk riffle GSD, magnitude - frequency of bedload transport using 

Parker 1990
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Bear River (BR2 site) pebble count GSD, magnitude - frequency of bedload transport using 

Parker 1990
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Feather River (Alecks Riffle site) bulk GSD, magnitude - frequency of bedload transport using 

Parker 1990
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Clear Creek, Peltier site, magnitude - frequency of bedload transport using Parker 1990
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Putah Creek (PC1 site) pebble count GSD, magnitude - frequency of bedload transport using 

Parker 1990
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Mokelumne River bulk riffle GSD, magnitude - frequency of bedload transport using Parker 1990
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Merced River pebble count GSD, magnitude - frequency of bedload transport using Parker 1990
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Stanislaus River, Riffle R10, pebble count GSD, magnitude - frequency of bedload transport using 

Parker 1990
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 Figures 10a-n (preceding pages). Graphs of magnitude-frequency of bedload transport for 

pre- and post-dam periods on the major tributaries to the Sacramento-San Joaquin river 

system.



 83 

 
 

Figure 11. Claypan outcrop on Stony Creek, extending approximately 2/3 width of river. 

Outcropping of claypan is common in many of the Sacramento-San Joaquin streams and 

was observed in this study at numerous locations on Stony Creek, Bear River, American 

River, Putah Creek, and San Joaquin River.   
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Tables 

 
Table 1. Maximum flows during WY 2006. See Table 2 for a list of the 
gages used. 

Return Interval of maximum 
WY 2006 flow (years)** River Site 

WY 2006 
max. flow 

(cms) 
Date 

Pre-dam Post-dam 

Yuba YR1 2707 12/31/05 ~15 ~15 

Bear BR2 1031 12/31/05 ~30 ~15 

American AR1 1056 12/31/05 ~1.9 ~7 

Stony 
Creek 

SC1a,b 426.6* 1/02/06 ~8 ~10 

Putah 
Creek 

PC1 203.9 3/7/06 <1 ~10 

Putah 
Creek 

PC2 203.9 3/7/06 <1 ~10 

San 
Joaquin 

SJR1 291.6 4/5/06 ~1.3 ~10+ 

San 
Joaquin 

SJR2 291.6 4/5/06 ~1.3 ~10+ 

* obtained from CDEC event data. 

** - see Appendix A for additional hydrologic analyses.
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Notes for Table 3: 

*- see Appendix B for the full set of data used in the bedload calculations. 

**- no cross section was available for the reach downstream of Keswick, though CDWR has 

a HEC model of the area. The Bend Bridge site was chosen to compare to bedload samples 

taken there from 1977 to 1980. 

***- Drainage area taken at dam. See Chapter 4 for assessment of drainage areas downstream 

of the dam. 

a- field data collected by this study 

b- CDWR, 1981 

c- 10yr water surface slope calculated with UNET, from Comp Study USACE, 2002 

d- 2yr water surface slope calculated with UNET, from Comp Study USACE, 2002 

e- derived from topographic data collected during Comp Study USACE, 2002 

f- CDWR, 2004a 

g- field data collected in channel and lower floodplains, upper part of cross section from 

aerial lidar (obtained from Rich Marovich, Putah Creek Streamkeeper, Feb. 2006) 

h – a 1.7km longitudinal water surface profile was collected on January 14, 2006 by the 

author, immediately following the December 31, 2005 major flood (2,707cms peak). Trash 

lines were excellent and extensive. 

i- a 140m longitudinal water surface profile was collected by the author on April 16, 2006 

during a 142cms event 

j- survey by Graham Matthews and Associates in 2006 (reported in Harvey, 2007). 

k- a 700m longitudinal survey on 1-14-06 by the author. Survey was immediately after the 

December 31, 2005 flood (425cms).  

m- survey of Peltier geomorphic monitoring site cross section 891+80 (McBain and Trush, 

2001). 

n- survey of 1997 High water marks (McBain and Trush 2001). McBain and Trush (2001) 

found a slope of 0.0036 from the 1997 high water marks.  

o- pebble count performed just downstream of cross section 891+80 (Figure 35, McBain and 

Trush, 2001). 

p- from Simpson (1972). 

q- from Blodgett and Bertoldi (1968). 

r- Kondolf et al. (1996). Grain size from section 0+16 (upstream of gravel augmentation 

project). This grain size distribution is one of the only pre-gravel augmentation GSDs 

available from the upper reaches of the Merced. The gravel mobility and bedload transport 

grain size used in Stillwater 2001 is located just downstream of a gravel augmentation site 

that had been used for augmentation for at least 15-years before the Stillwater study. It is 

more likely that the “fossilized bar” deposits mapped by Stillwater (2001) were more 

indicative of the pre-augmentation state, which is similar to the Kondolf et al. (1996) grain 

size.  

s- from USGS NWIS database for USGS gage at Bend Bridge (average of four bed material 

samples taken on 1/5/1977). Used to compare to bedload measurements at Bend Bridge. 

t- slope data for this reach is not in published documents, though CDWR has a short HEC 

model of the reach upstream of Old La Grange Bridge. In lieu of a measured or calculated 

water surface slope, several sources were used to best estimate slope at this site, including 
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back calculating slope from critical shear estimates made by Kondolf et al. 1996 and CDWR 

2004b. Final slope was close to the slope of the profile downstream of Old La Grange Bridge 

in McBain and Trush (2000). 

u- pebble count and cross section II-10 from CDWR (2004b). The area around La Grange has 

had extensive gravel augmentation and modification, and much attention was given to try to 

find a representative control reach, however, none was located. Cross section II-10 was 

located well downstream of the berms built to retain gravel at Riffle 1B during a 1994 DFG 

gravel augmentation project (Kondolf et al. 1996) and well upstream of the berms built at 

Riffle 3A. Large amounts of gravel were added to this reach during the 1999 and 2000 gravel 

injections (DFG 2004). 

v-from Kondolf et al. (1996). 

w- from CDWR (1994). 

x-CMC (1998). 
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Table 4. Attributes of previous studies using binning methods for 
magnitude-frequency analysis 

Author 
Type of 

sediment 
transport 

Size / # of 
bins 

Distribution 
of bins 

Plotting position of 
bin 

Major, 2004 Suspended 15-20 Equal Center 

Andrews, 
1980 Total load 20 Equal Unclear 
Salant et al. 
2006 Bedload 

5cms 
increments Equal Maximum 

Porterfield, 
1980 

Suspended 
and total load Varying 

Unequal – 
chosen to fit 
probability 
curve Center 

Emmett and 
Wolman, 
2001 Bedload 18 Equal 

Determined for each 
daily value using 
slope between bins, 
unclear location of 
end points 

Schmidt and 
Rubin, 1995 Suspended 

Summed 
over 25cms 
bins (~100 
total) Equal  Unclear 

Pickup and 
Warner 1976 Bedload  ~60 

Unequal, 
unclear 
distribution Unclear 
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Chapter 4: Sediment Budgets for the Major Dammed Rivers in the 

Sacramento-San Joaquin River System 

 

Abstract 

 There has been much attention given to estimating rates of sediment yield into the 

Sacramento-San Joaquin Delta and San Francisco Bay, however, little attention has been 

given to the upper watersheds to estimate sediment trapping by dams or the amount of 

sediment contributed by the watersheds immediately downstream of the dams. In this paper, 

sediment budgets are constructed for both coarse and total sediment for each of the fourteen 

major rivers to the Sacramento-San Joaquin system downstream of the major “foothill” dams. 

The methods used to construct the sediment budget include a reservoir sedimentation model 

to estimate pre-dam sediment inputs and trapping by upstream dams, sediment yield models 

for the watersheds downstream of the dams, and bedload transport equations, suspended and 

bedload measurements from gaging stations to estimate sediment transport for the gravel-bed 

reaches below the dams. The results of the sediment budget indicate a sediment volume of 

approximately 244 million m
3
 is trapped behind the dams, with 4.0 million m

3
 currently 

trapped by the dams each year, which would otherwise be supplied to downstream rivers. 

With the exception of the Sacramento River, very little bedload material is supplied by 

tributaries to the gravel-bed reaches downstream of the foothill dams. Ten of the fourteen 

rivers do not have enough coarse sediment supply from small tributaries to meet the average 

annual post-dam bedload transport. Several of the rivers (Putah Creek, the Mokelumne River, 

and the San Joaquin River) may be strongly affected by small tributaries downstream of the 

dams, since they have relatively large watersheds downstream of the dams and highly reduced 

post-dam transport ability. From a compilation of historical reports, approximately 267,000 

m
3
 of gravel has been augmented from 1978 to 2004 into rivers of the Sacramento-San 

Joaquin system downstream of the foothill dams. While gravel augmentation projects have 

been extensive on six of the rivers, they are minimal or absent on the other eight rivers. On 

average, gravel is augmented at only 3.7% of the post-dam bedload transport capacity, 

however, some rivers with highly reduced flows have added significant amounts of gravel that 

exceed the annual post-dam gravel transport rate. In an idealized model scenario wherein the 

bed grain size of all the gravel-bed rivers downstream of the foothill dams was set equal to 

that of an ideal gravel augmentation grain size, the calculated amount of gravel transport 

would be 214,000 m
3
 / year. This rate would be the required average annual volume of gravel 

augmentation necessary to meet transport conditions for post-dam flows. Hence, the total 

volume of gravel that has been augmented historically over the last thirty years would only 

meet the transport capacity of the post-dam flows for one single year. Under this idealized 

scenario, only the gravel augmentation programs on rivers with significantly reduced flows 

and nearly zero bedload transport, such as the Mokelumne, have added gravel at rates that 

would match post-dam transport rates.
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Introduction 

 The large foothill dams constructed in the Sacramento-San Joaquin river system have 

greatly reduced sediment supply to the downstream rivers (see Porterfield et al. 1978, 

Porterfield 1980). Due to the large sizes of the dams relative to the water inflow, even fine 

sediment rarely escapes to the downstream river reaches and coarse sediment is completely 

trapped (Brune 1953, Porterfield, 1980, Porterfield et al. 1978). Rivers downstream of dams 

regain sediment supply as downstream watersheds contribute sediment (Grant et al. 2003, 

Schmidt et al. 1995), but the effects on the mainstem river depend on the transport ability of 

the river and the amount and type of sediment supplied by the tributary (Petts 1984). On 

gravel-bedded rivers with dams that have greatly reduced sediment transport ability, such as 

the Trinity River, excess tributary sediment supply can create aggrading deltas, which disrupts 

bedload continuity on the mainstem river (Wilcock et al. 1996). In addition, excessive fine 

sediment inputs from the tributaries can cause the riverbed to become much finer, consisting 

of a large percentage of sand (Wilcock et al. 1996, Milhous 1997).  For the Sacramento-San 

Joaquin river system, sediment supply from the tributaries and their potential effects on the 

gravel-bedded river reaches immediately downstream of the dams have not been investigated.   

 One of the main concerns of tributary sediment contribution downstream of the 

foothill dams is the adverse effect on salmonids (CalFed 2000a,b). The blocking of access to 

upstream habitat by the foothill dams and their reregulation dams has reduced available 

salmonid habitat to 28% of the pre-dam value (Yoshiyama et al. 1996). The habitat 

downstream of the dams, already unsuitable for some runs of Central Valley salmon, has 

since been degraded by the continued operation of the foothill dams (CalFed 2000a,b).  Many 

of the rivers in the Sacramento-San Joaquin river system have fine sediment problems, 

primarily associated with the reduction in spawning gravel mobility and the infiltration of fine 

sediment into the spawning gravel (Vyverberg et al. 1997, Horner et al. 2004, CDWR 2004, 

Kondolf et al. 2001). The source of the fine sediment has rarely been investigated. 

 The effects of fine sediment supply on salmonids depend primarily on the size of the 

sediment and the timing of its addition to the channel (Chapman 1988, Kondolf 2000). While 

coarse sediment between the range of 10mm to 55mm is needed for spawning by adults 

(Chapman 1988, Kondolf and Wolman 1993) and for cover by juveniles (review in Kondolf 

2000), fine sediment and sand can have a detrimental effect, both on emergence and juvenile 

rearing quality (Chapman 1988, Kondolf 2000, Suttle et al. 2004). Fine sediment filters down 

through the framework gravels to plug pore spaces, decreasing permeability and potentially 

inhibiting the flow of adequate water to eggs or alevins located in the redd (Kondolf 2000). In 

particular, the timing of sediment supply is important, since the eggs must incubate for several 

months before emergence (Chapman 1988). Percentages of fine sediment from 10% to 30% 

significantly decrease incubation and emergence rates, with greater percentages (30-100%) 

being more lethal (Chapman, 1988).  The size of fine sediment that significantly decreases 

survival of incubating eggs varies, but is generally considered to be less than 1mm (Kondolf, 

2000), with sizes up to 9.5mm that have also been found to decrease survival rates (Chapman, 
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1988).  For the purposes of this discussion, fine sediment here will be defined as that finer 

than 0.063mm, sand from 0.063 to 2mm and coarse sediment from 2mm and larger.  

 

Objectives 

 The objectives of this chapter are two-fold: to determine how much sediment is 

trapped behind dams in the Sacramento-San Joaquin river system and to establish a sediment 

budget for fine and coarse sediment for the river reaches downstream of the major foothill 

dams. The research questions for this chapter are: How much sediment is trapped behind 

dams in the Sacramento-San Joaquin river system that otherwise would have been contributed 

to downstream rivers? Are the rivers downstream of the foothill dams able to offset the losses 

from trapping in upstream reservoirs by inputs from tributaries? Which of the rivers might be 

affected by tributary inputs?  

 

Site Description 

The Sacramento-San Joaquin River System 

 The Sacramento-San Joaquin river system is located approximately 150 kilometers 

inland of the Pacific Ocean and connects to the coast via the San Francisco Delta and San 

Francisco Bay, eventually exiting through the Golden Gate (Figure 1). The Sacramento River 

drains the northern part of the valley, and the San Joaquin River drains from the south. Both 

the Sacramento and San Joaquin receive waters from the Sierra Nevada Mountains, as well as 

the Coast Ranges. Runoff from the Coast Ranges is primarily dominated by winter-storm 

events (Jones et al. 1972), while runoff from the Sierra Nevada Mountains is dominated by a 

combination of snowmelt and winter-storm events. Summer months in California’s 

Mediterranean climate have little precipitation, with the majority of precipitation occurring 

between November and April.  

 There are fourteen major foothill dams in the Sacramento-San Joaquin river system, 

but there are 619 dams in the watersheds and many dams are located upstream of the foothill 

dams (Figure 1, Table 1). Many of the foothill dams in the Sacramento-San Joaquin river 

system have smaller reregulation dams downstream, which serve several purposes, including 

rerouting water from the larger dams into canals, providing stable downstream flows, or are 

connected to hydroelectric operations. Several of the foothill dams are second generation 

dams, as they have replaced older structures located near the same site, often with a 

significant increase in capacity. For example, New Don Pedro dam with a capacity of 2.5 

billion m
3
 was built in 1971 to replace the original Don Pedro dam built in 1926 with a 

capacity of 358 million m
3
. 
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Methods 

 A sediment budget approach was selected to best inventory sediment processes 

downstream of the foothill dams in the Sacramento-San Joaquin river system (Reid and 

Dunne 1996, Reid and Dunne 2001). While the use of sediment budgets has an extensive 

history in geomorphology (e.g. Gilbert, 1917, Porterfield 1980, Dietrich and Dunne 1978, 

Lehre 1982, Trimble 1999), some important caveats apply. First, one or more unmeasured 

terms may necessarily be obtained from subtraction, resulting in large “unmeasured 

residuals”, which can result in significant error (Kondolf and Matthews 1991). Kondolf and 

Matthews (1991) recommend measuring as many of the terms as possible to reduce this error, 

and that it is approach attempted here. The change in storage of coarse sediment in the bed, 

however, is poorly known and often significantly dwarfs annual sediment transport in gravel-

bed rivers (Reid and Dunne 1996). Second, terms computed from sediment transport relations 

can produce relatively large errors (Singer and Dunne 2004, bedload in particular, Ferguson 

2003) and should be applied with caution to sediment budget calculations (Grams and 

Schmidt 2005).  

 Key steps in developing a sediment budget include identifying and quantifying 

relevant geomorphic processes and delineating storage components (Reid and Dunne 1996, 

2001). Figure 2 shows a conceptual diagram of the sediment budget used in this study, which 

is described in the next few paragraphs. For this study, coarse sediment (>2mm) was assumed 

to be transported only by fluvial processes in the main channels and tributaries. Landslides 

and debris flows are important sediment generation mechanisms in steeper source areas 

(Lehre 1982, Reid and Dunne 1996), however, for this sediment budget, landslides and debris 

flows were assumed to contribute negligible amounts due to the primarily lower slope of the 

watersheds downstream of the dams. There have been large landslides documented in regions 

similar to the lower source areas, including large land-slide dams caused by earthquakes on 

Cache Creek (Manson 1989, Manson 1990), but these are not considered here. 

 In this study, the storage component was estimated as all sediment within the valley 

walls of the gravel-bedded reaches, including streambanks, downstream of the foothill dams 

(Figure 2). The reduction in flood flows and subsequent vegetation encroachment has meant 

that on many of the rivers in the Sacramento-San Joaquin river system, previous streambed 

areas have become relatively immobile terraces (e.g. Kondolf and Matthews 1993, Stillwater 

2001). Hence, in this study, streambeds and banks were kept together in the sediment budget, 

and defined as a single storage term between the valley walls (Figure 2). The length of the 

storage component is defined as the length of reach over which the bedload transport 

equations were considered valid (Table 2). While some sediment budget studies separate out 

the terms for streambank erosion in sediment budgets (i.e. delineating the storage term at the 

edge of the channel), in this study, it was not possible to evaluate streambank erosion on all 

the major rivers. There is some evidence in the Sacramento-San Joaquin river system that 

streambank erosion plays a relatively minor role in the post-dam response for the gravel-

bedded rivers immediately downstream of the foothill dams (Ghoshal et al. 2010, Fairman 
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2007). Fairman (2007) found that in a morphologically-based gravel budget for the Lower 

American River, streambank and terrace contributions were approximately 20% of the total 

gravel exported over a 36-year period (1962-1998), with the majority of sediment coming 

from the bed. Ghoshal et al. (2010), used a morphologically-based sediment budget for the 

years 1906-1999 for two short sections of the Lower Yuba River just upstream of the 

confluence with the Feather River, and found that the majority of sediment contribution came 

from the bed, with only 5-25% of the net erosion from terraces. Figure 3 qualitatively shows 

the incision that has occurred in these areas (up to 10m in some locations, Ghoshal et al. 

2010). 

 The connectivity of tributaries to the main channel is a primary factor limiting the 

contribution of sand and coarser material from hillslope areas to larger stream channels (Reid 

and Dunne 1996, Reid and Dunne 2001). In this study, it was assumed that only tributary 

streams downstream of the dam that were larger than 10 km
2
 contributed significant amounts 

of sand or bedload directly to the main channel (Figure 2). In reality, there are a number of 

different factors that influence both sediment supply rates and sediment size, including stream 

size, slope, geology, landuse and land history among others (Reid and Dunne 1996). The 

watershed immediately bounding the river channel downstream of the dam was assumed to be 

a continuous linear sediment contributor unless there was a tributary exceeding the 10 km
2
 

rule. Bedload was assumed not to be contributed from the contiguous linear watersheds (i.e. 

the watershed area without a tributary), because it was unlikely that this area would be able to 

transport bedload into the valley storage component (Figure 2). Fine sediment was assumed to 

be contributed equally by all areas of the watershed. Other key assumptions were that during 

the post-dam era, no sediment from upstream of the foothill dams was contributed to the 

downstream areas. The two smallest of the foothill dams, Friant and Englebright have trap 

efficiencies of 97% and 86% respectively. Hence, only very small particles would make it 

through the dams and would be unlikely to deposit in the turbulent river reaches below the 

dams. 

 In this study, the sediment budget was evaluated for two different scenarios in the 

river reaches downstream of the foothill dams: a post-dam condition (current), and a 

“restored” condition, which assumes coarse sediment is added at the rate that it is transported. 

The volume of sediment trapped by upstream dams also was calculated as a reference for the 

two sediment budgets. The general form of the sediment budget is (Reid and Dunne 1996): 

dS = I – O        (1) 

where dS is the change in storage, I is inputs, and O is outputs, and all units are in mass. It 

should be noted, however, that while only mass is conserved, volume can also be used in 

sediment budgets so long as the densities of the terms are equal. In this study, volume 

estimates are used because a consistent density is used for each of the budgets, they are 

conventionally reported for gravel augmentation, and because they are easily visualized. Mass 

estimates have been converted using a constant density of 1,600 kg / m
3
 for gravel and sand 
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mixtures (e.g. for the bedload and >2mm sediment budget), and a density of 960 kg / m
3
 for 

the reservoir sediment and total sediment loads (total sediment budget).    

 For the post-dam sediment budget of sediment greater than 2mm, yield from the 

drainage area downstream of the dam and gravel augmentation are considered to be the only 

inputs because the supply from upstream is assumed to be zero. For the gravel augmentation 

estimates, the augmentation rate was calculated over the period of time over which the gravel 

augmentation was applied, not over the full period since dam closure. Total sediment load, 

bedload, and greater than 2mm bedload are supplied according to the rules given previously. 

The post-dam sediment budget takes the form: 

dS = Itrib + Iws + Iga – Qbl      (2) 

where dS is the change in storage, Itrib is the input from tributaries, Iws is the input from the 

watershed downstream of the dam but not from a tributary (only for the total sediment budget, 

not bedload or >2mm sediment budgets), Iga is the input from gravel augmentation (only used 

in the >2mm budgets), and Qbl is the current post-dam sediment transport rate calculated in 

Chapter 3 (only used in the >2mm sediment budget). All units here are in m
3
 since all terms 

for each of the sediment budgets have been expressed with the same density. 

 The second sediment budget considered is of full gravel augmentation conditions, 

such that gravel augmentation is added at a rate to equal downstream export (i.e. no change in 

storage), taking into account the gravel additions by downstream tributaries (only for >2mm 

grain sizes): 

0 = dS = Itrib + Iga - Qblga      (3) 

where dS is the change in storage (zero here), Itrib is the contribution of >2mm from tributaries 

downstream of the dam, Iga is the input of gravel augmentation, and Qblga is the post-dam 

bedload sediment transport (>2mm) calculated using the bedload sites in Chapter 3, but 

utilizing separate bedload transport curves based on the grain size of an idealized, simulated 

gravel augmentation. The grain size chosen for the simulated gravel augmentation is shown in 

Figure 4, and represents a grain size typically utilized in gravel augmentation projects 

(Vyverberg et al. 1997). For the estimates of gravel augmentation volumes, the cross sections 

and slope of the bedload calculation sites established in Chapter 3 are held constant, as is the 

post-dam flow duration curve. One consequence of fining the bed material as in a gravel 

augmentation is that the bedload rating curve shifts as the bed particles become easier to 

transport (Figure 5). It is for this reason that the estimates of post-dam bedload transport and 

bedload rating curves should not be held constant when there are large volumes of gravel 

being added to the channel.  

 Previous reports and studies were reviewed to compile sediment yields, bedload 

measurements, and bedload transport calculations and to estimate total sediment production 
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and the percentage of fine, sand and coarse material (Table 2). What sparse suspended and 

bedload measurements exists, were collected from gaging stations within the United States 

Geological Survey (USGS) National Water Information System database (Table 3). A handful 

of previous studies have calculated or measured bedload in the gravel-bed rivers downstream 

of the foothill dams in the Sacramento-San Joaquin system (Table 2), a few of which are 

highlighted here in the text. Singer and Dunne (2004) and Singer (2008), calculate total 

sediment and bedload passing the Bend Bridge USGS gage. The restoration program at Clear 

Creek has collected a number of years of bedload samples (McBain and Trush and Graham 

Matthews and Associates (GMA) 1999, GMA 2003), some taken as part of monitoring for a 

restoration project, but the sampling site at Igo has proven unreliable at high flows and likely 

does not reflect uniform flow conditions (McBain and Trush and GMA 1999). Bedload also 

has been sampled on Lower Clear Creek at Renshaw Riffle and at the restoration site, Phase 

3A, but they are far downstream of the dam and are influenced by gravel augmentation 

projects upstream (GMA 2003). The recent restoration program on the San Joaquin has 

installed bedload sampling stations on the San Joaquin River for WY 2010, but the restoration 

flows were relatively low with little bedload transport and the data has not yet been approved 

for publication (Scott Wright, USGS, personal communication). The table of gravel 

augmentation projects was collected from the previous studies and from a previously 

unpublished database collected by G.M. Kondolf (personal communication). 

 From the review of the previous studies, USGS gaging data, and sediment yield rates 

calculated in Chapter 2, sediment yield rates were assigned to the various regions (Figure 6, 

Table 4). The majority of studies reviewed here used a computational approach for bedload 

instead of measuring it directly, hence, the proportion of bedload to total load is poorly 

known. Most of the reviewed studies calculated bedload as 8-15% of the total load, but it was 

unclear how most of the studies treated sand since it can travel as either bedload or suspended 

depending on the discharge. One of the few sites in the gravel-bedded rivers downstream of 

the dams with adequate paired bedload and suspended sediment is at the USGS gage (USGS 

#11377100) on the Sacramento at Bend Bridge for the period, 1977-1980 (Figure 7), which 

has approximately 10% of total load during this period passing as bedload.  It is unlikely, 

however, that the paired bedload and suspended measurements taken at this gage are 

representative of the other gravel-bedded rivers downstream of the foothill dams because the 

data were collected following an abnormally long and severe drought (WY1976-1977), the 

bedload measurements span a relatively low-range of flows and the gage is far downstream of 

the dam (103km) with a large number of tributary inputs upstream.  

 Immediately following dam closure on the Mokelumne and Feather Rivers, the 

regions downstream of the foothill dams had a two- to three-fold increase in sediment yield, 

while the overall sediment load was greatly reduced (Porterfield 1980, Porterfield et al. 1978) 

(Figure 8). Porterfield (1980) and Porterfield et al. (1978) speculated that the increases might 

be due to downcutting of the riverbed as the bed adjusted to reduced supply. These effects 

were not accounted for in the present study. In this study, the approximate percentage of 

bedload to total sediment yield was assumed to be 10%, and 50% of the bedload was assumed 
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to be greater than 2mm. Estimates of pre-dam sediment supply were estimated with the 3W 

model developed in Chapter 2, with a variable trap efficiency for total sediment loads, and 

100% trap efficiency for bedload and >2mm bedload estimates. The estimates of bed 

sediment transport out of the main channel were calculated using the flow-duration curves and 

methods described in Chapter 3, using the Parker (1990) surface-based bedload equation.  

 The ability for fine sand (0.063mm) and coarse sand (2mm) to travel as suspended 

load was investigated using a Stokes solution for the settling velocity of the fine sand and an 

Engelund-Hansen (1967) solution for the coarse sand (Sturm 2005). The results of the 

evaluation show that fine sand has a settling velocity (wf) of around 0.003 m/s, while the 

coarse sand has a settling velocity of approximately 0.17 m/s. In the gravel-bedded reaches 

downstream of the foothill dams, with slopes of between 0.001 and 0.003, and depths ranging 

from 1 to 4m, the fine sand would travel predominantly as suspended load for all flows (u*/wf 

< 0.4), where u* is the shear velocity ((ghS)
1/2

, where g is gravitational acceleration (m / s
2
), h 

is flow depth (m), and S is slope). The coarse sand would travel predominantly as bedload / 

transitional loads (0.4 < u*/wf < 2.5) for the same conditions.   

 The drainage areas upstream and downstream of the dams were estimated using ESRI 

ArcGIS 9.1 software, with a state-wide watershed coverage (Watershed Boundary Dataset, 

WBD, 2009) obtained from the California Spatial Information Library. The National 

Hydrography Dataset (obtained 2/2009) for California was overlain on top of the watershed 

coverages to aid in delineation of smaller stream tributaries. Dam location was obtained from 

the National Inventory of Dams dataset (obtained 3/2007). 

 

Results 

 The sediment trapping by foothill dams in the Sacramento-San Joaquin river system is 

approximately 2.67 million m
3
 per year (Table 5). Table 5 shows the results for each of the 

individual rivers. If all the dams in the watersheds upstream are taken into account, the total 

annual sediment trapped is 4.0 million m
3
, with the foothill dams trapping 60% on average of 

the total sediment yield coming off the upstream watersheds. The amount of total sediment 

supply deficit to downstream reaches (the amount trapped by the foothill dams) over the life 

of the foothill dams is estimated at 159 million m
3
, and if all dams are taken into account, the 

total sediment supply deficit is 244 million m
3
 (Table 5).  

 The amount of bedload trapped by the foothill dams is approximately 149,000 m
3
 per 

year, with 74,600 m
3
 per year of >2mm particles (Tables 6, 7). If all dams upstream are taken 

into account, the amount of bedload trapped each year is 408,000 m
3
, with 204,000 m

3
 of 

>2mm particles. The total bedload deficit since the foothill dams have been constructed is 9.1 

million m
3
 for just the foothill dams, and 24.8 million m

3
 if all dams upstream are taken into 

account. 
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 Overall, the major rivers in the Sacramento-San Joaquin river system have relatively 

small watersheds downstream of the foothill dams (Figures 9, 10, 11). Of the thirteen rivers 

studied here, nine regain less than 10% of their upstream drainage areas within 50km 

downstream of the dam (Figure 10). Several of the downstream gravel-bedded streams, Putah 

Creek, Mokelumne River, Merced River and San Joaquin River, could have significant 

tributary inputs of bedload sediment, particularly in light of the reduction in downstream 

transport capacity (Tables 8, 9).  

 The total amount of gravel augmented (added by people) in the Sacramento-San 

Joaquin river system from 1978 through 2004 is approximately 267,000 m
3
, with the majority 

of gravel augmentation occurring on the Sacramento River (Table 10). The amount of gravel 

augmented is on average 3.7% of post-dam bedload sediment transport (for >2mm particles) 

(Table 8). While most rivers have much less gravel augmented than is transported, some 

rivers have large amounts of gravel added relative to the sediment deficit, namely Clear 

Creek, Mokelumne River, Stanislaus River, Tuolumne River, and Merced River.  

 Using a scenario wherein the grain size of the bed equaled the idealized gravel 

augmentation mixture (Figure 4), 214,000 m
3
 of sediment would need to be added each year 

under current post-dam flow conditions (i.e. assuming no alteration of post-dam flow regime) 

(Table 11). Under this scenario, of the rivers with current gravel augmentation programs, only 

the rates of gravel augmentation occurring at rivers with significantly reduced flows and 

currently nearly zero downstream gravel transport, such as the Mokelumne River, would meet 

the required rates of gravel augmentation. This finding suggests that flow reduction in some 

of the rivers is enough to stop nearly all sediment transport downstream even if the bed were 

to approach idealized gravel augmentation mixtures. Excluding the Merced and Mokelumne 

Rivers, on average, only 22% of post-dam gravel augmentation needs would be met, 

including the supply from tributary sources.  

 

Discussion 

 The foothill dams in the Sacramento-San Joaquin river system greatly reduce total 

sediment supply and bedload to the downstream reaches. Previous studies of sediment supply 

to the Sacramento-San Joaquin Delta and the San Francisco Bay (Figure 12), have noted a 

large decrease in sediment supply but have not fully evaluated the upstream causes of the 

reduction. For the Sacramento River basin, annual trapping by dams is 3.1 million m
3
 in the 

foothill dam watersheds (i.e. including only dams located in the foothill dam watersheds). 

Average annual sediment transport from the Sacramento River into the Delta is currently 

680,000 m
3
 / year (Wright and Schoelhamer 2004), down from a peak of 5.6 million m

3
 / year 

in the 1909-1966 period (Porterfield 1980). From the results of this study, it appears that the 

scale of the sediment trapped by upstream dams is slightly more than the reduction seen in the 

downstream sediment supply to the Delta, and certainly would be a good explanation if causal 
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mechanisms could be explained and downstream deposition and erosion controls could be 

discounted.  

 A superior method to estimate bedload transport on these rivers would be to establish 

sediment gaging stations on the major rivers, similar to the restoration programs on Clear 

Creek, the Trinity River or the recently started program on the San Joaquin River. Given the 

ecological importance of these major rivers, it is particularly surprising that there are 

essentially no established bedload sediment sampling stations with the exception of the 

Sacramento River downstream of Red Bluff or at altered restoration sites. The already sparse 

suspended sediment sampling data are additionally twenty to thirty years out of date. The 

bedload transport calculations utilized here, while being the best available estimates at these 

sites, are not the ideal method to estimate bedload transport. In particular, the dependence of 

the formulas on the grain size distribution, the fact that only post-dam grain size information 

were available and the uncertainty inherent in the bedload formulas, should cause the results 

to be regarded tentatively. In addition, the cross section geometry at many of these sites has 

likely changed in response to dam closure and vegetation encroachment. A superior method 

would be to combine bedload measurements with bedload calculations to estimate bed 

movement on these major rivers, as well as morphometric estimates of riverine sediment 

export relative to instream mining. On several of these rivers, instream mining is an order of 

magnitude more than post-dam sediment transport (Table 12). 

 While the majority of the gravel-bedded reaches downstream of the foothill dams do 

not have significant sediment contribution areas downstream of the dam, there are several that 

could be significantly affected, including Putah Creek, the Mokelumne River and the San 

Joaquin River. In particular, the reduced transport capacity downstream of these dams 

suggests that the tributaries likely play a more significant role in both sediment supply and 

flow dynamics in the lower reaches. Even if there are large volumes of bedload material 

greater than 2mm available, the large particles might be buried by the supply of sand and 

smaller particles. A key component of the downstream response of the main channel will 

likely depend on the amount of sand in the sediment supplied by the tributary (e.g. Wilock et 

al. 1996), particularly since for these channels, sand is mobile over the full range of flows as 

suspended, transitional and bedload. Porterfield (1980) found that on the undammed 

Cosumnes River, sand was approximately 25-50% of total load. The excess sand could lead to 

large tributary deltas, like the one seen on Putah Creek at the Dry Creek confluence, or lead to 

problems like those on the Trinity River (Wilcock et al. 1996). The uneven timing of tributary 

sediment inputs could result in non-linear feedback dynamics more complex than those 

modeled here. For example, the tributary deltas could decrease upstream slope, initiate 

bedload disconnectivity, and encourage vegetation encroachment. Further field investigations 

for these three rivers would be well warranted.  
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Restoration recommendations 

  Given the high ecological importance of the gravel-bed reaches downstream of the 

major foothill dams in the Sacramento-San Joaquin river system (Calfed 2000a,b), better 

science should be used to coordinate the sediment management of these rivers. Incorporating 

the results of this study with further studies comparing the effects of the foothill dams would 

be an excellent start, and it is surprising this has not been attempted earlier. Good examples of 

restoration programs that are incorporating science into sediment management include Clear 

Creek, the Trinity River, and the San Joaquin River. On most rivers to date in the Sacramento-

San Joaquin river system, nearly all gravel augmentation projects have been planned without 

reference to the bedload transport rate, and only recently have they been planned with critical 

shear stress in mind (Kondolf et al. 2001), though many projects still consider mobility to be a 

negative result. Coordinating gravel augmentation with flood pulse flows, and moving 

towards the concept of alluvial functioning (Trush et al. 2000), with regular additions and 

movement of gravel, like the restoration approach used by the Clear Creek restoration 

program, would be an excellent idea (McBain and Trush 2001).  

 Unfortunately, a number of the Federal Energy Regulatory Commission hydroelectric 

permits and the state and federal water service contracts reviewed by the author have been 

approved with substandard environmental review (e.g. USBoR 2005). Many of the accepted 

permits propose only minimal improvements, if at all, to the sediment and ecological 

management of these systems. Private, state and federal dam operators, should be held 

accountable for the continued degradation of the downstream river systems (i.e. continued 

downstream transport) and adequate scientific review of the permits should be performed by 

the reviewing agencies. Many of these dams have had cumulative long-term effects on the 

downstream rivers, including sediment starvation, cessation of flood flows, and alteration of 

flow magnitude frequencies.  Incentives to improve the management of the major rivers could 

be imagined, however, increased enforcement of existing standards most likely would 

produce results.  

 Every effort should be made to preserve and improve those rivers that are closer to full 

alluvial functioning. In particular, the Middle Sacramento River is a real gem, with relatively 

high sediment resupply from tributaries downstream of the dam and relatively little flow 

alteration from Shasta Dam. Every effort should be made to maintain conditions on the 

Sacramento River below Red Bluff, however, the large number of salmonids using the reach 

upstream of Red Bluff suggest that restoration efforts would be successful if they were 

attempted upstream. The Upper Sacramento River remains one of the rivers with the largest 

additions of gravel for augmentation in California and possibly the United States (total of 

200,000 m
3
 added between 1978 and 2004), particularly following the addition of 76,000 m

3
 

in Phase I of the Sacramento River Spawning Gravel Restoration project in the mid-1990s. 

Phase II of that project, for which all the planning was completed, proposed adding over 

800,000 m
3
 of sediment, but was abandoned for some reason in the late-1990s.  
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Conclusions 

 This study compiled sediment data to estimate the pre-dam sediment supply, sediment 

trapping effects, and sediment budgets for the gravel-bed reaches of the rivers downstream of 

major “foothill” dams of the Sacramento-San Joaquin river system. Large amounts of 

sediment are trapped behind the dams in the watershed, significantly reducing sediment 

supply to downstream rivers and the Sacramento-San Joaquin Delta. For most of the rivers, 

there is insufficient bedload supplied downstream of the dams to offset bed degradation as the 

rivers continue to adjust to the post-dam imposition of greatly reduced sediment supply. Due 

to flow reductions caused by the foothill dams, and the relative size and contribution of small 

tributaries downstream of the dams, however, several of the streams may be adversely 

affected by tributary sediment. Future restoration efforts are recommended to focus on better 

science, a comparative approach, and adequate review of environmental permitting.
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Figures 

 

 

Figure 1. Map of the Sacramento-San Joaquin river system with the 619 upstream dams 

marked (dam information from CDSD 2007). 
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Figure 2. Schematic diagram of the sediment budget used in this study. The shaded area is the 

drainage area upstream of the dam, the unshaded area is the drainage area downstream of the 

dam. In this study, the assumption was that no sediment from the area upstream of the dam 

was contributed to the downstream area. The straight lines bounding the river downstream of 

the dam are the limits of the storage component, which is defined as extending from valley-

wall to valley-wall (i.e. including channel bed, streambanks and terraces). The length of the 

storage component is the river reach over which the bedload equations were considered valid 

(see Table 2). For the area downstream of the dam, bedload was assumed to be supplied only 

by tributaries with drainage areas greater than 10 km
2
. 
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Figure 3. Lower Yuba River. Top– historical photo of Barrier No. 1 on the Lower Yuba River 

taken in September 1906 by Gilbert, just after completion and the season before it failed 

(Gilbert 1917). The debris dam was built by the California Debris Commission in 1904-1906 

and was breached by floods on the Yuba River in 1907 (Gilbert 1917). Middle - historical 

photograph of Barrier No. 1 by Lippincott in 1913, six years after the dam failed (in 

University of California, Water Resources Center Archives, Lippincott collection). Bottom – 

the remains of the same dam in 2006 (photo by J.T.Minear). The bed of the river is 

approximately 7 meters lower than the base of the dam. 
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Gravel augmentation grain size distributions
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Figure 4. Model gravel augmentation grain size, shown within an ideal grain size distribution 

(*) for salmonids (from Vyverberg et al. 1997). 
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Figure 5. Change in bedload transport rates observed with a fining of the bed from gravel 

augmentation, the result of which is an increase in bedload transport and mobilization at lower 

flows. Site shown is for American River AR1 site, grain size for gravel augmentation is 

shown in Figure 3. 
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Figure 6. Individual sediment yield rates from reservoir sedimentation surveys calculated in 

Chapter 2. Note the relatively low rates of sediment yield for the majority of the Sierra 

Nevada, with the exception of some of the northern rivers affected by hydraulic mining waste.
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Figure 7. Graph of measured bedload and suspended load discharges at USGS Sacramento 

River gages at Bend Bridge (#11371000) and below Keswick (#11370500). Note the relative 

values of bedload to suspended load at Bend Bridge, and the smaller exponent for the 

suspended discharge at Keswick (just downstream of Shasta Dam) compared to the suspended 

sediment concentration for Bend Bridge (103km downstream of Shasta Dam). 
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Figure 8. Pre- and post-Oroville Dam suspended sediment measurements on the Feather River 

below Oroville (USGS Gage #11407000). Note that not only do the dams decrease sediment 

transport by decreasing the sediment concentration of the flows downstream, they also tend to 

shift the flow-duration curves towards lower flows.
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Figure 9. Map of the Sacramento-San Joaquin river system with watersheds upstream of the 

foothill dams marked in orange stripe, areas draining into the gravel-bed reaches downstream 

of the dams are marked in black. The watershed of the Sacramento River downstream of 

Shasta Dam is excluded here for clarity but if included would take up much of the northern 

Sacramento valley.
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Contributing watersheds downstream of the foothill dams in the Sacramento - San Joaquin river system 
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Figure 10. Results of the analysis of drainage areas downstream of the foothill dams in the 

Sacramento-San Joaquin river system (Sacramento River not shown). Of the thirteen river 

reaches shown here, nine of the rivers regain less than 10% of the watershed upstream of the 

dam within 50km of the dam (i.e. the gravel-bedded reaches). The four that regain more than 

10% of their upstream watershed area are Clear Creek, Bear River, Calaveras River, and 

Putah Creek.
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Figure 11. Example of the river-specific sediment budget for the gravel-bedded reach of the 

San Joaquin River downstream of Friant Dam. For the San Joaquin, the bedload contributions 

from two major tributaries at 0.5km and 10.7km greatly increase the bedload supplied to the 

reach. The connectivity of these tributaries is doubtful given the highly disturbed floodplain 

of the San Joaquin, but they are assumed to be connected here. 
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Trends in Sediment Yield of Sacramento River, CA (1800-present)
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Figure 12. Trends in sediment yield of the Lower Sacramento River, 1800-present (after 

Wright and Schoelhamer, 2004). 
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Tables 

 

Table 1. Impounded Runoff for major dammed Sacramento-San Joaquin rivers. 

Impounded Runoff 
# dams 

upstream 

Average 
Annual 
Runoff * foothill dam 

Total watershed 
impounded 

runoff ** River Dam 
Year 
built 

year 
built 

2008 (M m3) 
capacit
y (M m3) 

IR 

year 
foothill 

dam 
built 

2008 

Clear Creek Whiskeytown 1963 0 0 232.5 297.4 128% 128% 128% 

Stony Creek Black Butte 1963 7 9 447.3 177.3 40% 68% 68% 

Putah Creek Monticello 1957 9 27 410.5 1,976.0 481% 484% 494% 

Sacramento Shasta 1945 42 73 7,993.0 5,614.8 70% 74% 77% 

Feather Oroville 1968 35 37 3,588.2 4,363.5 122% 186% 186% 

Yuba Englebright 1941 34 46 2,358.5 86.3 4% 17% 69% 

Bear 
New Camp Far 

West 1963 4 9 364.4 127.0 35% 37% 61% 

American Folsom 1956 31 57 3,319.4 1,245.8 38% 40% 68% 

Mokelumne Camanche 1963 14 17 764.9 532.2 70% 140% 140% 

Calaveras 
New Hogan 
(Old Hogan) 

1963 
(1910) 7 9 199.5 391.0 196% 198% 199% 

Stanislaus 
New Melones 
(Old Melones) 

1979 
(1926) 21 28 805.1 2,960.4 368% 396% 425% 

Tuolumne 
New Don Pedro 
(Old Don Pedro) 

1971 
(1923) 23 27  1,628.2 2,504.0 154% 178% 179% 

Merced 
New Exchequer 
(Old Exchequer) 

1967 
(1926) 4 4 1,191.4 1,273.0 107% 107% 107% 

San Joaquin Friant 1942 14 21 1,221.3 642.0 53% 87% 116% 

Note: * - Average annual runoff as measured at the gages below the foothill dams. The effects 

of evaporation or diversion were not taken into account. Impounded runoff was calculated as 

the storage capacity of the dams divided by the average annual runoff. **- Total watershed 

impounded runoff takes into account the capacity of all the dams in the watershed upstream of 

the main foothill dam, including the foothill dam. Years in parentheses are the dates of 

construction for the 1
st
 generation of foothill dams (previous to the current dams in place).
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Table 2. Previous studies estimating sediment yields in areas near the gravel-
bedded reaches of major rivers of the Sacramento-San Joaquin area. * 

Author 
Date of 

estimate 
Region Sediment Yield Comments 

Gilbert 1917 WY1906 Lower Yuba River 1,700 m
3
 / km

2
 / yr c 

 1849-1906 Lower Yuba River 1,400 m
3
 / km

2
 / yr Piedmont 

deposits, d 
 1849-1880 Lower American 

River 
307 m

3
 / km

2
 / yr Piedmont 

deposits, e 
 1849-1880 Lower Bear River 1,200 m

3
 / km

2
 / yr Piedmont 

deposits, f 
 1849-1913 Lower Feather River 68 m

3
 / km

2
 / yr Piedmont 

deposits, g 
Porterfield 1980 1957-1966 Mokelumne R. 

downstream of 
Camanche Dam 

206** m
3
 / km

2
 / yr  

 1957-1959 Cosumnes R. at 
Michigan Bar 

39 m
3
 / km

2
 / yr Sand 35% of 

total load, i 
  Sacramento R. at 

Red Bluff 
933,900 m

3
 / yr***  

  Feather River at 
Oroville 

633,700 m
3
 / yr, 

unclear size 
watershed*** 

 

 1957-1966 Calaveras R.  72 m
3
 / km

2
 / yr  

Porterfield et al. 
1978 

1902-1962 Feather River, pre-
Oroville Dam 

87 m
3
 / km

2
 / yr l 

 1957-1962 Feather River, pre-
Oroville Dam 

30 m
3
 / km

2
 / yr l 

 1965-1967 Feather River, pre-
Oroville Dam 

97 m
3
 / km

2
 / yr l 

 1968-1975 Feather River, post-
Oroville Dam 

200 m
3
 / km

2
 / yr l, k 

 1974-1975 Feather River, post-
Oroville Dam 

111 m
3
 / km

2
 / yr l, k 

CDWR 1982 1902-1962 Feather River, pre-
Oroville Dam 

11 m
3
 / km

2
 / yr (1), 

1 m
3
 / km

2
 / yr (2) 

Bedload (1), 
and 
spawning 
gravel (2), h 

Kondolf et al. 
2001 

1949 to 
1999 

Stanislaus River 
upstream of dams 

5.8 m
3
 / km

2
 / yr Only sand 

and gravel 
 1949 to 

1999 
Stanislaus River, 
Tulloch Dam to 
Oakdale 
(downstream of 
dams) 

1,296 m
3
 / yr, unclear 

size watershed 

Only sand 
and gravel 

 1949 to 
1999 

Stanislaus River 
downstream of 
Oakdale 

9,670 m
3
 / yr, no size 

watershed mentioned 

Only sand 
and gravel 
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Jones et al. 
1972 

1957-1968 Tributaries draining 
into Sacramento 
River from Coast 
Range 

Qss: 36 – 762 m
3
 / 

km
2
 /yr; 

Qbl: 3 – 46 m
3
 / km

2
 / 

yr 

a 

 1962-1968 Upper Putah Creek, 
upstream of 
Monticello Dam 

Qss: 252 m
3
 / km

2
 / yr  

WSRCD, 1999 1998 Lower Clear Creek 164 m
3
 / km

2
 / yr  

USACE, 1990 
(in Kondolf et al. 
2001) 

1990 Area upstream New 
Melones Dam, 
Stanislaus 

711 m
3
 / km

2
 / yr  

 

*- Weight yields were converted to volume yields using 1,600 kg / m
3
 density conversion.  

** Porterfield (1980) found high sediment yield rates immediately after construction of 

Camanche Dam (Pardee Dam was already in place). He speculated that the high yields might 

be from the downcutting of the riverbed below Camanche. 

*** Porterfield only reported suspended sediment for these sites but he assumed 10% bedload 

for all the other sites so that rate was applied here for a total load. 

a –the authors attributed the wide range of rates to the geologic type, with Coast Range 

geologies, such as the Franciscan formation creating the highest sediment yield rates. Bedload 

calculated using modified Meyer-Peter, Mueller bedload equation.  

c – Gilbert (1917) calculated the amount of sediment that was deposited in WY1906 behind 

Barrier No. 1 as 1.29 M m
3
 (see Figure 2), and used measurements of suspended and 

calculated bedload transport to come up with an estimate of total load. Gilbert’s estimates are 

converted here using the drainage area at the USGS Smartville gage (3108 km
2
) where Gilbert 

estimated suspended sediment. Gilbert’s estimates were conducted during the period when the 

discharge of mining waste was still extremely high. His measurements were extremely 

impressive given the general lack of knowledge at the time. It is possible that Gilbert’s 

estimates from the deposit behind Barrier No. 1 included some of the sediment he measured 

as suspended sediment, however, no correction was made to his original estimates, which are 

presented here. 

d – Volume estimated for Yuba mining-waste piedmont deposit by Gilbert (1917) citing Hart 

(1906), converted here using the drainage area at Smartsville (3108 km
2
) for the estimated 

period of record (1849-1906). 

e – Volume estimated for American mining-waste piedmont deposit by Gilbert (1917) citing 

Manson (1882), converted here using the drainage area at USGS gage below Folsom Dam 

(4823 km
2
) for the period of record (1849-1880). 

f – Volume estimated for Bear mining-waste piedmont deposit by Gilbert (1917), citing 

Mendell (1882), converted here using the drainage area at New Camp Far West Dam (738 

km
2
) over the implied period of record (1849-1880). 

g- Volume estimated for Feather mining-waste piedmont deposit by Gilbert (1917), citing 

Hall (1880), converted here using the drainage area at the USGS gage below Oroville Dam 

(9386 km
2
). 
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h- CDWR (1982) estimated spawning gravel size from unpublished data on Sacramento 

River, which suggested that 10% of bedload is spawning gravel size (12.5mm or larger). 

i- Porterfield (1980) also mentioned that much of the sand was being transported even at 

relatively low flows (1200cfs). 

j- Cain’s (1997) estimates of sediment contributions were evaluated for this study, but were 

found to be at least an order of magnitude too large for most reasonable sites (e.g. 12,850 m
3
 / 

km
2
 / yr – on the order of the maximum sediment yields following the eruption of Mount St. 

Helens (Major 2004)). 

k- adjusted by Porterfield et al. (1978) to include only the drainage area downstream of 

Oroville Dam. Porterfield et al. (1978) reported higher sediment yields per drainage area for 

the area downstream of the dam immediately following dam closure, and attributed it to 

adjustment of the channel to the reduction in sediment supply.  

l- Porterfield et al. (1978) used an adjusted drainage area of 7806 km
2
 for their calculations of 

pre-Oroville dam sediment yield (drainage area at Oroville is 9386 km
2
). If all dams upstream 

are taken into account, only 3538 km
2
 of the upstream watershed is not dammed. It is likely 

that Porterfield et al. did not locate all the dams upstream of Oroville, since there were at least 

37 large dams upstream when Oroville Dam was built in 1968 (CDSD 2007).  
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Table 3. Bedload and suspended sediment gages in the gravel-
bedded reaches of the Sacramento-San Joaquin river system, 
excluding the Sacramento River gages downstream of Red Bluff. 
River Gage Location Dates of 

sediment 
sampling 

Number of 
samples for 
Qss or Qbl 
* 

Sacramento USGS 
11370500 

blw Keswick 1977-1994 146 Qss 

Sacramento USGS 
11377100 

Bend Bridge 1977-1980 23 Qbl 

Sacramento USGS 
11377100 

Bend Bridge 1977-2000 1018 Qss 

Stony 
Creek 

USGS 
11388000 

blw Black 
Butte 

1958-1965 53 Qss 

Feather USGS 
1140700 

blw Oroville 1957-1975 43 Qss 

Yuba USGS 
11421000 

Marysville 1996 8 Qss 

Yuba USGS 
11421500 

Marysville 1996-1998 17 Qss 

Bear USGS 
1142400 

Wheatland 1999-2000 18 Qss 

American USGS 
11447000 

Sacramento 1996 24 Qss 

Mokelumne USGS 
11323500 

blw 
Camanche 

1966-1970 52 Qss 

 

* - Qss = suspended sediment discharge, Qbl = bedload discharge. 
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Table 4. Sediment yield used to estimate sediment trapping by upstream dams. 

River Dam 

Gravel-
bed study 

reach 
length 
(km)* 

Sediment 
yield used 

for upstream  
watersheds  

(m
3
 / km

2
 / 

yr) ** 

Source / 
Justifi-
cation 

Sediment 
yield used 

for 
downstream  
watersheds 

(m
3
 / km

2
 / 

yr) *** 

Source / 
Justifi-
cation 

Clear Creek Whiskeytown 15.3 157 a 53 e 
Stony 

Creek, f 
Black Butte 

27.7 157 a 53 e 
Putah 
Creek 

Monticello 
20.1 157 a 53 e 

Sacramento Shasta 103 150 b 53 e 

Feather Oroville 12.6 58 c 53 e 

Yuba Englebright 37.9 58 c 53 e 

Bear 
New Camp 
Far West 23 58 c 53 e 

American Folsom 17 58 c 53 e 

Mokelumne Camanche 15.9 58 d 53 e 

Calaveras New Hogan 35.9 58 d 53 e 

Stanislaus New Melones  26.6 58 h 53 e 

Tuolumne 
New Don 

Pedro 25.8 58 I 53 e 

Merced 
New 

Exchequer 32.8 58 j 53 e 
San 

Joaquin 
Friant 

36.5 58 k 53 e 

*- length of the gravel-bedded reach modeled here is chosen to reflect the length of river most 

likely represented by the bedload transport sites used in Chapter 3. Measured downstream 

from the lowermost dam (either foothill dam or reregulating dam). 

**- Upstream of the foothill dams. 

***- Downstream of the foothill dams. 

a- median rate for Coast Ranges (Chapter 2).  

b- approximate sediment yield, since there is little data for the regions upstream of Shasta 

Reservoir (325 m
3
 / km

2
 / yr for the Siskiyou region, 58 m

3
 / km

2
 / yr for Sierra Nevadas).  

c- median sediment yield rate for Sierra Nevada (Chapter 2), not accounting for elevated 

sediment supply from hydraulic mining. The lower elevation foothills (<2,000m elevation) 

are where the majority of hydraulic mining took place. Sediment yield from the hydraulically 

mined areas has been decreasing since the late 1800s (Gilbert 1917, James 1999) (Figure 11), 

more recent rates measured at Combie Reservoir (Bear River, 1928-1935) and Folsom 

Reservoir (American River, 1956-1991) have rates of 273 and 287 m
3
 / km

2
 / yr respectively.   

d- median sediment yield rate for Sierra Nevada (Chapter 2).  

e- median sediment yield rate for Central Valley (Chapter 2). 
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f- it was discovered late in this study that Stony Gorge, one of the major dams upstream of 

Black Butte Dam, had an incorrect drainage area in the CDSD database (1903 km
2
 instead of 

768 km
2
). The drainage area was measured at 768 km

2
 and corrected for this part of the study, 

though it had been used in Chapter 2 to estimate sediment yields in the Coast Ranges. 

k- median rate for Sierra Nevada (estimated in Chapter 2), similar to reservoir sedimentation 

rate of Crane Valley Reservoir on North Fork San Joaquin from 1901-1946 (58 m
3
 / km

2
 / yr) 

– see Chapter 2. 

j- median rate for Sierra Nevada (estimated in Chapter 2), similar to reservoir sedimentation 

rate of Old Exchequer Dam on Merced River from 1926-1946 (46 m
3
 / km

2
 / yr) – see 

Chapter 2. 

i- median rate for Sierra Nevada (estimated in Chapter 2), similar to reservoir sedimentation 

rate of Old Don Pedro Dam on Tuolumne River from 1923-1945 (44 m
3
 / km

2
 / yr) – see 

Chapter 2. 

h- median rate for Sierra Nevada (estimated in Chapter 2), similar to reservoir sedimentation 

rate of Lyons Reservoir on South Fork Stanislaus River from 1930-1946 (33 m
3
 / km

2
 / yr) – 

see Chapter 2. 
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Table 5. Estimated rates of total sediment load trapped by foothill and upstream dams, 
annually for the year 2008, and as a deficit (since foothill dam construction date). 

sediment trapped per year (2008) sediment deficit (through 2008) 

River 

Year 
foothill 

dam 
completed 

* 

individual 

dam (m
3
) 

including 
all dams 

(m
3
) ** 

%*** 
individual 

dam (m
3
) 

including 
all dams 

(m
3
)** 

%*** 

Clear Creek 1963 46,474 46,473 100.00% 2,138,184 2,138,167 100.00% 
Stony 
Creek 

1963 
52,617 286,445 18.37% 2,066,130 13,183,052 15.67% 

Putah 
Creek 

1957 
220,191 233,517 94.29% 11,556,494 12,143,106 95.17% 

Sacramento 1945 1,298,048 1,529,975 84.84% 73,597,401 97,977,801 75.12% 

Feather 1968 347,616 536,754 64.76% 13,925,912 22,007,515 63.28% 

Yuba 1941 52,149 141,469 36.86% 3,668,673 9,668,646 37.94% 

Bear 
1963 

(1928) 22,918 41,676 54.99% 1,062,379 3,376,667 31.46% 

American 1956 123,261 278,139 44.32% 7,306,861 14,742,539 49.56% 

Mokelumne 1963 7,537 84,247 8.95% 347,009 3,875,367 8.95% 

Calaveras 
1963 

(1910) 47,103 49,541 95.08% 2,173,237 4,904,974 44.31% 

Stanislaus 
1979 

(1926) 59,736 134,793 44.32% 7,250,696 11,187,920 64.81% 

Tuolumne 
1971 

(1923) 192,207 230,048 83.55% 17,171,615 19,784,969 86.79% 

Merced 
1967 

(1926) 152,718 154,777 98.67% 12,735,794 12,847,544 99.13% 
San 

Joaquin 
1942 

53,383 243,867 21.89% 4,678,496 16,341,573 28.63% 

          

 Totals 2,668,465 3,991,721 60.14% 159,334,168 244,179,840 56.57% 

 

*- dates in parentheses are the dates the original foothill dam was constructed (i.e. 1
st
 

generation dam). For the calculation of the deficit, the construction date of the original 

foothill dam was used, assuming that the original dam was not emptied of sediment before the 

2
nd

 generation dam was built. **- includes all dams present in the upstream watershed.***- 

percent of total watershed sediment trapping due to foothill dams. 
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Table 6. Estimated rates of bedload trapping by foothill and upstream dams, annually for the 
year 2008, and as a total bedload deficit (since foothill dam construction date).  

Bedload trapped per year (2008) Bedload deficit (through 2008) 

River 
Year foothill 

dam 
completed* 

individual 

dam (m
3
) 

including 
all dams 

(m
3
) ** 

%*** 
individual 

dam (m
3
) 

including 
all dams 

(m
3
)** 

%*** 

Clear Creek 1963 4,688 4,688 100.00% 215,637 215,637 100.00% 

Stony Creek 1963 17,868 30,150 59.26% 822,101 1,386,903 59.28% 

Putah Creek 1957 22,064 23,436 94.14% 1,158,366 1,218,698 95.05% 

Sacramento 1945 23,047 155,421 14.83% 1,855,666 9,946,975 18.66% 

Feather 1968 20,535 54,226 37.87% 841,922 2,223,249 37.87% 

Yuba 1941 4,101 16,537 24.80% 333,527 1,124,501 29.66% 

Bear 1963 (1928) 2,266 4,285 52.88% 104,448 347,047 30.10% 

American 1956 7,387 28,338 26.07% 509,462 1,501,915 33.92% 

Mokelumne 1963 651 8,546 7.62% 30,112 393,096 7.66% 

Calaveras 1963 (1910) 4,677 5,011 93.33% 216,559 415,944 52.06% 

Stanislaus 1979 (1926) 5,054 13,530 37.36% 696,789 1,122,997 62.05% 

Tuolumne 1971 (1923) 18,365 23,182 79.22% 1,653,680 1,993,613 82.95% 

Merced 1967 (1926) 15,339 15,636 98.10% 1,282,324 1,297,811 98.81% 

San Joaquin 1942 3,232 25,181 12.84% 216,557 1,687,127 12.84% 

            

 Totals 149,273 408,167 52.74% 9,937,151 24,875,512 51.49% 

 

*- dates in parentheses are the dates the original foothill dam was constructed (i.e. 1
st
 

generation dam). For the calculation of the deficit, the construction date of the original 

foothill dam was used, assuming that the original dam was not emptied of sediment before the 

2
nd

 generation dam was built. **- includes all dams present in the upstream watershed. ***- 

percent of total watershed sediment trapping due to foothill dams. 
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Table 7. Estimated rates of bedload greater than 2mm trapped by foothill and upstream 
dams, annually for the year 2008, and as a total deficit (since foothill dam construction 
date). 

>2mm trapped per year (2008) >2mm deficit (through 2008) 

River 
Year foothill 

dam 
completed * 

individual 

dam (m
3
) 

including 
all dams 

(m
3
) ** 

%*** 
individual 

dam (m
3
) 

including 
all dams 

(m
3
)** 

%*** 

Clear Creek 1963 2,344 2,344 100.00% 107,819 107,819 100.00% 

Stony Creek 1963 8,934 15,075 59.26% 411,051 693,452 59.28% 

Putah Creek 1957 11,032 11,718 94.14% 579,183 609,349 95.05% 

Sacramento 1945 11,524 77,711 14.83% 927,833 4,973,487 18.66% 

Feather 1968 10,267 27,113 37.87% 420,961 1,111,624 37.87% 

Yuba 1941 2,051 8,268 24.80% 166,763 562,250 29.66% 

Bear 1963 (1928) 1,133 2,142 52.88% 52,224 173,523 30.10% 

American 1956 3,693 14,169 26.07% 254,731 750,957 33.92% 

Mokelumne 1963 325 4,273 7.62% 15,056 196,548 7.66% 

Calaveras 1963 (1910) 2,338 2,506 93.33% 108,279 207,972 52.06% 

Stanislaus 1979 (1926) 2,527 6,765 37.36% 348,394 561,499 62.05% 

Tuolumne 1971 (1923) 9,182 11,591 79.22% 826,840 996,807 82.95% 

Merced 1967 (1926) 7,669 7,818 98.10% 641,162 648,905 98.81% 

San Joaquin 1942 1,616 12,590 12.84% 108,278 843,563 12.84% 

        

 Totals 74,637 204,083 52.74% 4,968,575 12,437,756 51.49% 

 

*- dates in parentheses are the dates the original foothill dam was constructed (i.e. 1
st
 

generation dam). For the calculation of the deficit, the construction date of the original 

foothill dam was used, assuming that the original dam was not emptied of sediment before the 

2
nd

 generation dam was built. **- includes all dams present in the upstream watershed. ***- 

percent of total watershed sediment trapping due to foothill dams. 
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Table 8. Post-dam annual sediment budget, >2mm particles. 

Post-dam annual sediment budget, >2mm particles 

River 

Length 
of 

study 
reach 
(km)* 

tributary  
supply, 

a 
(m

3
) 

gravel 
augmentation, b 

(m
3
) 

transport, 
c, ** 
(m

3
) 

supply / 
transport 

Clear Creek 15.3 84 5,039 148 34.66 
Stony 
Creek 27.7 125 0 4,303 0.03 
Putah 
Creek 20.1 476 8 41 11.79 

Sacramento  103  7,420 218,818 0.03 

Feather 12.6 0 168 1,739 0.10 

Yuba 37.9 500 0 22,414 0.02 

Bear 23 785 0 975 0.81 

American 17 190 512 4,022 0.17 

Mokelumne 15.9 32 730 13 60.24 

Calaveras 35.9 418 0 na na 

Stanislaus 26.6 188 2,000 260 8.41 

Tuolumne  25.8 111 2,376 343 7.26 

Merced *** 32.8 271 137 1 408 

San 
Joaquin  36.5 889 0 584 1.52 

*- measured downstream of the lowermost dam (either foothill dam or reregulating dam). The 

study reach was defined as the area over which the bedload equations developed in Chapter 3, 

would be applicable. Only qualitative means were available to estimate this – the factors that 

went in the assessment were cross section, slope, grain size, tributaries. 

**-bedload transport estimates were made using post-dam grain sizes. 

***- bedload transport estimates for the Merced River were made using a coarse grain size 

distribution that represented pre-gravel augmentation conditions. No bedload transport was 

predicted for this site for either pre- or post-dam conditions. 

a- tributary supply estimated for >2mm bedload. 

b- gravel augmentation estimates were made by dividing the total volume of augmentation by 

the period over which the gravel had been added, up to the year 2004 (since this was the latest 

data available). As such, this estimate does not take into account the many years before gravel 

augmentation started and it assumes that gravel augmentation will continue to be added at the 

same rate as the recent past. 

c- estimates of bedload transport from Chapter 3. 
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Table 9. Post-dam sediment deficit, >2mm particles 
Post-dam sediment deficit, >2mm particles 

River 

period 
since 

closure 
(years)* 

tributary 
supply, a 

(m
3
) 

gravel 
augmentation, b 

(m
3
) 

transport, c, ** 
(m

3
) 

supply / 
transport 

Clear Creek 45 3,794 45,350 6,652 7.39

Stony Creek 45 5,645 0 193,627 0.03

Putah Creek 51 24,284 85 2,093 11.64

Sacramento  63 200,344 13,785,541 0.01

Feather 40 0 3,857 69,574 0.06

Yuba 67 33,492 0 1,501,724 0.02

Bear 45 35,307 0 43,855 0.81

American 52 9,860 7,163 209,147 0.08

Mokelumne 45 1,431 10,945 569 21.76

Calaveras 45 18,788 0na na

Stanislaus 29 5,439 21,999 7,541 3.64

Tuolumne  37 4,110 26,135 12,680 2.39

Merced *** 41 11,122 2,595 41 332.10

San Joaquin  66 58,701 0 38,572 1.52

*- period since closure of most recent foothill dam. Several of the 1
st
 generation foothill dams 

have been replaced by 2
nd

 generation dams (Table 6). Only the 2
nd

 generation construction 

date was used here to estimate sediment deficit. 

**-bedload transport estimates were made using post-dam grain sizes. 

***- bedload transport estimates for the Merced River were made using a coarse grain size 

distribution that represented pre-gravel augmentation conditions. No bedload transport was 

predicted for this site for either pre- or post-dam conditions. 

a- tributary supply estimated for >2mm bedload. 

b- includes all gravel added as augmentation projects over the life of the dam. 

c- estimates of bedload transport from Chapter 3. 
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Table 10.  Gravel enhancement projects below foothill dams, Sacramento-San Joaquin river 
system. 

# 
River 

(Regulating 
Dam) 

Years 
Number 

of 
projects 

Agencies Type 
Volume 

(m3) 
Cost 

1 
Clear Creek 

(Whiskeytown) 
1996-
2004 

22 Western Shasta RCD injection, riffle construction 45,350 $823,998 

2 
Sacramento 
(Keswick) 

1978-
2004 

20 USBR, CDFG, DWR 
injection, riffle construction and 

maintenance 
200,344 $4,135,000 

3 Putah Creek 1994 1 LPCCC riffle construction 85 na 

4 
Feather 

(Oroville Res.) 
1982-
1987 

2 CDFG 
riffle construction and 
maintenance, ripping 

3,857 na 

5 
American 
(Nimbus) 

1991-
1999 

2 
Sacramento Co, 

CDFG, 
USFWS, USBR 

injection, ripping, gravel 
cleaning 

4,163 $280,000 

6 
Mokelumne 
(Camanche) 

1990-
2003 

12 EBMUD injection, ripping 10,945 $299,575 

7 
Stanislaus 
(Goodwin) 

1994-
2004 

10 
CDFG, DWR, Carl 
Mesick Consultants 

riffle construction and 
maintenance, 

injection and ripping 
21,999 $1,500,240 

8 
Tuolumne (La 

Grange) 
1994-
2004 

5 CDFG, DWR 
riffle construction and 

maintenance,  injection, ripping 
26,135 $765,425 

9 
Merced 

(Crocker-
Huffman) 

1986-
2004 

11 
Merced Irr. District, 

CDFG, DWR 

riffle construction and 
maintenance, 

injection 
2,595 $460,000 

 Total 
1978-
2004 

80   267,339 $8,264,238 
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Table 11. Post-dam annual sediment budget, assuming the riverbed is 
composed entirely of gravel augmentation grains, >2mm particles. 

Post-dam annual sediment budget, >2mm particles 

River 

Length 
of 

study 
reach 
(km)* 

tributary  
supply, 

a 
(m

3
) 

gravel 
augmentation, b 

(m
3
) 

bedload 
transport, 

c 
(m

3
) 

supply / 
transport 

Clear Creek 15.3 84 5,039 7,021 0.73 

Stony 
Creek 27.7 125 0 11,917 

0.01 

Putah 
Creek 20.1 476 8 9,418 

0.05 

Sacramento  103  7,420 85,955 0.09 

Feather 12.6 0 168 18,073 0.01 

Yuba 37.9 500 0 22,246 0.02 

Bear 23 785 0 27,590 0.03 

American 17 190 512 17,171 0.04 

Mokelumne 15.9 32 730 1 1348.33 

Calaveras 35.9 418 0 na na 

Stanislaus 26.6 188 2,000 2,426 0.90 

Tuolumne  25.8 111 2,376 9,688 0.26 

Merced 32.8 271 137 6,300 0.07 

San 
Joaquin  36.5 889 0 2,982 

0.30 

*- measured downstream of the lowermost dam (either foothill dam or reregulating dam). 

a- tributary supply estimated for >2mm bedload. 

b- gravel augmentation estimates were made by dividing the total volume of augmentation by 

the period over which the gravel had been added, up to the year 2004 (since this was the latest 

data available). As such, this estimate does not take into account the many years before gravel 

augmentation started and it assumes that gravel augmentation will continue to be added at the 

same rate as the recent past. 

c- estimates of bedload transport using the bedload transport sites developed in Chapter 3, but 

using the idealized gravel augmentation grain size (Figure 3). 
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Table 12. Partial list of gravel mining in rivers downstream of dams in the 
Sacramento-San Joaquin river system. 

River Reach (km) 
Amounts 

mined (M m
3
) 

Years Source comments 

San Joaquin 0 to 6.4 387.4*  
Cain 
(1997) 

likely an 
error* 

 6.4 to 14.2 1,303*  
Cain 
(1997) 

likely an 
error* 

 18.3 to 33.4 1,875*  
Cain 
(1997) 

likely an 
error* 

Stony Creek Dam to I-5 0.02  

Kondolf 
and 
Swanson 
1993  

 
I-5 to Sacto 
confl. 0.02 to 0.11  

Kondolf 
and 
Swanson 
1993  

Stanislaus 

0 (Goodwin) 
to 40.62 
(Riverbank) 0.79 

1949-
1999 

Kondolf 
et al. 
2001 

Instream 
mining 

 

0 (Goodwin) 
to 40.62 
(Riverbank) 4.05 

1949-
1999 

Kondolf 
et al. 
2001 

Floodplain 
mining 

 

*- the volumes reported in Cain (1997) are very high and may be due to a similar calculation 

error in Cain (1997) as the estimate of sediment yield rates. 
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Appendix A: Additional Hydrologic Analyses Results 
 

See Chapter 3 for description of the methods.  

 

 

Table A.1. Percent of total watershed impounded runoff due to main foothill dam. 

Percent of total watershed IR due 
to main foothill dam* 

River Dam 
Year 
built 

# dams 
upstream 

 w/ res sed w/o res 
sed** 

      year built 2008 year built 2008 2008 

Clear Creek Whiskeytown 1963 1 1 100% 100% 100% 

Stony Creek Black Butte 1963 7 9 58% 58% 66% 

Putah Creek Monticello 1957 9 27 100% 98% 98% 

Sacramento Shasta 1945 42 73 95% 92% 94% 

Feather Oroville 1968 35 37 66% 66% 66% 

Yuba Englebright 1941 34 46 6% 5% 5% 

Bear 
New Camp 
Far West 1963 4 9 95% 57% 57% 

American Folsom 1956 31 57 94% 56% 56% 

Mokelumne Camanche 1963 14 17 50% 50% 50% 

Calaveras New Hogan 1963 7 9 99% 99% 99% 

Stanislaus New Melones 1979 21 28 93% 86% 87% 

Tuolumne 
New Don 
Pedro 1971 23 27 86% 86% 86% 

Merced 
New 
Exchequer 1967 4 4 100% 100% 100% 

San Joaquin Friant 1942 14 21 61% 45% 46% 

 

Note: * - Total watershed impounded runoff takes into account the capacity of all the 

dams in the watershed upstream of the main foothill dam, as well as the foothill dam. ** - 

takes into account the reduction in reservoir capacity due to reservoir sedimentation, 

which is calculated in Chapter 4.  
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Table A.2. Percent of watershed upstream of main foothill dams impounded by other 
dams. 

Number of dams 
upstream 

percent upstream 
area impounded by 

foothill dam 
River 

 
Dam 

 

Year 
built 

 
At time of 

completion 2008 
At time of 

completion 2008 

Clear Creek Whiskeytown 1963 1 1 100% 100% 

Stony Creek Black Butte 1963 7 9 62% 62% 

Putah Creek Monticello 1957 9 27 97% 94% 

Sacramento Shasta 1945 42 73 27% 15% 

Feather Oroville 1968 35 37 38% 38% 

Yuba Englebright 1941 34 46 37% 25% 

Bear 
New Camp Far 
West 1963 4 9 54% 53% 

American Folsom 1956 31 57 78% 26% 

Mokelumne Camanche 1963 14 17 7% 7% 

Calaveras New Hogan 1963 7 9 98% 94% 

Stanislaus New Melones 1979 21 28 53% 37% 

Tuolumne New Don Pedro 1971 23 27 80% 80% 

Merced New Exchequer 1967 4 4 98% 98% 

San Joaquin Friant 1942 14 21 13% 13% 
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Table A.4. Flood frequency analysis summary for Q20 and Q50 flows. 

Q20 Q50 
River Dam pre-

dam 
post-
dam 

%change 
pre-
dam 

 
post-
dam 

 %change 

Clear Creek Whiskeytown 629 345 -45% 748 * 484   -35% 

Stony 
Creek 

Black Butte 
1,206 898 -26% 1,555 * 1,070 * -31% 

Putah 
Creek 

Monticello 
2,342 405 -83% 2,682 * 838   -69% 

Sacramento Shasta 4,701 2,605 -45% 5,380 * 3,398   -37% 

Feather Oroville 5,578 4,417 -21% 7,504   10,449 * 39% 

Yuba Englebright 3,058 3,341 9% 4,021 * 5,154 * 28% 

Bear 
New Camp 
Far West 898 1,334 49% 1,085 * 1,937   79% 

American Folsom 4,304 3,455 -20% 6,201   6,626   7% 

Mokelumne Camanche 614 183 -70% 818   240   -71% 

Calaveras New Hogan 1,034 447 -57% 1,620   660 * -59% 

Stanislaus 
New 
Melones 1,235 216 -82% 1,705   278 * -84% 

Tuolumne 
New Don 
Pedro 1,385 558 -60% 1,954   784 * -60% 

Merced 
New 
Exchequer 892 257 -71% 1,308   317   -76% 

San 
Joaquin 

Friant 
1,489 609 -59% 1,954 * 1,201   -39% 

*- flow record approaching maximum return interval. 

Table A.3. Flood frequency analysis summary for Q1 and Q1.5 flows (all flows in cms) 

Q1 Q1.5 

River Dam 
Year 
built 

pre-
dam 

post-
dam 

% 
change 

pre-
dam 

post- 
dam 

% change 

Clear Creek Whiskeytown 1963 39 8 -78% 161 57 -64% 

Stony Creek Black Butte 1963 15 1 -96% 150 76 -49% 

Putah Creek Monticello 1957 48 7 -85% 538 28 -95% 

Sacramento Shasta 1945 244 142 -42% 1,240 637 -49% 

Feather Oroville 1968 157 3 -98% 1,048 51 -95% 

Yuba Englebright 1941 88 12 -86% 524 202 -61% 

Bear 
New Camp Far 
West 1963 35 1 -98% 210 76 -64% 

American Folsom 1956 179 35 -80% 790 233 -70% 

Mokelumne Camanche 1963 9 5 -44% 100 37 -63% 

Calaveras New Hogan 1963 10 1 -87% 104 25 -76% 

Stanislaus New Melones 1979 11 21 84% 159 53 -67% 

Tuolumne 
New Don 
Pedro 1971 40 11 -72% 234 70 -70% 

Merced 
New 
Exchequer 1967 24 30 24% 137 87 -36% 

San Joaquin Friant 1942 74 1 -99% 286 22 -92% 
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*- flow record approaching maximum return interval. 

 

 

 

 

 

 

 

 

 

Table A.5. Flood frequency analysis summary for Q100 flows. 

Q100 
River Dam pre-

dam 
 

post-
dam 

 % change 

Clear Creek Whiskeytown 878 * 555 * -37% 

Stony 
Creek 

Black Butte 
1,957 * 1,218 * -38% 

Putah 
Creek 

Monticello 
2,973 * 1,181 * -60% 

Sacramento Shasta 6,173 * 3,851 * -38% 

Feather Oroville 8,665 * 21,294 * 146% 

Yuba Englebright 4,955 * 7,192 * 45% 

Bear 
New Camp 
Far West 1,254 * 2,234 * 78% 

American Folsom 7,334 * 8,948 * 22% 

Mokelumne Camanche 932 * 269 * -71% 

Calaveras New Hogan 1,994 * 929 * -53% 

Stanislaus 
New 
Melones 1,996 * 343 * -83% 

Tuolumne 
New Don 
Pedro 2,330 * 1,034 * -56% 

Merced 
New 
Exchequer 1,574 * 345 * -78% 

San 
Joaquin 

Friant 
2,458 * 1,676 * -32% 
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Figures A.1a-g. (following 4 pages) Changes in hydrologic timing of rivers downstream 

of the foothill dams in the Sacramento-San Joaquin river system. 
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Bear River at Wheatland (downstream of Camp Far West Dam)
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American River at Fair Oaks (downstream of Folsom Dam)
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Sacramento River near Keswick (downstream of Shasta Dam)
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Clear Creek at Igo (downstream of Whiskeytown Dam)
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Feather River at Oroville (downstream of Oroville Dam)
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Yuba River near Smartville (downstream of Englebright and New 

Bullards Bar Dams)

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

M
e
a
n
 M

o
n
th

ly
 D

is
c
h

a
rg

e
 (
c
fs

)

pre-dam (1904-1940)
post-New Bullards Bar dam (1970-2004)
Series5

 
 

Figures A.1a-g. (preceding 4 pages) Changes in hydrologic timing of rivers downstream 

of the foothill dams in the Sacramento-San Joaquin river system. 
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Figures A.2a-ac. (following pages) Flood Frequency diagrams of Central Valley Rivers 

downstream of dams. Plots produced by U.S. Army Corps of Engineers software HEC-

SSP. 

 
Figure A.2a. American River at Fairoaks, pre-dam conditions, USGS Gage 11-446500 

(WY1905-1955) 

 
Figure A.2b. American River at Fairoaks, post-dam conditions, USGS Gage 11-446500 

(WY1958-2008). 
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Figure A.2c. Bear River at Wheatland, pre-dam conditions, USGS Gage 11-424000 

(WY1929-1962) 

 
Figure A.2d. Bear River at Wheatland, post-dam conditions, USGS Gage 11-424000 

(WY1965-2008) 
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Figure A.2e. Calaveras River at Jenny Lind and below New Hogan Dam, pre-dam 

conditions, USGS Gages 11-309500 and 11-308900 (WY1907-1962) 

  
Figure A.2f. Calaveras River below New Hogan Dam, post-dam conditions, USGS Gage 

11-308900 (WY1965-2008) 
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Figure A.2g. Clear Creek at Igo, pre-dam conditions, USGS Gage 11-372000 (WY1941-

1962) 

 
Figure A.2h. Clear Creek at Igo, post-dam conditions, USGS Gage 11-372000 (WY1965-

2008) 
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Figure A.2i. Feather River at Oroville, pre-dam conditions, USGS Gage 11-407000 

(WY1902-1967) 

 
Figure A.2j. Feather River at Oroville, post-dam conditions, USGS Gage 11-407000 

(WY1970-2008) 
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Figure A.2k. Merced River at Exchequer and below Merced Falls (combined), pre-dam 

conditions, USGS Gages 11-270000 and 11-270900 (WY1901-1966) 

 
Figure A.2l. Merced River below Merced Falls, post-dam conditions, USGS Gage 11-

270900 (WY1969-2008) 
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Figure A.2m. Mokelumne River below Camanche Dam, pre-dam conditions, USGS Gage 

11-323500 (WY1905-1962) 

  
Figure A.2n. Mokelumne River below Camanche Dam, post-dam conditions, USGS 

Gage 11-323500 (WY1965-2008) 
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Figure A.2o. Putah Creek at Winters, pre-dam conditions, USGS Gage 11-454000 

(WY1931-1956). 

 
Figure A.2p. Putah Creek at Winters, post-dam conditions, USGS Gage 11-454000 

(WY1959-2008) 
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Figure A.2q. Sacramento River at Kennet and at Keswick, pre-dam conditions, USGS 

Gages 11-369500 and 11-370500 (WY1926-1944) 

 
Figure A.2r. Sacramento River at Keswick, post-dam conditions, USGS Gage 11-370500 

(WY1947-2008) 



 157 

 
Figure A.2s. San Joaquin River below Friant, pre-dam conditions, USGS Gage 11-

251000 (WY1908-1941) 

 
Figure A.2t. San Joaquin River below Friant, post-dam conditions, USGS Gage 11-

251000 (WY1944-2008) 
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Figure A.2u. Stanislaus River near Knight’s Ferry and below Goodwin, pre-dam 

conditions, USGS Gages 11-300000 and 11-302000 (WY1915-1978) 
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Figure A.2v. Stanislaus River below Goodwin, post-dam conditions, USGS Gage 11-

302000 (WY1981-2008) 

 
Figure A.2w. Stony Creek near Hamilton City and below Black Butte Dam, pre-dam 

conditions, USGS Gages 11-388500 and 11-388000 (WY1941-1962) 
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Figure A.2x. Stony Creek below Black Butte Dam, post-dam conditions, USGS Gage and 

11-388000 (WY1965-2008) 

 
Figure A.2y. Tuolumne River above La Grange, pre-dam conditions, USGS Gage 11-

288000 (WY1912-1970) 
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Figure A.2z. Tuolumne River below La Grange, post-dam conditions, USGS Gage 11-

289650 (WY1973-2008) 

 
Figure A.2aa. Yuba River near Smartville, pre-dams conditions, USGS Gage 11-419000 

(WY1904-1940) 
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Figure A.2ab. Yuba River below Englebright, between-dams conditions, USGS Gage 11-

418000 (WY1943-1967) 

 
Figure A.2ac. Yuba River below Englebright, post-dams conditions, USGS Gage 11-

418000 (WY1970-2008). 
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Appendix B: Bedload Transport Calculation Sites 
See Chapter 3, Table 3 for source and reference information. The combination of the 

information from Chapter 3, Table 3 and this appendix will allow for a complete 

calculation of bedload transport if combined with flow from the gages listed in Chapter 3, 

Table 2. 

 

 
Table B.1. Background data for Putah Creek bedload transport 
calculation site, PC1 

Site Name PC1 

Location 10.5 km downstream of Monticello Dam, 0.3 
km downstream of Putah Diversion Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<96 m, >109 m 

 

 

 
Table B.2. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

180 100  
Geometric 
mean (mm) 18.93 

128 99  

Geometric 
standard 
deviation 2.88 

90 94  D10 (mm) 3.56 

64 84  D16 (mm) 6.39 

45 77  D25 (mm) 9.51 

32 67  D50 (mm) 19.32 

22.6 55  D65 (mm) 30.2 

16 44  D75 (mm) 42.03 

11.3 30  D84 (mm) 64 

8 20  D90 (mm) 78.53 

5.1 12    

4 12    

2 0    
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 a       

 

 b 

 

  c 

Figure B.1a-c. Location of Putah Creek site PC1. Figure B.1a is the location of the site in 

the Sacramento-San Joaquin river system, with the box showing the location of Figure 

B.1b. Figure B.1b is a reach-scale map from Monitcello Dam down to the confluence 

with the Yolo Bypass, flow is left to right, with a box showing the location of figure 

B.1c. Figure B.1c is a recent aerial photograph, with the cross section line overlaid in 

white and Putah Diversion Dam on the lower left.. 
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Figure B.2. Putah Creek PC1 cross section. 
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Figure B.3. Putah Creek flow exceedance, see Chapter 3, Table 2 for a list of the gages 

used and the dates of the pre- and post-dam periods.  
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Table B.3. Background data for Stony Creek bedload transport 
calculation site, SC1a,b 

Site Name SC1a,b 

Location 3.87 km downstream of Black Butte Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<293 m, >336 m 

 

 

 
Table B.4. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

256 100  
Geometric 
mean (mm) 32.55 

180 97  

Geometric 
standard 
deviation 3.53 

128 92  D10 (mm) 3.17 

90 76  D16 (mm) 8 

64 65  D25 (mm) 17.38 

45 48  D50 (mm) 46.9 

32 41  D65 (mm) 64 

22.3 31  D75 (mm) 87.25 

16 23  D84 (mm) 107.33 

11.6 18  D90 (mm) 122.49 

8 16    

5.6 15    

4 15    

2 0    
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 a       

 

 b 

 

  c 

Figure B.4a-c. Location of Stony Creek site SC1a,b. Figure B.1a is the location of the site 

in the Sacramento-San Joaquin river system, with the box showing the location of Figure 

B.1b. Figure B.1b is a reach-scale map from Black Butte Dam down to the confluence 

with the Sacramento River, flow is left to right, with a box showing the location of figure 

B.1c. Figure B.1c is a recent aerial photograph, with the cross section line overlaid in 

white, and post-dates the WY2006 flood, hence, the non-vegetated region is larger than 

used in the floodplain estimations. 
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Figure B.5. Stony Creek SC1a cross section. 
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Figure B.6. Stony Creek flow exceedance, see Chapter 3, Table 2 for a list of the gages 

used and the dates of the pre- and post-dam periods.  
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Table B.5. Background data for Clear Creek bedload transport 
calculation site, Peltier XS 891+80 

Site Name Peltier XS 891+80 

Location 1.67 km downstream of Whiskeytown Dam 

Gravel tracer? no 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<13 m, >34.5 m 

 

 

 
Table B.6. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

512 100  
Geometric 
mean (mm) 117.59 

360 97.86  

Geometric 
standard 
deviation 2.14 

256 84.12  D10 (mm) 42.48 

180 62.27  D16 (mm) 52.43 

128 51.47  D25 (mm) 67.97 

90 35.41  D50 (mm) 123.95 

64 22.77  D65 (mm) 188.1 

45 10.81  D75 (mm) 221 

32 6.03  D84 (mm) 255.51 

22.6 2.04  D90 (mm) 296.23 

16 1.02    

11.3 0    

8 0    

5.6 0    
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 a       

 

 b 

 

  c 

Figure B.7a-c. Location of Clear Creek Peltier 891+80 site. Figure B.1a is the location of 

the site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from Whiskeytown Dam down to the 

confluence with the Sacramento, flow is top to bottom, with a box showing the location 

of figure B.1c. Figure B.1c is a recent aerial photograph, with the cross section line 

overlaid in white, and the Peltier Bridge downstream. 
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Figure B.8. Clear Creek Peltier 891+80 cross section. 
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Figure B.9. Clear Creek flow exceedance, see Chapter 3, Table 2 for a list of the gages 

used and the dates of the pre- and post-dam periods.  
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Table B.7. Background data for Sacramento River bedload 
transport calculation site, at Bend Bridge gage 

Site Name Bend Bridge 

Location 102.7 km downstream of Keswick Dam 

Gravel tracer? no 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n none – constant width of channel 

Floodplain extent 
(using cross section 
stationing) 

na 

 

 

 
Table B.8. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

64 100  
Geometric 
mean (mm) 21.48 

32 75.19  

Geometric 
standard 
deviation 1.72 

16 30.13  D10 (mm) 9.74 

8 2.02  D16 (mm) 11.29 

4 0.16  D25 (mm) 14.1 

2 0  D50 (mm) 21.72 

   D65 (mm) 27.36 

   D75 (mm) 31.9 

   D84 (mm) 40.93 

   D90 (mm) 48.4 
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 a       

 

 b 

Figure B.10a,b. Location of Sacramento River Bend Bridge site. Figure B.1a is the 

location of the site in the Sacramento-San Joaquin river system, with the box showing the 

location of Figure B.1b. Figure B.1b is a reach-scale map from Shasta Dam (yellow dot) 

past the Clear Creek confluence (inflow from the west). Flow is top to bottom, with a star 

marking the location of the Bend Bridge gage. No cross section was used here to estimate 

bedload transport, instead, a constant width of 110 m was used.  
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Figure B.11. Sacramento River daily flow exceedance, see Chapter 3, Table 2 for a list of 

the gages used and the dates of the pre- and post-dam periods. Here, only the pre-Shasta 

Dam and post-Whiskeytown Dam periods are shown. 
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Table B.9. Background data for Feather River bedload transport 
calculation site, Alecks Riffle (in Low Flow Channel) 

Site Name Alecks Riffle 

Location 14.05 km downstream of Oroville Dam 

Gravel tracer? no 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<535 m, >639 m 

 

 

 
Table B.10. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

256 100  
Geometric 
mean (mm) 83.83 

180 83.51  

Geometric 
standard 
deviation 2.46 

128 60.82  D10 (mm) 24.28 

90 41.24  D16 (mm) 38.69 

64 26.8  D25 (mm) 59.25 

45 18.56  D50 (mm) 105.36 

32 12.78  D65 (mm) 136.29 

22.6 9.28  D75 (mm) 158.4 

16 6.8  D84 (mm) 181.91 

11.5 4.74  D90 (mm) 206.78 

8 3.3    

5.6 2.06    

4 1.03    

2 0    
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 a       b 

 

  c 

Figure B.12a-c. Location of Feather River site at Alecks Riffle (in Low Flow Channel). 

Figure B.1a is the location of the site in the Sacramento-San Joaquin river system, with 

the box showing the location of Figure B.1b. Figure B.1b is a reach-scale map from 

Oroville Dam (yellow dot), flow is top-right to bottom-left, with a box showing the 

location of figure B.1c. The diversion through the Thermalito complex re-enters the 

Feather River near the black dot in the lower left (Thermalito Outlet Dam, though it is 

plotted on the wrong side of the river). Figure B.1c is a recent aerial photograph, with the 

cross section line overlaid in white. 
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Figure B.13. Feather River Alecks Riffle cross section. 
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Figure B.14. Feather River flow exceedance, see Chapter 3, Table 2 for a list of the gages 

used and the dates of the pre- and post-dam periods.  
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Table B.11. Background data for Yuba River bedload transport 
calculation site, YR1 

Site Name YR1 

Location 10.4 km downstream of Englebright Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<2.7 m, >148 m 

 

 

 
Table B.12. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

180 100  
Geometric 
mean (mm) 33.64 

128 97  

Geometric 
standard 
deviation 2.27 

90 88  D10 (mm) 10.67 

64 79  D16 (mm) 16 

45 63  D25 (mm) 20.73 

32 43  D50 (mm) 36.06 

22.6 28  D65 (mm) 47.03 

16 16  D75 (mm) 58.61 

11.3 11  D84 (mm) 77.35 

8 5  D90 (mm) 97.33 

5.6 2    

4 2    

2 0    
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 a       

 

 b 

 

  c 

Figure B.15a-c. Location of Yuba River site YR1. Figure B.1a is the location of the site 

in the Sacramento-San Joaquin river system, with the box showing the location of Figure 

B.1b. Figure B.1b is a reach-scale map from Englebright Dam (black dot in upper right) 

down to the confluence with the Feather River, flow is right to left, with a box showing 

the location of figure B.1c. Figure B.1c is a recent aerial photograph, with the cross 

section line overlaid in white. 
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Figure B.16. Yuba River YR1 cross section. 
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Figure B.17. Yuba River daily flow exceedance, see Chapter 3, Table 2 for a list of the 

gages used and the dates of the pre- and post-dam periods. Here, only the pre-Englebright 

Dam and post-New Bullards Bar Dam periods are shown. 
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Table B.13. Background data for Bear River bedload transport 
calculation site, BR1 

Site Name BR1 

Location 10.7 km downstream of New Camp Far 
West Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<229 m, >267 m 

 

 

 
Table B.14. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

180 100  
Geometric 
mean (mm) 24.55 

128 99  

Geometric 
standard 
deviation 2.89 

90 92  D10 (mm) 3.56 

64 84  D16 (mm) 8.31 

45 69  D25 (mm) 13.45 

32 48  D50 (mm) 33.06 

22.6 39  D65 (mm) 42.17 

16 26  D75 (mm) 51.81 

11.3 24  D84 (mm) 64 

8 15  D90 (mm) 82.65 

5.6 12    

4 12    

2 0    
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 b 

 

  c 

Figure B.18a-c. Location of Bear River site BR1. Figure B.1a is the location of the site in 

the Sacramento-San Joaquin river system, with the box showing the location of Figure 

B.1b. Figure B.1b is a reach-scale map from New Camp Far West Dam (large black dot 

in upper right) down to the confluence with the Feather River, flow is right to left, with a 

box showing the location of figure B.1c. Figure B.1c is a recent aerial photograph, with 

the cross section line overlaid in white and the Highway 65 bridge in the upper right.. 
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Figure B.19. Bear River BR1 cross section. 

 

 

 

 

Daily flow exceedance

0

10

20

30

40

50

60

70

80

90

100

0.010 0.100 1.000 10.000 100.000 1,000.000 10,000.000
Discharge (cms)

P
e
rc

e
n
t 
c
h
a
n
c
e
 e

x
c
e
e
d
a
n
c
e pre-dam

post-dam

 
Figure B.20. Bear River flow exceedance, see Chapter 3, Table 2 for a list of the gages 

used and the dates of the pre- and post-dam periods.  
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Table B.15. Background data for American River bedload 
transport calculation site, AR1 

Site Name AR1 

Location 8.3 km downstream of Nimbus Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<170 m, >280 m 

 

 

 
Table B.16. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

256 100  
Geometric 
mean (mm) 45.84 

180 100  

Geometric 
standard 
deviation 2 

128 100  D10 (mm) 17.47 

90 93.71  D16 (mm) 25.4 

64 62.05  D25 (mm) 35.75 

45 33.64  D50 (mm) 55.12 

32 20.83  D65 (mm) 66.07 

22.6 13.56  D75 (mm) 73.58 

16 8.79  D84 (mm) 81.06 

8 3.18  D90 (mm) 86.47 

4 1.14    

2 0    
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 a      b 

 

 c 

Figure B.21a-c. Location of American River site AR1. Figure B.1a is the location of the 

site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from Folsom Dam down to the confluence 

with the Sacramento River, flow is right to left, with a box showing the location of figure 

B.1c. Figure B.1c is a recent aerial photograph, with the cross section line overlaid in 

white. 
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Figure B.22. American River site AR1 cross section. 
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Figure B.23. American River site AR1 flow exceedance, see Chapter 3, Table 2 for a list 

of the gages used and the dates of the pre- and post-dam periods. 
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Table B.17. Background data for Mokelumne River bedload 
transport calculation site, XS 121 

Site Name XS 121 

Location 2.25 km downstream of Camanche Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<178 m, >228 m 

 

 

 
Table B.18. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

305 100  
Geometric 
mean (mm) 23.18 

152 100  

Geometric 
standard 
deviation 2.7 

76 86.81  D10 (mm) 5.65 

38 64.84  D16 (mm) 7.52 

19 42.86  D25 (mm) 10.97 

10 21.98  D50 (mm) 23.8 

4.8 6.59  D65 (mm) 38.2 

2.5 0  D75 (mm) 52.36 

   D84 (mm) 69.55 

   D90 (mm) 89.86 
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 a       

 

 b 

 

 c 

Figure B.24a-c. Location of Mokelumne River site XS 121. Figure B.1a is the location of 

the site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from Camanche Dam (large black dot on 

far right) down to the Delta. Flow is right to left, with a box showing the location of 

figure B.1c. Figure B.1c is a recent aerial photograph, with the cross section line overlaid 

in white. 
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Figure B.25. Mokelumne River XS121 cross section. 
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Figure B.26. Mokelumne River daily flow exceedance, see Chapter 3, Table 2 for a list of 

the gages used and the dates of the pre- and post-dam periods. Pre-dam data is for pre-

Pardee Dam, post-dam data is for post-Camanche Dam. 
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Table B.19. Background data for Stanislaus River bedload 
transport calculation site, R10 

Site Name R10 

Location 8.8 km downstream of Goodwin Dam 

Gravel tracer? no 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<3.7 m, >27.8 m 

 

 

 
Table B.20. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

128 100  
Geometric 
mean (mm) 44.98 

92 90  

Geometric 
standard 
deviation 1.75 

80 84  D10 (mm) 24.5 

69 75  D16 (mm) 28 

46.5 50  D25 (mm) 31 

31 25  D50 (mm) 46.5 

28 16  D65 (mm) 58.92 

24.5 10  D75 (mm) 69 

8 0  D84 (mm) 80 

     D90 (mm) 92 
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 a  

 

 b 

 

  c 

Figure B.27a-c. Location of Stanislaus River site R10. Figure B.1a is the location of the 

site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from Goodwin Dam down to the 

confluence with the San Joaquin River (Tulloch Dam is the largest black dot to the right, 

immediately upstream of Goodwin Dam, the next black dot). Flow is right to left, with a 

box showing the location of figure B.1c. Figure B.1c is a recent aerial photograph, with 

the cross section line overlaid in white. 

 

 



 192 

-2

-1

0

1

2

3

4

5

-5 0 5 10 15 20 25 30 35 40 45
Distance from left bank (m)

R
e

la
tiv

e
 e

le
v
a

tio
n

 a
b

o
v
e

 a
rb

itr
a

ry
 d

a
tu

m
 

(m
)

 
Figure B.28. Stanislaus River R10 cross section. 
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Figure B.29. Stanislaus River flow exceedance, see Chapter 3, Table 2 for a list of the 

gages used and the dates of the pre- and post-dam periods.  

 



 193 

 
Table B.21. Background data for Tuolumne River bedload 
transport calculation site, II-10 

Site Name II-10 

Location 3.1 km downstream of La Grange Dam 

Gravel tracer? no 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<67 m, >96 m 

 

 

 
Table B.22. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

180 100  
Geometric 
mean (mm) 63.7 

128 97.32  

Geometric 
standard 
deviation 1.54 

90 76.52  D10 (mm) 34.93 

64 47.55  D16 (mm) 39.38 

45 22.67  D25 (mm) 46.51 

32 5.61  D50 (mm) 65.87 

22.6 0.46  D65 (mm) 78.59 

16 0.3  D75 (mm) 88.41 

8 0  D84 (mm) 102.16 

   D90 (mm) 113.09 

     

     

     

     

 



 194 

 a       

 

 b 

 

  c 

Figure B.30a-c. Location of Tuolumne River site II-10. Figure B.1a is the location of the 

site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from New Don Pedro Dam (large yellow 

dot) down to the confluence with the San Joaquin River (La Grange Dam is the small 

black dot just downstream of New Don Pedro). Flow is right to left, with a box showing 

the location of figure B.1c. Figure B.1c is a recent aerial photograph, with the cross 

section line overlaid in white and New La Grange bridge on the left, and Old La Grange 

bridge on the right. 
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Figure B.31. Tuolumne River II-10 cross section. 
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Figure B.32. Tuolumne River daily flow exceedance, see Chapter 3, Table 2 for a list of 

the gages used and the dates of the pre- and post-dam periods.  
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Table B.23. Background data for Merced River bedload transport 
calculation site, XS 144 

Site Name XS 144 

Location 13.8 km downstream of New Exchequer 
(0.3 km downstream of Crocker-Huffman 
Diversion Dam) 

Gravel tracer? no 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<256 m, >290 m 

 

 

 
Table B.24. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

512 100  
Geometric 
mean (mm) 105.91 

360 99.13  

Geometric 
standard 
deviation 2.15 

256 97.26  D10 (mm) 44.77 

180 76.39  D16 (mm) 54.51 

128 46.06  D25 (mm) 70.96 

90 34.24  D50 (mm) 133.8 

64 20.99  D65 (mm) 158.37 

45 10.04  D75 (mm) 177.2 

32 7.35  D84 (mm) 204.66 

22.6 4.05  D90 (mm) 226.46 

16 3.69    

11.6 2.98    

8 1.21    

4 0    
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 a       

 

 b 

 

  c 

Figure B.33a-c. Location of Merced River site XS 144. Figure B.1a is the location of the 

site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from New Exchequer Dam (yellow dot) 

down to the confluence with the San Joaquin River (small black dots downstream of New 

Exchequer are Merced Falls Dam and Crocker-Huffman Dams). Flow is right to left, with 

a box showing the location of figure B.1c. Figure B.1c is a recent aerial photograph, with 

the cross section line overlaid in white. 
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Figure B.34. Merced River XS 144 cross section. 
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Figure B.35. Merced River daily flow exceedance, see Chapter 3, Table 2 for a list of the 

gages used and the dates of the pre- and post-dam periods.  
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Table B.25. Background data for San Joaquin River bedload 
transport calculation site, SJR1 

Site Name SJR1 

Location 1.51 km downstream of Friant Dam 

Gravel tracer? yes, WY2006 

Roughness, n 0.0365 (Manning-Gauckler n) 

Floodplain, n 0.1 

Floodplain extent 
(using cross section 
stationing) 

<138 m, >164 m 

 

 

 
Table B.26. Grain Size Distribution. See Chapter 3, Table 3 for the 
data source. Excluding 2mm grains. 

Size (mm) % Finer  Grain Size Statistics 

360 100  
Geometric 
mean (mm) 46.67 

256 99  

Geometric 
standard 
deviation 3.02 

180 98  D10 (mm) 10.07 

128 75  D16 (mm) 13.19 

90 62  D25 (mm) 19.49 

64 54  D50 (mm) 55.59 

45 44  D65 (mm) 97.62 

32 33  D75 (mm) 128 

22.6 28  D84 (mm) 146.27 

16 21  D90 (mm) 159.87 

11.3 12    

8 6    

5.6 4    

4 3    

2 0    
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  b 

 

  c 

Figure B.36a-c. Location of San Joaquin River site SJR1. Figure B.1a is the location of 

the site in the Sacramento-San Joaquin river system, with the box showing the location of 

Figure B.1b. Figure B.1b is a reach-scale map from Friant Dam (yellow dot) down to the 

Mendota pool (small black dot in lower left corner). Flow is right to left, with a box 

showing the location of figure B.1c. Figure B.1c is a recent aerial photograph, with the 

cross section line overlaid in white, the North Fork Bridge is in the upper right corner. 
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Figure B.37. San Joaquin River SJR1 cross section. 

 

 

 

 

Daily flow exceedance

0

10

20

30

40

50

60

70

80

90

100

0.100 1.000 10.000 100.000 1,000.000
Discharge (cms)

P
e
rc

e
n
t 

c
h
a

n
c
e

 e
x
c
e
e

d
a
n
c
e pre-dam

post-dam

 
Figure B.38. San Joaquin River daily flow exceedance, see Chapter 3, Table 2 for a list of 

the gages used and the dates of the pre- and post-dam periods.  

 




