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1 Introduction

This Final Report synthesizes the results and analyses of the Sacramento River Ecological Flows Study
(the “Study”), which was initiated by The Nature Conservancy (TNC) in collaboration with a team of
ecologists, geomorphologists, and river management specialists from Stillwater Sciences, ESSA
Technologies, the University of California (UC) Davis, and UC Berkeley. The Study was developed, in
part, as an outgrowth of nearly two decades of restoration work by TNC and its partners in the riparian
corridor of the Sacramento River.

Since 1989, TNC'’s habitat restoration efforts on the Sacramento River have emphasized revegetation of
riparian areas through active planting. Such efforts were conducted with the understanding that they
neither addressed the underlying physical and ecological mechanisms controlling riparian plant
recruitment and recolonization on the Sacramento River, nor the needs of native aquatic species in
general. TNC and its partners thus sought to develop a complementary strategy for ecosystem restoration
on the Sacramento River. In 1999, TNC initiated a pilot study on mechanisms affecting riparian
vegetation recruitment along the Sacramento River. These studies suggested that a variety of altered
riverine processes were limiting natural recruitment of riparian vegetation. The Sacramento River
Ecological Flows Study was initiated to address such processes and to complement existing revegetation
efforts. It also expanded the scope of investigations to address the needs of both terrestrial and aquatic
species.

The effort began in 2001, with the submittal of a proposal by the Ecological Flows team to the CALFED
Ecosystem Restoration Program (ERP). After extensive reviews by CALFED, independent technical
reviewers, and individual stakeholders, the Study was funded in 2004 under CALFED Grant # ERP-02D-
P61 to The Nature Conservancy.

1.1 Study justification, goals, and tasks

In addition to TNC’s pilot studies on the Sacramento River, numerous water-planning efforts were also
underway that highlighted the need for the Ecological Flows Study. These included conjunctive use
investigations, integrated storage investigations (such as a potential off-stream reservoir and increasing
storage behind Shasta Dam), and a re-evaluation of the operating criteria for the federal water project
known as OCAP (Operations Criteria and Plan). Upon reviewing these efforts, we noted a lack of
synthesis of existing ecological information, scientific uncertainties limiting the decision-making process,
and an absence of ability or tools to easily integrate this existing and potential new ecological information
into water-planning processes. Addressing these needs would facilitate a balanced approach to future
development of the water resources of the State of California for both ecosystem and human demands on
those resources.

At the time of this project’s formulation, the CALFED program reflected the perspective of an emerging
body of literature that emphasizes the interconnections between a river’s flow regime and the species that
have adapted to live within the riverine environment. CALFED’s Ecosystem Restoration Program
included restoring the variability of the flow regime and associated river processes “as an important
component of restoring ecological function and supporting native habitats and species in the Bay-Delta
ecosystem.” The Ecological Flows Study was therefore formulated to address these CALFED program
goals and hopefully lead to restoration and conservation of species and an eventual decrease in regulation
resulting from listed species concerns.
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The Study was specifically not focused on returning to some historical, unaltered flow regime. Instead,
the Study sought to identify how the river's flow regime (i.e., the magnitude, timing, duration, and
frequency of flow) and management actions (such as gravel augmentation and changes in bank armoring)
influence habitats, species, and hydrogeomorphic processes in the riparian corridor. Maintaining or
restoring the critical elements of these ecological processes and characteristics could contribute to more
informed future development of scarce resources while still providing for human needs.

We formulated goals and tasks of the project for two specific audiences that are often engaged in water
planning exercises: managers and decision-makers, and technical specialists. To address the needs of
technical specialists, we conducted new studies to fill in information gaps and synthesize the findings of
past and ongoing studies. We developed new tools and visual output to communicate our findings to
managers and decision-makers who are often not able to remain current on details of research in the areas
of resource management they are tasked with managing.

The Study was designed to achieve the following specific goals:

1. synthesize existing interdisciplinary information on linkages among habitats, biota, and
hydrogeomorphic processes along the river;

2. develop a decision-analysis tool to evaluate trade-offs among different ecological objectives for
different management scenarios;

3. propose strategies for achieving conservation benefits for multiple species; and

4. improve the understanding of how flow corresponds to ecological needs, and thus improve
decision making in projects that seek to balance human land and water use with the needs of the
ecosystem.

To meet these goals, the Study was organized into four tasks:
Task 1. Synthesize existing information and produce the “Linkages Report.”

Task 2. Develop plans for five studies that address remaining uncertainties, conduct the studies, and
summarize the findings in technical reports.

Task 3. Develop a new decision-analysis tool (the Sacramento River Ecological Flows Tool or
“SacEFT”) and a new sediment transport model to evaluate flow-related management
strategies.

Task 4. Conduct outreach, complete reporting, hold a final stakeholder review workshop, and release
a Final Report.

These tasks are described in greater detail below.

1.1.1 Task 1. Synthesize existing information

The Sacramento River empties into the largest estuary on the west coast of the United States and drains
roughly 27,000 mi’ (70,000 km®), making it the largest watershed in California (Figure 1-1). Its diverse
ecosystem has been the focus of many reports and data sets on Sacramento River species, habitats, and
the physical and biological processes that affect them. In the Linkages Report (Appendix A), the
Ecological Flows team used a focal species approach to synthesize existing information and provide
stimuli for developing new hypotheses about how habitats and species are affected by changes in the flow
regime. An important secondary function of the Linkages Report was to inform development of study
plans for the targeted studies of Task 2. It was also used to inform the development of models that were
used to construct the SacEFT of Task 3.
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1.1.2 Task 2. Conduct targeted studies to address uncertainties

The Ecological Flows team worked together to prioritize key uncertainties and develop study plans for the
targeted studies, which included:

Task 2.1: Quantify and refine the relationship between flow and sediment transport (Appendix B:
Gravel Study Final Report).

Task 2.2: Quantify fluvial geomorphic processes that create and maintain off-channel habitats and
characterize ecological attributes of these habitats (Appendix C: Off-channel Habitats Final
Report).

Task 2.3: Characterize channel substrate composition and permeability (Appendix B: Gravel Study
Final Report).

Task 2.4: Assess and compare the effects of bank protection on in-channel habitat conditions.

Task 2.5: Refine a meander migration model (Appendix D: Meander Migration Final Report).

Most of the targeted studies were designed to address needs that were originally identified in the
CALFED Integrated Storage Investigation report (Kondolf et al. 2000). Study findings and their relevance
to resource management were summarized in technical reports for all but one of the targeted studies. The
findings of each of the targeted studies are discussed in Section 2.2 and have been integrated into the
overall synthesis of this Final Report (Section 3). Although a substantial amount of field data was
collected for Task 2.4 (Section 2.2.5), the results did not satisfy the requirements of the study plan and so
the work was abandoned prior to completion.

1.1.3 Task 3. Develop numerical models and a decision analysis tool.

The Study supported the development of two additional computer models, a new sediment-transport
model (Task 3.1; Appendix E: TUGS Final Report) and a decision-analysis tool, dubbed the “Sacramento
River Ecological Flows Tool” (Appendix F: SacEFT Analysis). The SacEFT was developed to evaluate
the ecological consequences of management-related changes in flow regime. Other management-related
changes to the ecosystem were also modeled with the SacEFT. For example, changes to bank armoring
and gravel augmentation were evaluated with the help of the TUGS and meander migration models. The
new sediment transport model is unique in that it explicitly accounts for inputs of fine sediment and can
therefore predict how flow is likely to influence the deposition of riverine sediment in both the surface
and subsurface layers of the channel bed. The meander migration model is unique in that it can now
account for the effects of variable flow, whereas the predictive capability of previous meander migration
models was limited a single non-variable flow.

1.1.4 Task 4. Outreach, reporting, and workshop

This Final Report integrates the findings of Tasks 1, 2, and 3, and explains how new data were used to
assess the effects of several management scenarios. The information synthesized in this Final Report will
be presented at a stakeholder workshop.

1.2  Study rationale

Prior to Indo-European colonization, approximately 500,000 ac (200,000 ha) of riparian and upland forest
flanked the Sacramento River in swaths as wide as 5 mi (8 km). Over the past 150 years this habitat has
been reduced by nearly 95%. TNC’s Sacramento River Project team and its partners have worked for
nearly two decades to restore natural ecosystem function to extensive tracts of the riparian corridor of the
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Sacramento River, one of California’s most important rivers. Restoration strategies to date have focused
on active revegetation of the floodplain to provide immediate ecological benefits and ameliorate habitat
fragmentation and loss. Results of several studies confirm that it is possible to rapidly improve ecological
conditions using this strategy, because channel and floodplain habitats in restored reaches are utilized by a
wide array of wildlife including threatened and endangered species (Golet et al. in press).

Organizations and agencies involved in the conservation and restoration of the Sacramento River have
concentrated their efforts in the “middle river,” between Red Bluff and Colusa (Figure 1-2), where natural
ecological processes, such as lateral channel migration, continue to operate to some degree. The choice
of this reach reflects the belief of project cooperators that long-term conservation of key Sacramento
River habitats will need to focus on restoring or replicating the natural processes that create and maintain
dynamic riverine ecosystems. The natural dynamics of this reach suggest that it may respond favorably to
such efforts.
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Figure 1-2. Major dams and tributaries of the middle Sacramento River.

The Sacramento River Ecological Flows Study was initiated to evaluate restoration strategies, particularly
related to river discharge, that are likely to complement ongoing revegetation activities in the middle
river. It also focuses extensively on the upper river, from Keswick Dam (RM 302) to Red Bluff (Figure
1-3), a reach that provides crucial habitat for many of the river's fish species, including the endangered
winter-run Chinook salmon.
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The Ecological Flows Study treats flow as the “master” variable regulating the form and function of
riverine habitats. This view is shared by a growing body of international researchers who seek to
understand how riverine ecosystems are affected by changes in parameters such as the frequency,
magnitude, timing, duration, and rate of change of flow. Dam-related alterations of river flow regimes
have been identified as one of three leading causes of declines in imperiled aquatic ecosystems (the others
being nonpoint source pollution and invasive species; Richter et al. 1997, Pringle et al. 2000). Many
river-dependent plants and animals are influenced by natural variations in river flow—so much so that
they often possess traits that allow them to tolerate or exploit specific seasonal flow conditions. An
emerging body of literature supports the notion that there are strong interconnections between flow
regime and the species that have adapted to live within the riverine environment. This concept has been
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investigated and summarized by Poff and Ward (1990), Ligon et al. (1995), Collier et al. (1996), Stanford
et al. (1996), Poff et al. (1997), Friedman et al. (1998), Rood et al. (1998), Mahoney and Rood (1998),
Richter and Richter (2000), and Richter et al. (2003). By documenting how the Sacramento River
responds to changes in flow regime, this study seeks to provide critical information that will help decision
makers develop ecologically sound water management strategies for the basin.

1.3 Addressing CALFED Bay-Delta Ecosystem Restoration Program Goals

CALFED documents note that restoring critical components of the flow regime would aid the recovery of
at-risk species and restore natural riparian habitats that are dependent on natural ecosystem processes such
as seasonal flow variability. CALFED’s Draft Stage 1 Implementation Plan acknowledges that “human
activities have fundamentally, and irreversibly, altered hydrologic processes in the Bay-Delta ecosystem”
(p. 25), including the Sacramento River. To address this problem, the CALFED Ecosystem Restoration
Program (ERP) Strategic Goal 2 includes the restoration of natural variability to the flow regime and
associated river processes, “as an important component of restoring ecological function and supporting
native habitats and species in the Bay-Delta ecosystem.”

Other agencies have enacted water-related planning and conservation efforts to balance the water supply
needs of people and the environment. Examples include the Environmental Water Account (EWA), the
Environmental Water Program (EWP), the Central Valley Project Improvement Act (CVPIA), the
Anadromous Fish Restoration Plan (AFRP), the Integrated Storage Investigation (ISI), the North of Delta
Off-stream Storage investigation (NODOS), the Water Management Strategy Evaluation Framework
(WMSEF), and the Phase 8 resolution of the State Water Resources Control Board’s current Bay-Delta
Water Rights Hearings (Phase 8).

Despite recent focus on understanding how flow regimes affect ecosystems, both within CALFED and in
other programs, few studies have quantified any of the ecologically critical aspects of the natural flow
regime for the Sacramento River. Previously, attention focused only on minimum instream flow and
temperature requirements for a subset of salmonid species. Quantifying other aspects of the flow regime,
in contrast, would facilitate the formulation of more effective water management and ecosystem
restoration strategies.

This Study begins the process of quantifying key aspects of an ecologically beneficial flow regime that is
compatible with flood damage reduction, agriculture, diversions, storage, and conveyance. A main goal
for this Study was to improve our understanding how flow affects the processes responsible for
maintaining and creating habitat for anadromous fish and other key species of the Sacramento River
ecosystem. To achieve this goal, the Study cooperators created the decision analysis tool (i.e., SacEFT,
Task 3), which is designed to provide an integrated assessment of the flow needs of anadromous fish and
other Sacramento River riparian and aquatic species.

The results of the Study are not intended as the basis from which to return the Sacramento River to its
“pre-regulated” condition. Nor does it identify how best to allocate Sacramento River water to meet
human needs. Numerous efforts are already underway to address this topic. The Study does however,
bring critical ecological information to decision-making forums. It may be unrealistic to expect to meet
all ecosystem and human demands in a system as complex as the Sacramento River basin. However, an
important first step towards this ultimate goal is to develop a more complete understanding of the flow
regime and its relation to natural processes, habitat conditions, and the population dynamics of key
species in order to identify critical aspects of the flow regime necessary to maintain ecosystem function.
In this spirit, we have also worked with stakeholder groups to fully utilize information from ongoing
water management planning efforts.
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1.4  Application of the study’s findings

By documenting how flow contributes to the ecological health of the Sacramento River, this Study should
be useful for assessing operational impacts and potential opportunities of many ongoing and proposed
projects. For example, this Study included a demonstration of a multifaceted analysis of the effects of the
proposed raising of Shasta Dam and the proposed North-of-the-Delta Off-stream Storage (NODOS)
facility. Other applications of the tools and information developed in this study might include analysis of
new diversion and water transfer projects, and the Bureau of Reclamation’s re-consultation for the
Operations Criteria and Plan (OCAP) for managing the Central Valley Project. Understanding the
operational impacts and potential opportunities of each of these projects will require improved
understanding of the Sacramento River ecosystem. This understanding should inform the design of
projects that provide ecological benefits within the context of the needs of people.
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2  Summary of results

In this section, we present brief descriptions of each of the Study's components along with summaries of
their principal findings. The results discussed in this section are synthesized in Section 3, where we
highlight the key management implications of the Study and identify ways to reduce some of the
important uncertainties that remain.

2.1 Linkages between altered riverine processes and biological responses

Our first step was to compile existing information and formulate conceptual models that future Study
tasks would build upon. The large body of existing information on species, habitats, and processes of the
Sacramento River is synthesized in the Linkages Report (Appendix A, Stillwater Sciences 2007a), which
examines ecosystem processes from the perspective of six representative focal species (Table 2-1). The
emphasis on a subset of species, rather than on the ecosystem as a whole, was an attempt to conduct a
comprehensive yet tractable analysis of key ecosystem processes and management issues.

Green sturgeon
(Acipenser medirostros)

Bank swallow
(Riparia riparia)

Western pond turtle
(Clemmys marmorata)

Fremont cottonwood
(Populus fremontii ssp.
fremontii)

inundated floodplains

deep pools, gravel deposits

steep cutbanks

oxbow lakes, side channels and sloughs,
pools, inundated floodplains

point bars, side channels and sloughs,
oxbow lakes, inundated floodplains

Table 2-1. Focal species and the habitats and ecosystem characteristics they represent.
Species Key habitats Key processes and characteristics of the ecosystem
Chinook salmon gravel deposits, pools, eddy/point-bar coarse sediment transport and bed surface scour
(Oncorhynchus complexes, side channels and sloughs, afer temperature regime
tshawytscha) inundated floodplains W perature reg!
availability of cover and/or slow water during high flows
timing and magnitude of flow
fish passage barriers
Steelhead gravel deposits, pools, eddy/point-bar availability of cover and/or slow water during high flows
(Oncorhynchus mykiss) ~ complexes, side channels and sloughs,

water temperature regime

timing and magnitude of flow

fish passage barriers

water temperature regime

timing and magnitude of flow

fish passage barriers

bank erosion

progressive meander migration

meander bend cutoff

timing and magnitude of flow

progressive meander migration

meander bend cutoff

timing and magnitude of flow
terrestrialization of off-channel water bodies
vegetation succession

timing and magnitude of flow

meander migration

terrestrialization of off-channel water bodies
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Collectively, the six species rely on all of the river corridor's major habitat types, including off-channel
water bodies, gravel deposits, point bars, and floodplains, as well as aspects of the flow regime (timing,
magnitude, frequency, duration, and rate of change) itself. In this section, we summarize the key linkages
between management activities, ecological processes, and habitats for each of the focal species.

2.1.1 Chinook salmon

The Sacramento River supports four distinct runs of Chinook salmon, including the endangered winter
run, which occurs only in the Sacramento River basin. Because the four runs exhibit a variety of life-
history strategies, and because anthropogenic activities in the basin have affected each run differently,
each of the runs was analyzed separately in the Linkages Report with the formulation of new conceptual
models and hypotheses.

Winter run

Winter-run Chinook salmon are unique in that they spawn during summer months when air temperatures
(and thus water temperatures) generally approach their yearly maxima. Because high water temperatures
lead to high mortality for early salmonid life stages (Myrick and Cech 2004), winter-run Chinook need to
be able to spawn in reaches with water sources that keep temperatures cool throughout the summer.
These conditions were historically found in headwater tributaries of the Sacramento River, and now occur
in just one short reach below Keswick Dam, due to managed releases of cool hypolimnetic water from
Lake Shasta.

By the late 1970s and early 1980s, winter-run escapements had declined substantially relative to historical
numbers. The Linkages Report highlights several factors that may have contributed to the population
decline:

* the drought of 19761977, which led to lethally warm summer flow releases;

* bed coarsening caused by instream mining and dam-related shutdown of sediment supply from
headwater sources';

* reduced survival at one or more life stages (e.g., due to excessive ocean harvest, effects of Red
Bluff Diversion Dam [RBDD], increased predation, and/or water pollution); and/or

* reduced juvenile rearing habitat associated with the reduced frequency and duration of overbank
flows.?

Over the last several years winter-run escapements have increased. The Linkages Report suggests that
this increase may be explained by:

* recent improvements in fish passage at the Anderson Cottonwood Irrigation District (ACID) Dam
that increase access to the uppermost reaches preferred by winter-run Chinook;

* recent gravel augmentation efforts (which have focused on the winter-run spawning reach);
¢ reduced ocean harvest; and/or

* increased hatchery production.

Historical observations (e.g., Yoshiyama et al. 1998) suggest that the winter run population may have
been limited by the availability of spawning gravel and that juvenile rearing habitat was probably

' The bed coarsening hypothesis was evaluated at length as part of the gravel study (Section 2.2.1 and Appendix B).
? Rearing potential in shallow, seasonally inundated habitats was evaluated in the off-channel habitat study (Section
2.2.4 and Appendix C).
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sufficient to support growth and successful outmigration in the pre-dam era. Shasta Dam terminated
access to historical spawning grounds while simultaneously creating a new stretch of suitable spawning
habitat immediately downstream, due to cold water releases from Lake Shasta and the abundance of
spawning-sized sediment in the Sacramento River’s main stem (Slater 1963). Over time, however, high-
flow releases in winter and the dam-related cessation of coarse sediment supply have degraded the
channel bed downstream of Keswick Dam in the winter-run spawning reach (Bigelow 1996). Bed
coarsening may have rendered many gravel deposits in the upper river unsuitable for spawning (Section
2.2.1; Appendix B). This may have led to increased competition for spawning habitat, which in turn may
now be a key limiting factor for the winter-run population.

Available data also support the hypothesis that the reduced frequency and duration of floodplain
inundation in the post-dam era may have contributed to the decline of the winter-run population by
limiting opportunities for floodplain rearing (except when bypasses are flooded). Recent research has
demonstrated that growth rates of juvenile Chinook salmon are lower in mainstem habitats than in
inundated floodplains and off-channel habitats (Sommer 2001, Limm and Marchetti 2003). If lack of
access to off-channel habitats has reduced juvenile growth rates relative to historical conditions, then
availability of rearing habitat may be an important limiting factor for the winter run, given that slower
growth is likely to contribute to reduced survival.

Additional studies are needed before definitive conclusions can be drawn about which (if any) of the
proposed mechanisms, or combinations of mechanisms, are responsible for the observed changes in the
winter-run population. For example, a redd superimposition field study is a high priority study to shed
light on whether spawning habitat is limiting. Also warranted are follow-up analyses with the best
available population model to analyze the salmon production data gathered for the Linkages Report.

Spring run

Historically, spring-run Chinook salmon were probably the most abundant salmonid in the Central Valley
(Mills and Fisher 1994). Yet viable spawning populations now occur in just three Sacramento River
tributaries (Mill Creek, Deer Creek, and Butte Creek). The spring-run population decline was perhaps the
steepest of any salmon run in the basin (Fisher 1994). The Linkages Report explains how the decline of
the spring run may reflect this particular run’s sensitivity to the effects of large, multi-purpose dams in the
Central Valley. These large dams blocked the access of all Chinook runs to historical spawning grounds,
while simultaneously providing new habitat downstream of Shasta Dam due to cool hypolymnetic
reservoir releases. For the spring run, however, the new spawning habitat was inferior, because spawning
by fall-run Chinook peaks shortly after the peak of spring-run spawning such that fall-run Chinook often
construct their redds on top of existing spring run redds (CDFG 1998). Because spring-run fish migrate
upstream when flows are high, they would have historically been able to access spawning grounds much
farther upstream than those of the fall run (Vogel 1987a, 1987b), which migrates upstream when flows
are too low to permit passage over natural barriers. In the post-dam era, the forced overlap of the two
runs on spawning grounds immediately downstream of the dams has apparently led to hybridization, with
fall-run Chinook dominating the gene pool.

Population data show that spring-run escapements in Butte Creek have increased significantly. This is
not so in Deer and Mill creeks, the other two tributaries that still support spring-run spawning. Increases
in Butte Creek escapements may reflect seasonal inundation of the Sutter Bypass, which presumably
provides fry rearing habitat for Butte Creek fish and thus may help support relatively high rates of fry
survival and outmigration.
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Fall run

The fall run has been the most abundant and widely distributed salmon run in the Central Valley, in part
because it has been the focus of Central Valley hatchery supplementation for several decades. It may also
be more abundant because it has undergone less displacement from its historical habitat relative to other
salmonid populations. Even so, fall-run escapements have declined over the past few decades, likely due
to the cumulative effects of a number of anthropogenic factors. New analyses presented in the Linkages
Report show that a loss of spawning gravel caused by dam-related bed coarsening may have been a
primary factor in their decline. Abundant spawning habitat is necessary to produce large numbers of
juvenile fall-run Chinook; this may be a necessary buffer from predation mortality. Predation appears
particularly detrimental to the fall run; fall-run juveniles typically outmigrate at a relatively small size
(<3.5 in [90 mm]) due to water temperature limitations. High predation rates, and the consequent need to
produce large numbers of juveniles, suggest that spawning habitat may be limiting to the fall run
population.

Late-fall run

The mainstem Sacramento River supports the largest population of late-fall-run Chinook salmon.
Analysis presented in the Linkages Report suggests that the run may have arisen almost entirely as an
artifact of Shasta Dam operations, which release cold water in the summer and thus create over-
summering habitat where it did not previously exist. Late-emerging fall-run fry that historically would
have perished from high water temperatures may have been able to survive in the post-dam era by rearing
in the river in the summer and emigrating as yearlings the following fall. Thus, by supporting a yearling
life-history strategy, the apparent dam-related expansion of over-summering habitat may have allowed for
the emergence of a distinct late-season run. This hypothesis was derived in part from new population
dynamics modeling efforts as summarized in Section 4.4.5 of the Linkages Report.

2.1.2 Steelhead

Steelhead production in the Sacramento River basin is probably limited by the availability of spawning
habitat in steep, high-elevation reaches of the river's tributaries. In the post-dam era, such habitat is no
longer widely accessible to anadromous fish, although it still supports large populations of rainbow trout,
the resident polymorph of steelhead. Along the mainstem Sacramento River, the key limiting factor for
steelhead (and resident rainbow trout) may be the amount of summer and winter rearing habitat for age 2+
juveniles. This hypothesis was derived from the following sequence of observations in the Linkages
Report:

1. Upon emergence from redds, steelhead fry require shallow, low-velocity habitat (Hartman 1965,
Everest et al. 1986, Fontaine 1988), which is in short supply along the Sacramento River
mainstem.

2. The number of age 0+ juvenile steelhead that a reach of stream can support is small relative to the
number of eggs (>5,500 per female) that may be deposited.

3. Rearing habitat for age 1+ and 2+ juveniles is limiting, because older (i.e., larger) fish require
more cover during high flows (Bustard and Narver 1975; Bisson et al. 1982, 1988; Fontaine
1988; Dambacher 1991).

This suggests that the multi-year juvenile rearing period employed by steelhead imposes a key limitation
on numbers of adult steelhead. Additional studies are needed to reduce uncertainties and verify whether
this is the case. Two key uncertainties (i.e., the quantity and quality of juvenile rearing habitat) were
addressed, in part, in the Off-channel Habitat Study (Section 2.2.4 and Appendix C).
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2.1.3 Green sturgeon

The Sacramento River supports one of only three known spawning populations of North American green
sturgeon. These fish spend most of their lives at sea and travel hundreds of miles along the west coast of
Canada and the United States before migrating upstream to spawn (Adams et al. 2002). Data discussed in
the Linkages Report suggest they routinely spawn above RBDD (RM 243), but may hold for a month or
more in deep pools near Hamilton City (RM 199), where incidental and intentional angling may be an
important source of mortality. Spawning begins in March and peaks between mid-April and mid-June.
Closure of the RBDD gates in mid-May prevents at least some late migrants from accessing upstream
spawning sites, forcing them to spawn downstream or to forego spawning altogether. Green sturgeon
may be suffering from increased egg mortality relative to historical conditions because they have been
displaced to relatively low-gradient reaches where bed sediments are generally finer than in the preferred
upper reaches. Spawning in fine-grained gravel may make green sturgeon eggs more vulnerable to
predation by juvenile steelhead and other fish. Water temperature may be an important limiting factor for
green sturgeon, but the river's current temperature regime (designed to protect winter-run Chinook
salmon) is probably favorable for downstream-migrating green sturgeon adults and their larvae.

2.1.4 Bank swallow

Bank swallow abundance in the Sacramento Valley has declined substantially relative to historical
conditions. The decline appears to be closely related to the loss and alteration of breeding habitat due to
bank revetment projects (Schlorff 1997), which now affect nearly 50% of banks along the middle
Sacramento River where most of the region's bank swallow colonies are concentrated. Bank revetment
projects continue to threaten both existing colonies and unused (but potentially suitable) bank swallow
breeding habitat. Other contributing factors in the bank swallow decline likely include destruction of
entire colonies during riprap placement, increased nest predation from animals that thrive in and around
rural human settlements (e.g., raccoons), and agricultural conversion of riverine floodplains (e.g.,
grasslands) that formerly provided high quality foraging habitat (Moffatt et al. 2005).

Prime bank swallow nesting habitat is limited to friable soils in vertical bank faces (Garrison 1998, 1999).
This makes nesting habitat ephemeral, because steep banks are subject to collapse when undercut by the
river during high flows. Such bank erosion is essential for maintaining suitable habitat, because it keeps
cutbanks steep and removes burrows that would otherwise degrade and become unsuitable for nesting.
The synthesis provided in the Linkages Report documents a strong correlation between recently measured
rates of lateral migration (Micheli and Larsen, in preparation) and bank swallow abundance along the
Sacramento River (Schlorff 1997). This highlights the critical importance of active channel migration for
maintaining a viable bank swallow population along the river. The Linkages Report also discusses the
existing habitat suitability model for nesting bank swallows and proposes several potential modifications,
including terms that account for proximity to grasslands and changes in river stage associated with
summer base flows.

New lateral channel migration data and air photo analyses suggest that there may now be a lower
threshold for channel cutoff at many of the Sacramento River's meander bends, relative to historical
conditions (Micheli and Larsen, in prep.). This would tend to increase channel cutoffs and reduce
average sinuosity in the actively migrating reaches used by nesting bank swallows. Lower average
sinuosity would in turn lead to a lower average rate of progressive bank erosion (see Section 2.2.3) and
thus a lower overall rate of habitat creation for nesting bank swallows.

Other recent changes to the ecosystem may have affected bank swallows. For example, Shasta Dam and
other Sacramento River flood-control measures were important to the extent that they altered the timing
and rate of renewal of bank swallow nesting habitat. The timing of bank erosion (and the high flows that
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induce it) is critical because bank swallow mortality can result if bank collapse occurs during the summer
nesting season.

The net effect of anthropogenic factors on bank swallow abundance and population dynamics is not well
understood because populations were not monitored on a regular basis until the late 1980s. Since then,
annual counts have clearly indicated that bank swallow populations along the Sacramento River are in
decline; recent reductions in the number of colonies and overall abundance, and a resurgence of revetment
activity combine to make the Sacramento River population vulnerable to extirpation. This has
implications for the long-term persistence of bank swallows in the state; roughly 70% of California's bank
swallows nest along the Sacramento River.

2.1.5 Western pond turtle

In large alluvial river systems such as the middle Sacramento River, western pond turtles appear to rely
predominantly on off-channel water bodies (e.g., sloughs and oxbow lakes) and other floodplain habitats
(Holland 1994, Reese 1996, Bettelheim 2005). Off-channel water bodies are eventually colonized by
vegetation and filled with sediment and organic detritus from overbank flows, as described in greater
detail in the Linkages Report. Natural rates of this “terrestrialization” process typically allow off-channel
water bodies to persist in the floodplain for decades to centuries, as documented in the off-channel habitat
component of the Ecological Flows Study (Section 2.2.4 and Appendix C).

In comparison, rates of human-induced losses in off-channel habitats have been much higher, far
outpacing current (and historical) rates of habitat formation by meander migration and channel-cutoff
processes. Since the mid-1800s, for example, nearly all 87,000 ha (214,000 ac) of the Sacramento
Valley's historical flood-basin wetlands have been lost. Most of the historical wetland habitat located
within the riparian zone has also been lost. Western pond turtle habitat is now mostly limited to isolated
areas within a few national wildlife refuges, along canals associated with rice fields, and in remnant
wetland and lentic habitat at off-channel sites between Red Bluff (RM 243) and Colusa (RM 143). Below
Colusa, levees, bank protection, and agricultural development have eliminated most off-channel habitats.
Above Red Bluff, hypolimnetic reservoir releases in the post-dam era have likely rendered water
temperatures unsuitably cool for western pond turtles in the few otherwise-suitable off-channel habitats
that still remain.

In addition to the large-scale loss of habitat, many other factors have likely contributed to declines in
western pond turtle populations. These include introduced predators and competitors, increased numbers
of native predators, disease, reduced water quality, habitat fragmentation, permanent and seasonal barriers
to movement and gene flow, and habitat alterations caused by invasive plants. Another potentially
important limiting factor for the western pond turtle is the relationship between water level and flow in
off-channel water bodies. This is because incubating eggs are extremely sensitive to increased soil
moisture (Ashton et al. 1997). Flows in the summer incubation season are now higher than they were
historically due to irrigation releases during the growing season.

Indications that cutoffs may now initiate at a lower threshold sinuosity relative to historical conditions
(Micheli and Larsen, in prep.) suggest that rates of off-channel habitat formation may be increasing, and
thus may confer benefits to western pond turtles over the short term. Over the long term, however, such
an increase in the rate of cutoff formation is not likely to be sustainable; as bends are cut off, sinuosity is
reduced (i.e., the channel becomes straighter), leading to decreased rates of progressive lateral migration
(see Appendix D) and thus reducing the potential for future cutoffs. This effect may be exacerbated by
the cumulative effects of any future bank revetment projects, which can also lead to decreased rates of
progressive lateral migration and production of new off-channel habitats.
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Anthropogenic changes in rates of terrestrialization of remaining off-channel habitats are another factor to
consider. The off-channel habitat study (discussed in Section 2.2.4) was designed, in part, to explicitly
measure time-varying rates of terrestrialization, and thus quantify how human disturbance has affected the
long-term persistence of off-channel water bodies.

2.1.6 Fremont cottonwood

Fremont cottonwoods are the dominant tree of riparian forests in California’s Central Valley. Soon after
establishment, they provide ecological structure to the riparian ecosystem by stabilizing substrate, fixing
carbon, providing organic matter and large wood to instream and riparian habitats, and providing habitat
for a wide range of species. The Sacramento Valley has lost over 98% of its original riparian forests since
1850 (Katibah 1984, Greco 1999). Cottonwood forests are now mostly restricted to the reach between
Red Bluff (RM 245) and Colusa (RM 143).

The synthesis provided in the Linkages Report highlights key limiting factors for cottonwoods and other
native riparian trees. Willow and cottonwood seedlings are vulnerable to desiccation when the local
water table drops too quickly. Reductions in the magnitude and frequency of winter overbank flows in
the post-dam era have likely led to an overall decrease in soil moisture available to riparian plants during
the growing season (TNC 2003, Morgan 2005, Morgan and Henderson 2005, Stella 2005, Stillwater
Sciences 2006). This has contributed to reduced growth rates and has possibly promoted the dominance
of species with higher drought tolerances (e.g., box elder and walnut). The reduced magnitude and
altered timing of spring flows may have also affected cottonwoods by encouraging recruitment on low-
elevation depositional surfaces that become inundated and scoured by subsequent winter floods or by
elevated summer base flows.

Three attributes of the current (altered) hydrograph appear to limit cottonwood seedling survival at
several middle Sacramento River study sites (Morgan 2005, Morgan and Henderson 2005). These
include: (1) decreased spring flow during cottonwood seed release and germination, (2) stage reductions
that outpace seedling root growth during the recruitment period, and (3) rapid drops in stage late in the
growing season when reservoir releases for summer irrigation cease. Hence, effective management of the
timing and magnitude of flow releases appears to be fundamental to maintaining Fremont cottonwood and
the species, habitats, and ecological processes that it supports and represents. In addition, maintaining
natural channel migration and cutoff processes along the middle Sacramento River is necessary for
providing new patches for seedling recruitment and for periodical resetting of riparian vegetation
succession, which are both critical for maintaining a diverse, dynamic, and functional riparian-floodplain
ecosystem.

2.2 Field and Modeling Studies

This section presents findings of the field and modeling components of the Ecological Flows Study.
These components were designed to reduce many of the uncertainties identified in previous studies (e.g.,
Kondolf et al. 2000) and the Linkages Report (Appendix A, Stillwater Sciences 2007, Section 2.1), and
provide data that could be used in the SacEFT modeling effort to assess the ecological implications of
several proposed management actions. Management implications of the Ecological Flows Study results
are shown in Table 2-3 at the end of Section 2.2. Remaining uncertainties are summarized in Section 3.
Section 3 also contains a list of potentially beneficial management actions derived from the overall
synthesis of the Linkages Report (Section 2.1) and the targeted studies described in this section.
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2.2.1 Gravel resources field study

Gravel is fundamental to aquatic and riparian habitat in rivers and is particularly important for salmonids
and other fish because they need gravelly substrates for spawning and egg incubation. Along the
Sacramento River, human activity over the last century has dramatically altered the river's flow and
sediment transport regimes, which in turn have affected both the quantity and quality of gravel sediments.
In recognition of the “keystone” nature of anadromous salmonids in aquatic habitats, and their reliance on
sufficient gravels to maintain their populations, several elements of the Ecological Flows Study were
designed to quantify the river’s gravel dynamics.

To help document anthropogenic effects on the river's gravel, the Study included a review of existing
information, new analyses of existing data, and new field measurements to fill data gaps. For example,
the Gravel Study Report (Appendix B, Stillwater Sciences 2007b) includes the first facies maps of the
river's gravel resources and includes new grain-size data that were compared with results from previous
studies. The gravel study also assessed total area of salmon redds in 2005, enabling the first quantitative
analysis of multi-decadal trends in spawning habitat availability in the upper river. A brief synthesis of
these efforts follows.

Study objectives and design

The main objectives of the gravel study were to (1) refine estimates of the flow required to mobilize the
bed surface, (2) characterize gravel and its habitat value for salmonids, and (3) provide data for reach-
specific application of The Unified Gravel-Sand (TUGS) Model, a new sediment transport model
discussed in Section 2.2.2 of this Final Report.

The gravel study design was guided by three working hypotheses:

Hypothesis 1. The quantity of spawning gravel has been decreasing over time due to bed-surface
coarsening resulting from in-channel mining and dam-related reductions in sediment
supply from headwater sources.

Hypothesis 2. Bed-surface coarsening has progressively propagated downstream from the dams.

Hypothesis 3. The quality of any remaining spawning gravel in the upper river has declined due to
reduced surface mobility (a consequence of coarsening and the reduced frequency
and magnitude of peak winter floods) which has reduced the river's ability to flush
fine sediment from the subsurface.

We investigated these hypotheses by quantifying trends in grain-size distributions, bed elevations, gravel
permeability, and area used by spawning fish. Data sources included: (1) results from previous studies,
(2) observations and measurements from this field study, and (3) sediment transport modeling results.

Key findings
Spawning habitat area

Data from aerial surveys suggest that available spawning area declined substantially from 1964 to 1980
throughout the upper river (CDWR 1980). In 2005, as part of the Ecological Flows Study, Stillwater
Sciences conducted a new aerial spawning survey and used it to create a map of spawning area for
comparison with preexisting data (Appendix B). Results reveal local increases in spawning area in the
uppermost reaches (from RM 298 to RM 302) as of 2005 (Figure 2-1). This is consistent with ongoing
gravel augmentation efforts, which began in 1978 and have continued on an annual basis in the reach
since 1997 (Figure 2-1). Yet even with the added gravel, the overall loss in spawning area from 1964 to
2005 was significant from RM 290 to RM 302. Total available spawning habitat remained particularly
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low between RM 292 and RM 298, an important spawning reach for winter-run Chinook salmon. On the
other hand, spawning area remained relatively stable over time for short reaches downstream of many of
the river's sediment-bearing tributaries (see Appendix B, Stillwater Sciences 2007b). Taken together,
these data are consistent with Hypothesis 1: there appear to have been marked dam-related losses in
spawning habitat (due to gravel losses), except in short reaches downstream of sediment-bearing
tributaries and gravel augmentation projects.
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Figure 2-1. Gravel augmentation, spawning area, and winter-run Chinook populations. Bubble plot of gravel
augmentation, by year and river mile, for the upper Sacramento River (lower left panel), with
histograms showing changes in spawning area from 1964 to 2005 by river mile (upper panel, after
Stillwater Sciences 2007, Appendix B) and estimated escapements of winter-run Chinook (lower
right panel, after CDFG 2007). Bubble area scales proportionally with volume added (the lowest and
highest volumes are labeled for scale). Winter-run escapements declined to a few hundred fish in the
early 1990s (lower right), but have rebounded to 10,000—17,000 fish more recently. The recent
increase may reflect the effects of several factors, including an increase in spawning habitat
upstream of ACID Dam (upper panel) caused by gravel augmentation at Salt Creek and Keswick
Dam (lower left). A pronounced decline in spawning area appears to have occurred downstream of
RM 298 (upper panel), where gravel additions have been minimal, and where riffles are isolated
from effects of upstream augmentation by Turtle Bay (vertical line), a deep, remnant mining pit that
acts as a sediment trap. Sediment-transport modeling (Section 2.2.2) suggests that base-level effects
of Turtle Bay may be responsible for the spawning area loss immediately upstream, at Redding
Riffle (upper panel).
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Grain size

Key observations from the grain-si