Chapter 3
Scientific Knowledge to Inform Fish and
Wildlife Flow Recommendations

This chapter was included in the 2023 draft Staff Report, and some of the original text has since
been modified to reflect evolving science and for consistency with information provided in the
Scientific Basis Report Supplement and other sections of this Staff Report. Some specific updates
include references to more recent scientific literature, the addition of new ecological flow thresholds
identified in the scientific literature as protective of native fish species, and updated descriptions of
species listing statuses. This chapter references prior U.S. Fish and Wildlife Service (USFWS) and
National Marine Fisheries Service (NMFS) Biological Opinions (BiOps) and California Department of
Fish and Wildlife (CDFW) Incidental Take Permit (ITP) requirements for the protection of listed fish
species. For the most updated information about the BiOps and ITP, see Chapter 13, Revised
Proposed Plan Amendments.

This chapter has been revised with additional minor changes, including clarifying edits, corrections,
and editorial changes, including changes in response to comments received on the draft Staff Report.

3.1 Introduction

This chapter provides a review and summary of the best available science on flow needs for the
protection of fish and wildlife beneficial uses. Specifically, building on the State Water Board’s 2010
Development of Flow Criteria for the Sacramento-San Joaquin Delta Ecosystem (Delta Flow Criteria
Report), this chapter describes the ecosystem functions provided by flow and describes the
distribution and abundance of several native Bay-Delta aquatic species and their relationships to
flow. This chapter evaluates different methods for developing instream flows and provides a
recommended method. In addition, the chapter analyzes the effect of different flow levels on
meeting the flow thresholds and on floodplain inundation. This chapter also discusses the expected
population abundance responses to different flow levels and evaluates the interaction and need to
balance storage and cold water management with inflows.

The chapter focuses on flows to support native aquatic species and habitat and informs the
proposed Plan amendments presented in Chapter 5, Proposed Changes to the Bay-Delta Plan for the
Sacramento/Delta, on changes to the Bay-Delta Plan to protect fish and wildlife, including changes to
Sacramento River watershed and Delta eastside tributaries inflows, Delta outflow, interior Delta
flow, and cold water habitat requirements. Other important uses, such as municipal, agricultural,
and hydropower, also factor into State Water Board decision making regarding updates to the Bay-
Delta Plan and are addressed in subsequent chapters.

Many stressors other than flow can affect ecosystem processes. Each of these stressors has the
potential to interact with flow to affect available aquatic habitat. As discussed in more detail in
Chapter 4, Other Aquatic Ecosystem Stressors, and Chapter 5, Proposed Changes to the Bay-Delta Plan
for the Sacramento/Delta, fish and wildlife protection cannot be achieved solely through flow—
habitat restoration and stressor reduction also are needed. The dynamic nature of flow interacts
with the physical environment to produce aquatic habitats suitable for native fish and wildlife. The
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function and ability of ecosystems to support these species can be reduced by stressors. One cannot
substitute one for another; flow improvements, stressor reduction, and habitat restoration are all
essential for protecting fish and wildlife resources. Suitable flows are a critical element of protection
and restoration and are the subject of this chapter.

The chapter relies on scientific and empirical evidence from published and peer-reviewed articles,
exhibits, testimony in the record of the Delta Flow Criteria Report proceeding, and original analyses
prepared by State Water Board staff. Where information is available, this Staff Report identifies
flows that are associated with growth of specific native indicator aquatic species populations more
than half of the time or maintaining populations near abundance goals previously identified in the
Delta Flow Criteria Report.

The following specific scientific information is relied upon in this Staff Report (or Report).
e Ecological function-based analyses for desirable species and ecosystem attributes.
e Statistical relationships between flow and species abundance.

e Unimpaired flows and historical impaired flows that supported more desirable ecological
conditions.

3.2 Flow and the Ecosystem

This section describes the importance of the flow regime in protecting the aquatic ecosystem that
supports fish and wildlife beneficial uses. In general, naturally variable flow conditions provide the
conditions needed to support the biological and ecosystem processes imperative to protect fish and
wildlife beneficial uses. Conversely, altered flow regimes have been shown to be a major source of
degradation to aquatic ecosystems worldwide (Petts 2009).

Flow is commonly regarded as a key driver or master variable governing the environmental
processes in riverine and estuarine systems such as the Bay-Delta and its watershed (*Poff et al.
1997; “Bunn and Arthington 2002; *Kimmerer 2002a; Petts 2009; Montagna et al. 2013; *Yarnell et
al. 2015). Flow is not simply the volume of water but also the direction, timing, duration, rate of
change, and frequency of specific flow conditions. *Bunn and Arthington (2002) present four key
principles underlying the links between hydrology and aquatic biodiversity and the impacts of
altered flow regimes: (1) flow is a major determinant of physical habitat; (2) aquatic species have
evolved life history strategies based on natural flow regimes; (3) upstream-downstream and lateral
connectivity are essential to organism viability; and (4) invasion and success of nonnative species is
facilitated by flow alterations.

The effects of flow modifications on biological resources have been reviewed by several authors
who have found that fish abundance and diversity declined in response to reductions in flow across
a wide range of biological communities all over the world (Lloyd et al. 2004; Poff and Zimmerman
2010; Rozengurt et al. 1987). Although there is no universal quantitative relationship between flow
alteration and ecological response, the risk of ecological change increases with greater magnitudes
of flow alteration (Poff and Zimmerman 2010). Richter et al. (2011) concluded that “alterations
greater than 20 percent will likely result in moderate to major changes in natural structure and
ecosystem functions, with greater risk associated with greater levels of alteration in daily flow.”
Studies of river-delta-estuary ecosystems in Europe and Asia concluded that water quality and fish
resources deteriorate beyond their ability to recover when spring and annual water withdrawals
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exceed 30 and 40 to 50 percent of unimpaired flow, respectively (Rozengurt et al. 1987). Upstream
diversions and water exports in the Delta have reduced median January-June and average annual
outflow by 56 and 48 percent, respectively (see Chapter 2, Hydrology and Water Supply) (*Fleenor
etal. 2010).

3.2.1 Riverine Flows

Altered flow regimes negatively affect native fish communities and their aquatic ecosystem (*Pringle
etal. 2000; *Freeman et al. 2001; “Bunn and Arthington 2002; "Moyle and Mount 2007). An
assessment of streams across the conterminous United States shows a strong correlation between
simplified or diminished streamflows and impaired biological communities that include fish (*Carlisle
etal. 2011). In addition, when streams are dammed and flow regimes are simplified by dam releases,
stream fish communities tend to become simplified and more predictable, usually dominated by
species that thrive in simplified and less variable habitats (*Brown and Bauer 2009; “Kiernan et al.
2012). This has been found to be the case in the Bay-Delta watershed, where native fish and other
aquatic organisms have been increasingly replaced by nonnative species (Feyrer and Healey 2003;
ABrown and May 2006; “Brown and Michniuk 2007; *Brown and Bauer 2009; Mahardja et al. 2017).
Within the watershed, the regions of greatest flow alteration are the most dominated by nonnative
species (*Brown and May 2006; “Brown and Michniuk 2007) where the altered hydrology likely
creates conditions more favorable for spawning and rearing of nonnatives than natives (*Brown and
Bauer 2009). Implementation of a more natural flow regime with high spring flows has been shown to
favor native over nonnative species in Putah Creek, although nonnatives still dominate in the
lowermost reach (“Kiernan et al. 2012; Jacinto et al. 2023).

Native communities of fish and other aquatic species are adapted to spatial and temporal variations
in river flows under which those species evolved, including extreme events such as floods and
droughts (*Sparks 1995; *Lytle and Poff 2004). On the other hand, permanent or more constant
flows, created by damming or diverting river flows, favor introduced species (*Moyle 2002; "Moyle
and Mount 2007; "Poff et al. 2007; “Brown and Bauer 2009; *Kiernan et al. 2012). Long-term
success (i.e., integration) of an invading species is much more likely in an aquatic system that has
been permanently altered by human activity, such as the Bay-Delta watershed. Systems altered by
human activity tend to resemble one another across broad geographical areas and favor introduced
species that are valued by humans as game or food fish (Gido and Brown 1999; *Moyle and Mount
2007).

More natural flow regimes support the various life history characteristics of native aquatic
organisms that are adapted to the natural flow regime (*Bunn and Arthington 2002; ~King et al.
2003; “Lytle and Poff 2004). For example, most fish species native to California in general, and the
Bay-Delta in particular, have evolved to spawn during spring or otherwise use spring flows to access
spawning and rearing habitat (*Moyle 2002). A more natural flow regime, including variation in
tributary inflows, provides additional protection of genetically distinct sub-populations of aquatic
organisms that evolved from individual rivers and their tributaries. Sub-populations are important
in maintaining genetic diversity and the resilience of aquatic communities. Sub-populations exhibit
important genetic diversity that, when preserved, allows use of a wider array of environments than
without it (McElhany et al. 2000; “Moyle 2002; "NMFS 2014a). Maintaining the diversity of sub-
populations of salmonids on the major Bay-Delta tributaries has been identified as an important
factor for achieving population viability (*Moyle 2002; Carlson and Satterthwaite 2011; *"NMFS
2014a).
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The genetic and life-cycle diversity provided by maintaining sub-populations and varied life history
timing of Central Valley salmonids through achieving a more natural flow regime with improved
temporal and spatial variability would help protect populations against both short-term and long-
term environmental disturbances. Fish with differing characteristics among sub-populations (i.e.,
greater diversity) have different likelihoods of persisting, depending on local environmental
conditions. Thus, the more diverse a species is, the greater the probability that some individuals
survive and reproduce when presented with environmental variation (McElhany et al. 2000; TBI
2016; Carlson and Satterthwaite 2011; ~Lindley et al. 2007). Genetic diversity also provides the raw
material for surviving long-term environmental changes. Salmonids regularly face cyclic or
directional change in their freshwater, estuarine, and ocean environments due to natural and human
causes. Sustaining genetic and life-cycle diversity allows them to persist through these changes
(McElhany et al. 2000; Moore et al. 2010; Carlson and Satterthwaite 2011).

Although hydrological conditions in the region have been changing as a result of global climate
change, these changes are not outside the range under which native species adapted. Prior to 1900,
California experienced much longer and more severe droughts and floods than anything seen since
1900 (summarized in Ingram and Malamud-Roam 2013), and native species were able to persist
under those conditions due to their adaptations. Continuing to support those adaptations of genetic
and life-history diversity through providing more naturally variable flows is an important
management strategy in addressing climate change effects. This is particularly important for
salmonid species, but also applies to the aquatic ecosystem as a whole, including the foodweb and
other native warmwater and cold water fish communities.

Ocean conditions constantly change and will continue to cycle between more and less favorable
conditions. As seen recently in the mid-2000s, poor ocean conditions caused a collapse in nearshore
oceanic food supplies that eventually resulted in the collapse of the ocean salmon fishery. The extent
of the collapse was exacerbated by weak salmon runs that have lost much of their genetic and life-
history variability that normally affords them greater resilience to poor ocean conditions (*Lindley
etal. 2009).

A more natural flow regime is anticipated to maintain, and perhaps even enhance, the remaining
genetic and life-history diversity of natural stocks (Zeug et al. 2014a; *Sturrock et al. 2015).
Preserving the genetic and life-history diversity in wild stocks helps protect salmon populations
from significant loss of genetic diversity associated with hatchery production. Historically, hatchery
production of fall-run Chinook salmon has resulted in artificial selection of traits that likely has led
to reduced genetic diversity and fitness of wild populations due to interbreeding of hatchery salmon
with wild fish (*California Hatchery Scientific Review Group 2012). The increasing dominance of
hatchery fish within the Central Valley, coupled with substantial straying rates, likely has magnified
the genetic and ecological risks of hatchery production on genetic diversity and viability of wild
populations (Nehlsen et al. 1991; *Lindley et al. 2007; ~California Hatchery Scientific Review Group
2012). As discussed in Chapter 4, Other Aquatic Ecosystem Stressors, complementary actions that
improve hatchery management and restore habitat also could help reduce these risks.

The rim dams and altered flow regimes have caused a loss of geomorphic processes related to the
movement of water and sediment that are important to the ecosystem (*Poff et al. 1997). Important
benefits that these processes provide include increased complexity and diversity of the channel,
riparian and floodplain habitats, and mobilization of the streambed and upstream sediment (Grant
1997). Floods, and their associated sediment transport, are important drivers of the river-riparian
system. Small magnitude frequent floods maintain channel size, shape, and bed texture; while larger
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infrequent floods provide beneficial disturbance to both the channel and its adjacent floodplain and
riparian corridor.

A more natural flow regime generates processes that create a less homogenous channel with
structures that are important for fish habitat, such as meanders, pools, riffles, overhanging banks,
and gravel substrates of appropriate sizes (*Thompson and Larsen 2002; Mount and Moyle 2007).
Scour and bed mobilization, associated with geomorphic processes that are driven by more variable
flows, rejuvenate riparian forests and clean gravel for salmon, benthic macroinvertebrates, and
benthic diatoms (*Poff et al. 1997). Native fish and other aquatic species have adapted their life
cycle to these processes and exploit the diversity of physical habitats these processes create (*Poff
etal. 1997; "Thompson and Larsen 2002; “Lytle and Poff 2004).

Increasing turbidity events from more variable flows and the associated geomorphic processes also
decrease predation and provide environmental cues needed to stimulate migration (Gregory and
Levings 1998; Baxter et al. 2008; "NMFS 2009 BiOp). Juvenile salmonids emigrate during periods of
increased turbidity that originally arose from the winter storm and spring snowmelt phases of the
flow regime. Turbidity reduces predation on young salmon by providing a form of protective cover,
enabling them to evade detection or capture (Gregory 1993; Gregory and Levings 1998). Reservoir
construction has reduced turbidity by capturing the majority of flow and associated sediment
(“Schoellhamer et al. 2016).

Altered flow regimes tend to decrease habitat connectivity in riverine and deltaic systems, which
results in a loss of longitudinal and lateral connectivity (*Bunn and Arthington 2002). A more
natural flow regime in the Bay-Delta watershed can increase longitudinal connectivity, create more
beneficial migration transport, less hostile rearing conditions (protection from predators), greater
net downstream flow, and connectivity with the estuary and nearshore ocean during periods that
are beneficial for aquatic organisms who have adapted to this system (Kondolf et al. 2006; *Poff et
al. 2007; TBI 2016). A more natural flow regime also can increase the frequency and duration of
lateral connectivity to riparian and floodplain habitats, allowing for energy flow between wetland
areas and the river, and providing the river and estuary with nutrients and food. Floodplain
inundation provides flood peak attenuation and promotes exchange of nutrients, organic matter,
organisms, sediment, and energy between the terrestrial and aquatic systems (“Sommer et al.
2001b; ~TBI 1998; "Whipple et al. 2012). It also improves juvenile fish survival by improving food
availability, in addition to providing refuges from predators during the critical spawning, rearing,
and migration period of several native Central Valley fish species—especially Sacramento splittail
and salmonids (*Sommer et al. 2001b; *Jeffres et al. 2008; TBI/NRDC 2010).

Floodplain inundation, particularly when associated with the ascending and descending limbs of the
hydrograph, often provides most of the organic matter that drives aquatic foodwebs downstream
("Sommer et al. 2001b). *Jeffres et al. (2008) found that floodplain habitat promotes rapid growth
of juvenile salmon. Properly managed floodplains can have widespread benefits at multiple levels,
ranging from individual organisms to ecosystems (Junk et al. 1989; “Moyle et al. 2007). On the
Sacramento River, floodplain inundation is a function of precipitation, weir and gate design, flood
control operations, and flow requirements.

Dams and reservoirs, and their associated operations, alter the temperature regime of rivers, often
to the detriment of cold water species such as salmonids and other aquatic plants and animals that
have adapted to colder waters and the variability associated with a more natural flow regime
(Richter and Thomas 2007; "NMFS 2014a). Water stored in reservoirs is warmer at the surface and
cooler below, often with a sharp thermocline in deeper waters. In California, there is a strong
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seasonal aspect to thermal dynamics; typically, surface waters of reservoirs warm during summer
due to high solar radiation and low inflow, which results in strong stratification in the large
reservoirs at the low end of most Central Valley tributaries. Low reservoir volume, high reservoir
inflows, and high winds can alter the thermal structure of reservoirs. The temperature of water
within these layers is generally different than the temperature of water entering the reservoir at any
given time depending on the season and is dissimilar to downstream water temperatures that would
occur under a natural flow regime (USACE 1987; Bartholow et al. 2001).

Temperature control devices (TCDs) can control the temperature of water released from dams for
the protection of downstream fisheries by varying operations of release gates. Shasta Dam was fitted
with shutters to allow water to be drawn from different levels to conserve cold water for spawning
of winter-run salmon. Similar outlet shutters, to benefit resident trout and fall-run salmon, are found
on Folsom and Oroville Dams. A horizontal thermal curtain is used in Lewiston and Whiskeytown
Reservoirs to isolate cold inflowing waters on the Trinity River to maintain cold water outflows
(Deas and Lowney 2000). The other rim dams of the Central Valley lack TCDs, so temperature
management can be achieved only directly through flow management (*NMFS 2009 BiOp). See
Section 3.4.4, Dam and Reservoir Effects on Salmonids, Section 3.14.3, Cold Water Storage, and
Chapter 5, Proposed Changes to the Bay-Delta Plan for the Sacramento/Delta, for more discussion on
managing cold water habitat below reservoirs.

Water released from reservoirs often is colder in summer and warmer in winter compared with
water temperatures that would have occurred in the absence of dams and reservoirs (Williams
2006). Water temperatures are dominated by reservoir release temperatures immediately below
dams but also are dominated by meteorological conditions further downstream, such that ambient
water temperatures are approached exponentially with distance downstream (Deas and Lowney
2000; "Kimmerer 2004).

In addition to changes in temperature due to reservoir storage and releases, reservoirs and
diversions also modify the temperature regime of downstream river reaches by altering the volume
and thermal mass of water. A smaller quantity of water has less thermal mass and, therefore, a
decreased ability to absorb temperatures from the surrounding environment (air and solar
radiation) without being affected (USACE 1987). The greatest impact occurs with less flow (less
thermal mass) and warmer climate (increased solar radiation), usually in late spring, summer, and
early fall periods (Deas and Lowney 2000). The colder summer temperatures may mitigate to some
extent the loss of cooler habitat for salmonids upstream of dams and other habitat alterations that
affect summer survival of aquatic organisms. At the same time, warmer temperatures (62 degrees
Fahrenheit [°F] to 68°F) during salmonid rearing periods also may promote optimal growth,
provided that food availability is not a limiting factor (*Myrick and Cech 2004). However,
temperatures that exceed these levels can raise metabolic rates above the ability of fish to forage
and thereby decrease salmonid growth and survival rates and reduce the amount of suitable habitat
for rearing (McCullough 1999; *Myrick and Cech. 2001).

3.2.2 Freshwater Flow and Estuarine Resources

The declining ecological and economic value of estuaries is a national (Greene et al. 2015) and
world-wide (Barbier et al. 2011; Vasconcelos et al. 2015; Lotze et al. 2006) concern. Freshwater flow
is the primary source of physical and chemical variability in estuaries and thus plays an important
role in structuring estuarine habitat, species distributions, and biotic interactions (Drinkwater and
Frank 1994; *Jassby et al. 1995; *Kimmerer 2002a; *Kimmerer 2004; Montagna et al. 2013). In
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particular, variation in freshwater flow affects the spatial and temporal overlap of dynamic
components of estuarine habitat, such as salinity gradients and circulation patterns, with more
stationary components such as bathymetry and marshes (Peterson 2003; *Moyle et al. 2010).

In their key points to the State Water Board, the Delta Environmental Flows Group expert panel
noted that “[eJcological theory and observations overwhelmingly support the argument that
enhancing variability and complexity across the estuarine landscape will support native species (DEFG
2010).” High winter-spring inflows to the Delta cue native fish spawning migrations (*Harrell and
Sommer 2003; *Grimaldo et al. 2009), improve the reproductive success of resident native fishes
(Meng et al. 1994; "Sommer et al. 1997; Matern et al. 2002; *Feyrer 2004), increase the survival of
juvenile anadromous fishes migrating seaward (*Sommer et al. 2001a; Newman 2003), and
disperse native fishes spawned in prior years (Feyrer and Healey 2003; Nobriga et al. 2006).”
Similarly, winter and spring outflows benefit species further down in the estuary, including starry
flounder, California bay shrimp, and longfin smelt, through various mechanisms, including larval-
juvenile dispersal, floodplain inundation, reduced entrainment, and increased up-estuary transport
flows. “The estuary’s fish assemblages vary along the salinity gradient (Matern et al. 2002;
AKimmerer 2004), and along the gradient between predominantly tidal and purely river flow. In
tidal freshwater regions, fish assemblages also vary along a gradient in water clarity and submerged
vegetation (Nobriga et al. 2005; “"Brown & Michniuk 2007) and smaller scale gradients of flow,
turbidity, temperature, and other habitat features (Matern et al. 2002; Feyrer & Healey 2003).
Generally, native fishes have their highest relative abundance in Suisun Marsh and the Sacramento
River side of the Delta, which are more spatially and temporally variable in salinity, turbidity,
temperature, and nutrient concentration and form than other regions.” Over the past several
decades, persistent low fall outflows (“Feyrer et al. 2007) and other related stressors such as
submerged vegetation, in both Suisun Marsh and the Delta have reduced habitat availability and led
to the decline of native fishes (Matern et al. 2002; *Brown and Michniuk 2007). A greater sensitivity
to these stressors exists in summer and fall when many native fishes are “near their thermal limits”
(*SWRCB 2010).

Natural flows from upstream tributaries create habitat by pushing the salt field down the estuary in
spring during snowmelt events as temperatures warm. Historical evidence suggests a dynamic
gradient between fresh and saline waters in the estuary; however, these accounts generally indicate
that fresh water predominated in the Delta during the early 1800s, with a transition from saline to
fresh water in upstream portions of Suisun Bay (*Whipple et al. 2012). While there is high
interannual variability in unimpaired flows because of the highly variable climate of California, both
Delta outflow and the position of the low salinity zone (LSZ) (X2) (measured in kilometers [km]
from the Golden Gate) have been altered as a result of numerous factors.! The removal of wetlands
and restriction of the rivers to leveed channels removed the absorptive nature of the original
landscape and facilitated more rapid runoff in spring and seasonal intrusion of salinity when the
river flows declined. The construction of reservoirs and diversions also allowed flows to be removed
from the system or changed in time to create a more homogenous flow regime (*Whipple et al.
2012; *Kelley 1989). Hydrodynamic simulations conducted by *Fleenor et al. (2010) indicate that
the position of the LSZ has skewed eastward in the recent past compared with unimpaired
conditions and earlier impaired periods, and that the variability of salinity in the western Delta and
Suisun Bay has been significantly reduced (see Chapter 2, Hydrology and Water Supply). Analyses
show a clear trend in the movement of the LSZ in fall months as well into the deeper channels of the

1X2 is the location in the Bay-Delta where the tidally averaged bottom salinity is 2 parts per thousand. It is
expressed as the distance in kilometers from the Golden Gate Bridge.
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western Delta and a restriction in its area since 1980 (MacWilliams et al. 2016), with a further
reduction since 2000 (Cloern and Jassby 2012). As a result of climate change and associated changes
in precipitation and sea level rise, outflow and the position of the LSZ may continue to shift
dramatically in coming years (Knowles and Cayan ~2002, ~2004).

In the Bay-Delta estuary, the LSZ is an important nursery habitat for several estuarine-dependent
fish species (“"Kimmerer 2002a; “Moyle 2002) and is maximized in area and volume in Suisun or
San Pablo Bays (Kimmerer et al. 2013) (Figure 3.2-1). The intersection of fresh water and salt water
historically created a diversity of habitat due to broad ranges of channels and wetland habitat that
flood during spring and fall flow events into the estuary (*TBI 1998; *Whipple et al. 2012).

Statistically significant inverse relationships have been demonstrated between the landward extent
of X2 and the abundance of a diverse array of estuarine species, ranging from phytoplankton-
derived particulate organic carbon at the base of the foodweb through primary consumers, benthic
fish, pelagic fish, and piscivores (*Jassby et al. 1995; *Kimmerer 2002b; Mac Nally et al. 2010). The
diverse taxonomy, biology, and distribution of these estuarine organisms showing these strong
relationships indicates a broad positive response of the estuarine community to increasing outflow
("Jassby et al. 1995). The X2-abundance relationships of many estuarine species have persisted
since systematic sampling programs began in 1967. In some cases, the statistical relationships have
shown downward step changes in response following the 1987 spread of the invasive clam
Potamocorbula amurensis (commonly referred to as the overbite clam); however, other relationships
have not changed through the period (California bay shrimp, Sacramento splittail) (*Kimmerer
2002b; Kimmerer et al. 2009).2 Most of the flow-abundance relationships persist and continue to
explain a large fraction of the variation in the abundances of these species. Updated flow-abundance
analyses performed by State Water Board staff are included in the species profiles later in this
chapter.

2 Potamocorbula amurensis (e.g., Crauder et al. 2016) was previously identified as Corbula amurensis and often is
referred to as such in the literature. Potamocorbula is used throughout in this document.
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When X2 is near Antioch (a), low salinity habitat is confined to the deep channels of the western Delta. As X2 moves
downstream of Collinsville (b), low salinity habitat enters Suisun Bay. With X2 near Chipps Island (c) or Port Chicago
(d), low salinity and freshwater habitat occupy the broad shallows of Suisun Bay. Very high outflows can freshen
Suisun Bay and push the low salinity zone into San Pablo Bay (not pictured).

psu = practical salinity unit (one gram of salt per 1,000 grams of water)

Figure 3.2-1. Variation in the Position and Extent of Low Salinity Habitat as a Function of X2

The specific mechanisms underlying the flow-abundance relationships are generally not resolved
(“Kimmerer 2002b). Salinity changes and flow are inseparable, so these relationships are referred
to as either flow-abundance relationships or fish-X2 relationships. Further investigations are
recommended and ongoing (“Kimmerer 2002a,2004; ~Reed et al. 2014). However, most of the
relationships continue to remain strong since first described, and better understanding of the likely
mechanisms is rapidly developing.

Effects of high river flows in freshwater areas are difficult to separate from impacts in the more saline
areas of the estuary. For instance, floodplain inundation happens when river flows overtop the weirs
into flood bypasses. Floodplain inundation has a variety of beneficial effects, including providing
spawning and rearing opportunities for Sacramento splittail (Sommer et al. 2002; *Moyle et al. 2004;
~Feyrer et al. 2006b); improved growth for salmon smolts (*Sommer et al. 2001a, *Sommer et al
2005; Katz et al. 2017), including endangered winter-run Chinook salmon (del Rosario et al. 2013);
increased turbidity downstream; and mobilization of sediment and food to downstream habitats
(Schemel et al. 2004).

Increased turbidity associated with high flows triggers movement of Delta smelt into the Delta

(Bennett and Burau 2015) and emigration of young salmon from the Delta. Increased turbidity also
enhances feeding of young smelt (*Hasenbein et al. 2013) and reduces predation on young salmon
(De Robertis et al. 2003). Turbidity increases in the lower estuary when winds mobilize sediments
in the shoals of Grizzly and Honker Bays. Under appropriate salinity and turbidity conditions, Delta
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smelt are found most frequently in samples from the shoals of these bays rather than in nearby
channels (Bever et al. 2016). More broadly, turbidity (or its inverse, water clarity) has been
identified as a significant covariate in statistical analyses of abundance and declines of several
pelagic species, including Delta smelt and longfin smelt (*Feyrer et al. 2007; *Nobriga et al. 2008;
Mac Nally et al. 2010; Thomson et al. 2010; Latour 2016). Multiple mechanisms may be responsible
for these relationships, including effects on habitat suitability, catchability by trawl gear, and
correlations with other environmental factors.

Longfin smelt show the strongest statistical relationship with X2. Longfin smelt’s relation to X2 has
undergone a downward step change in response since the overbite clam invaded, but the
relationship before and after the clam’s invasion is statistically significant (*Kimmerer 2002b).
Results of recent investigations show high abundance of longfin smelt in intertidal channels in
Suisun and San Pablo Bays when salinity in those areas is low (Grimaldo et al. 2014). This suggests
that, like Sacramento splittail spawning in the bypass when it is wet, longfin smelt spawn in greater
abundance in springs of high-flow conditions when their wetland spawning habitat is fresh. Such
tidal channels are much more common in Suisun and San Pablo Bays than among the riprapped
levees lining the Delta; therefore, longfin smelt have much greater spawning habitat when those
bays are fresh.

Because the LSZ is an important nursery habitat in many estuaries (e.g., Dance and Rooker 2015;
Mapes et al. 2015), much work has been done to attempt to identify a mechanism relating the fish-
X2 relationships to changes in the area of the LSZ. Changes in the area of the LSZ at different X2
values are inadequate to explain the fish-X2 relationships (Kimmerer et al. 2009, 2013). The
position of the LSZ combines with the bathymetry at each location to provide different depths and
areas of the LSZ (*MacWilliams et al. 2015). If the LSZ is defined as the water between 0.5 and 6
practical salinity units, the resultant volume does not change as the area changes; therefore, changes
in area are accompanied by concomitant changes in depth (Kimmerer et al. 2009). The area of the
LSZ varies between 50 and 100 square kilometers (km), with a significant decline since 1980 in the
area of the LSZ from September through November in both areal extent and the percentage of time
the zone has occupied more than 75 square km (MacWilliams et al. 2016; *Baxter et al. 2015). When
the LSZ is in Suisun Bay, Delta smelt are much more regularly found in the shoals of Grizzly and
Honker Bays than in the deeper channels to the south (Bever et al. 2016). Delta smelt are visual
feeders; greater depth of the LSZ decreases the volume of their habitat within the photic zone,
where visual feeding generally occurs. Because food limitation in late summer and autumn has been
identified as a bottleneck in the growth and survival of Delta smelt (*Baxter et al. 2010; *Baxter et
al. 2015; "Hammock et al. 2015), the decrease in the extent of suitable feeding area in these months
has been a crucial concern in the protection of Delta smelt since first addressed in the U.S. Fish and
Wildlife Service (USFWS) 2008 Biological Opinion (*USFWS 2008 BiOp). Protections for Delta smelt
summer and fall habitat were included in the USFWS 2019 BiOp (*USFWS 2019 BiOp) and California
Department of Fish and Wildlife (CDFW) 2020 Incidental Take Permit (ITP) (#2020 ITP) See
Chapter 13, Revised Proposed Plan Amendments, for information about changes to Delta smelt
summer and fall habitat requirements.

Worldwide, many nearshore marine fish and invertebrates use gravitational circulation to help
move their young into the usually richer food environment of estuaries (a recent case study and
review of the literature is Abrantes et al. 2015). Gravitational flows occur because the outflow of less
dense fresh water at the surface draws denser salt water into the bay; such flows are greater
generally as outflows increase. Upstream transport flows in the San Francisco estuary occur mostly
seaward of Carquinez Strait and involve larval stages of various species, including Dungeness crab,
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California bay shrimp, English sole, Pacific herring, and starry flounder and are one mechanism for
increased recruitment of some of these species following high Delta outflow in winter and spring
(Tasto 1983; Herbold et al. 1992; “"Kimmerer 2004).

3.2.3 San Francisco Bay and Nearshore Coastal Ocean

Delta outflow also affects biological resources in San Francisco Bay and the nearshore coastal ocean.
Young salmon migrate on currents driven by Delta outflows to the ocean. These fish are prey for
birds and Orca whales in the Gulf of the Farallones (Hurst and Bruland 2008). The abundance,
reproductive success, and mortality rate of Orca whales that migrate and specialize in feeding on
salmon outside the Golden Gate have been affected by the major salmon declines in recent years
(Ford and Ellis 2006; Ford et al. 2010; Ward et al. 2009; Hanson et al. 2021). Their populations are
food limited by the availability of salmon prey, highlighting the importance of Delta outflow all the
way to the top of the aquatic food chain. Similarly, declines in forage fish, such as longfin smelt,
California bay shrimp, and mysid shrimp, due to low Delta outflow pose food limitation threats to
pelagic seabirds (Cury et al. 2011) and marine mammals (Ford and Ellis 2006; Ward et al. 2009;
Ford et al. 2010). The abundances of staghorn sculpin, leopard sharks, and California bay shrimp
that reside and rear in the nearshore coast also are correlated with Delta outflow (TBI 2016), again
highlighting the far-reaching effects of freshwater outflows on the coastal ecosystem. Finally, native
oysters are better able to withstand the establishment of nonnative sessile invertebrates that
compete for space and resources when higher freshwater flows lower salinity in the South Bay
(Chang 2014). Increased Delta outflows provide higher water quality and habitat complexity,
leading to positive effects on native fish species and foodwebs.

Delta outflow is also important for maintaining physical and chemical processes in San Francisco
Bay and the nearshore coast. Freshwater flow through the Bay transforms into a plume of surface
brackish water that travels out the Golden Gate in winter and spring. This plume transports
nutrients into the Gulf of the Farallones National Marine Sanctuary, promoting phytoplankton
growth and contributing to foodweb productivity for invertebrates, fish, birds, and marine mammals
(Hurst and Bruland 2008). Cold, nutrient-rich water from the ocean enters the Bay on reverse
bottom currents driven by freshwater outflow moving out the Bay into the ocean. Delta outflow
influences 86 percent of the variability in salinity at the Golden Gate (Peterson et al. 1995).
Freshwater flow also transports sediments to help beach formation along the coastline outside the
Golden Gate (Barnard et al. 2013a, 2013b). Lack of sediments causes beach erosion, which removes
nesting habitat for birds such as snowy plovers (Tobias 2014). Sediment transport is higher in the
San Francisco Bay with greater freshwater flows. This helps improve the stability of wetlands.
Higher sediment loads also increase turbidity, which lowers the predation risk for native fish
(Gregory 1993; Gregory and Levings 1998; *Baxter et al. 2015). These examples indicate that the
amount of freshwater flow affects multiple trophic levels in San Francisco Bay and the nearshore
environment, cascading up the foodweb to top predators like herons, seals, and whales.

3.2.4 Interior Delta Flows and Entrainment

Delta hydrodynamics have been modified as a result of CVP and SWP operations. Within the central
and southern Delta, net water movement is toward the pumping facilities, altering the migratory
cues for emigrating fish in these regions. Operations of upstream reservoir releases and diversion of
water from the southern Delta have been manipulated to maintain a static salinity profile in the
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western Delta near Chipps Island and provide a steady supply of fresh water for export from the
south Delta.

When the DCC gates are open, water flows into the central Delta to supply export volumes. These
cross-Delta flows draw Sacramento River water into the San Joaquin River, Franks Tract, and Old
and Middle Rivers (OMR). Such water movements reduce the natural flow pattern and variability in
the Delta. Migratory fish and other aquatic organisms, as well as sediment transported with flood
flows, accompany the water as it is diverted from the Sacramento River.

Anadromous species use a variety of environmental cues to guide their migrations. In the ocean,
they may use magnetic, chemical, and celestial cues to return to their natal stream to spawn. Within
estuaries and meandering Delta channels, adults returning to spawn primarily use chemical scents
to identify water from their natal streams. Evidence exists that migrating juvenile salmonids may
use hydraulic, celestial (e.g., sun position), magnetic, and chemical (e.g., salinity) cues to direct their
downstream migrations and navigate through tidally dominated estuaries and bays (Williams
2006). Consequently, the greatly altered hydrology, migratory pathways, hydrodynamics, and
salinity gradients of the Delta and estuary are considered stressors for successful spawning
migration of adults and downstream migration of juvenile native salmon, steelhead, sturgeon, and
lampreys.

Because it is a tidal environment, water in Delta channels flows both landward and seaward twice
each day. The flow volumes of fresh water from the rivers entering the Delta are generally two or
three orders of magnitude less than tidal flows. However, the California Department of Water
Resources (DWR) can export as much as 10,000 cubic feet per second (cfs), and the U.S. Bureau of
Reclamation (Reclamation) can export as much as 5,000 cfs out of the south Delta channels. Because
these facilities usually export much more water than the median flow on the San Joaquin River, most
of the exported water must move from the Sacramento River and up OMR to Clifton Court Forebay
and the Jones Pumping Plant. Movement of Sacramento River water from the central Delta reduces
the duration and volume of water flowing down the channels of OMR and results in net negative
flows in those channels.

These flow modifications can affect salmonid migration and estuarine transport of pelagic species
through alteration of circulation patterns, which leads to adverse transport flows, changes in water
quality, changes to Delta habitats, and entrainment of fish and other aquatic organisms. The
preferred flow circulation pattern for achieving a variable, more complex Bay-Delta estuary is one
that produces an east-to-west salinity gradient (*Moyle et al. 2010). The east-to-west salinity
gradient and water circulation pattern have been altered due to operation of the DCC and the SWP
and CVP export facilities.

Reverse flows in the southern Delta are associated with increased entrainment of some fish species
(“Grimaldo et al. 2009). Reverse and otherwise altered flows, the constraints of artificially
connected Delta channels, plus water exports affect Delta habitat largely through effects on water
residence time; water temperature; and transport of sediment, nutrients, organic matter, and
salinity (*Monsen et al. 2007). Long-term water diversions also have contributed to reductions in
the phytoplankton and zooplankton populations in the Delta itself as well as alterations in nutrient
cycling within the Delta ecosystem (*NMFS 2009 BiOp).

San Joaquin River flows, outside of flood conditions or regulatory action, are often entirely drawn to
the SWP and CVP pumps. During these times, almost no water from the San Joaquin River reaches
the confluence with the Sacramento River. Instead, water from the Sacramento River and its
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tributaries fills most of the Delta, obscuring and confusing the chemical and flow cues that adult
salmon and other migratory fish depend on to reach the ocean and natal streams.

Entrainment is a physical process whereby groups of aquatic organisms are spatially redistributed
through the action of moving water, resulting in geographic isolation of the entrained portion of the
population (Smith et al. 2020). Entrainment can occur when fish and other aquatic life are drawn
into a water diversion intake and are unable to escape. In the Delta, entrainment occurs primarily at
the CVP facilities (Tracy Fish Facility and the nearby Delta-Mendota Canal [DMC]) and the SWP
facilities (including Clifton Court Forebay and the Skinner Fish Facility), as well as other smaller
Delta intakes. At the CVP and SWP facilities in the south Delta, larval and juvenile fish such as Delta
smelt and longfin smelt could be considered entrained and potentially lost from the population once
they enter Old and Middle Rivers (USFWS 2024). Some of the entrained fish are salvaged, meaning
they are caught in facilities at the pumps and then trucked and released to an area beyond the
pumps’ influence. The salvage can increase survival of salmon smolts relative to their passage
through the Delta when flows are low and temperatures are high. Unfortunately, many fish,
including Delta smelt, are not able to survive the collection, handling, transport, and release. Also,
high mortality rates in front of the fish screens mean that the number of fish salvaged is a small
portion of the fish entrained (Castillo et al. 2012). In addition to high rates of predation that occur at
the fish screens, much indirect mortality is thought to occur in the sloughs and channels leading to
the export facilities, even before fish enter the facilities. Small fish drawn into this part of the Delta,
or that migrate in inappropriate directions in response to changes in channel flows, have a very low
chance of survival. Juvenile salmon from the Sacramento River, including listed winter- and spring-
run salmon, steelhead, and green sturgeon, enter the central Delta through the DCC or Georgiana
Slough and have a lower chance of survival than fish staying in the Sacramento River’s mainstem
(“ERP 2014).

Net OMR reverse flow restrictions were introduced in the USFWS 2008 BiOp (RPA Actions 1 through
3), NMFS 2009 BiOp (RPA Action IV.2.3), and CDFW 2009 ITP (Conditions 5.1 and 5.2) to avoid
jeopardy to Delta smelt, salmonids, and longfin smelt, respectively (*NMFS 2009 BiOp; "USFWS
2008 BiOp; #2009 ITP). Similar OMR requirements were carried over into the USFWS 2019 BiOp,
NMFS 2019 BiOp, and CDFW 2020 ITP (*USFWS 2019 BiOp; "NMFS 2019 BiOp; ~2020 ITP).
Requirements were modified for the USFWS 2024 BiOp, NMFS 2024 BiOp, and CDFW 2024 ITP
(USFWS 2024; NMFS 2024; 2024 ITP) to include more real-time triggers for operational
adjustments based on environmental factors (e.g., turbidity in the central Delta) and rapid biological
analyses. For example, triggers for winter-run Chinook salmon loss changed from the use of more
abundant proxy fish (length-at-date criteria) to less abundant listed fish (genetic criteria). These
OMR reverse flow limitations applied from as early as November through as late as June 30 and
restricted flows to no more negative than 5,000 cfs, except for high-flow periods when OMR reverse
flows may be as high as -6,250 cfs, with increasingly positive limits based on triggers related to
entrainment risk of Delta smelt, longfin smelt, and salmonids. Further updates to the BiOps and
Long-Term Operations Record of Decision (ROD), and ITP relevant to OMR flows are described in
Chapter 13, Revised Proposed Plan Amendments.

3.3 Species-Specific Analyses

The remainder of the chapter examines the science regarding flow needs of a suite of native Bay-
Delta aquatic species that is representative of existing beneficial uses of water to be protected under
the Clean Water Act and Porter-Cologne Water Quality Act, including Estuarine Habitat; Cold
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Freshwater Habitat; Migration of Aquatic Organisms; Spawning, Reproduction and/or Early
Development; and Rare, Threatened, or Endangered Species. The species selected for evaluation
focus on native species that can serve as indicators of the overall health of the estuary and species
for which there is adequate information on flow relationships, including species listed under the ESA
and CESA; species of commercial, recreational, and ecological importance; and recommendations
from CDFG (2010a) as part of the Delta Flow Criteria Report Proceeding. The species include all four
runs of Chinook salmon, Central Valley steelhead, and multiple estuarine-dependent species. The
estuarine-dependent species are Sacramento splittail, longfin smelt, Delta smelt, California bay
shrimp, starry flounder, white and green sturgeon, and several zooplankton species. The list of
species is similar to that used in the Delta Flow Criteria Report, except that it includes white and
green sturgeons. For each species, its life history, population abundance, and functional flow-
abundance relationships are summarized.

3.3.1 Updated Quantitative Analysis

In addition to discussion of the life history, population abundance, and flow-abundance
relationships of each species published in the existing scientific literature, the species-specific
analyses that follow contain updated quantitative analyses performed by State Water Board staff to
document abundance trends and flow-abundance relationships, and to estimate ranges of flow
predicted to be protective of individual species. Staff obtained abundance index data on
predominantly estuarine species from the CDFW fall midwater trawl (FMWT) (CDFW 2016a) and
San Francisco Bay Study (Bay Study) otter trawl (Hieb 2017) surveys. Staff relied primarily on the
published literature for analysis of the effects of flow on salmonid populations, although the flow-
abundance relationship for unmarked Chinook salmon (*Brandes and McLain 2001) was updated
using Chipps Island trawl data from the Delta Juvenile Fish Monitoring Program (DJFMP 201643,
2016b). In all cases, staff used flow data from Dayflow (*"DWR 2017a). Analyses were conducted
using the R statistical computing language (R Core Team 2015).

Staff estimated abundance trends by fitting a linear regression to each annual abundance index as a
function of year (e.g., log (FMWT) = a * Year + b). In data sets that included abundance indices of
zero, the response variable was the logarithm of the abundance index plus one (e.g., log (FMWT + 1)
=a * Year + b), since the logarithm of zero is undefined.

For negative slopes that differed significantly from zero (two-tailed t-test, p<0.05), staff concluded
that the population was declining over the period in question.

Staff estimated flows likely to be protective of estuarine species using three general methods
summarized below, all of which require an abundance goal and some prior knowledge of the season
(e.g., January-June) during which Delta outflow is likely to affect the success of each species. Staff
used abundance goals previously identified in the Delta Flow Criteria Report (*SWRCB 2010).
Information on seasons that should be used for the analyses was taken from the scientific literature
and the Delta Flow Criteria Report (*]Jassby et al. 1995; *Kimmerer 2002b; CDFG 2010a; “SWRCB
2010). Staff performed analyses as follows.

1. Flow-abundance relationships: Following the general methodology of *Jassby et al. (1995)
and “Kimmerer (2002b), staff estimated the relationship between the logarithm of seasonal
average Delta outflow and the respective species abundance indices using the most recent data
available. Following the methods of *Kimmerer (2002b), staff incremented abundance indices
containing zero values for the purposes of this analysis and included one or more step changes
for species that experienced a substantial decline immediately following the introduction of
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Potamocorbula or the pelagic organism decline. The regression was then used to predict the
flow associated with the abundance goal. Staff did not use this method if the predicted flow fell
outside the range of the observed flow data.

2. Cumulative frequency distributions of flow: If staff could identify a period of years during
which the abundance goal was attained and the population was not in decline, the median of the
seasonal average flows over that period was used as an indicator of the flow that would be
protective of the species.

3. Logistic regression estimates of the probability of population growth: For species that
spawn predominantly at a single age, logistic regression was used to estimate the response of
generation-over-generation population growth to seasonal average flow (TBI/NRDC 2010). For
a given population index N, the growth rates were estimated as N(t)/N(t-L), where L is the age
of reproduction. These rates were converted to a binary variable (1=growth, 0=decline) and
regressed on the logarithm of average seasonal outflow, using a general linear model with a logit
link function. Staff interpreted the flow that predicted a 50 percent probability of population
growth as a threshold flow that would benefit the species.

The flows found in the scientific literature or estimated using the above methods should not be
taken to represent absolute flow needs that must be met at all times or in all years to support native
species. Rather, they serve as indicators of conditions that favor native species and constitute a set
of quantifiable metrics that can be used to assess the relative protection afforded by a range of flow
regimes. The scientific information supporting modifications to existing flow requirements is
broader than these quantitative relationships and includes knowledge of life history, ecology, and
the conditions under which native species evolved. Generally, higher flows and lower X2 values in
winter and spring confer the greatest benefits for native species and the ecosystem, provided that
adequate supplies are maintained for cold water and flows at other times.

3.4 Chinook Salmon (Oncorhynchus tshawytscha) and
Central Valley Steelhead (Oncorhynchus mykiss)

3.4.1 Overview

A combined species evaluation has been prepared for all four runs of Chinook salmon and Central
Valley steelhead. Less information is available for steelhead than for salmon. Although distinct
differences exist in certain aspects of their life histories and habitat needs (see Section 3.4.2.2, Central
Valley Steelhead), factors that benefit salmon are also expected to benefit steelhead based on their
general ecological requirements. The evaluation provides information on life histories of the species,
population abundance trends through time, population restoration goals, and where available,
information on the functional flow needed by each run to successfully emigrate from upstream
tributaries in the Sacramento/Delta area through the Delta to the Pacific Ocean. Because inflows from
the San Joaquin River above the Delta are addressed in the Lower San Joaquin River/South Delta
update to the 2006 Bay-Delta Plan, those inflows are not discussed in this chapter. However, issues
below the San Joaquin River at Vernalis are discussed as are issues related to the eastside Delta
tributaries that flow into the downstream portions of the San Joaquin River in the Delta.

The following evaluation shows that adult and juvenile salmon benefit from an increase in a more
natural flow pattern in Central Valley tributaries. Increased tributary flow aids adult upstream
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spawning migration, juvenile rearing in tributary watersheds, and emigration to the Delta. Juvenile
fall- and winter-run salmon are expected to benefit from additional spring inflow in the lower
Sacramento River while emigrating past Chipps Island. Flows greater than 20,000 cfs at Rio Vista
between February and June are expected to improve juvenile salmon survival during emigration. In
addition, juvenile salmon emigrating from both the Sacramento and San Joaquin River basins
through the Delta have better survival if they remain in mainstem river channels and do not migrate
through the interior Delta.

3.4.2 Life History

3.4.2.1 Chinook Salmon

Chinook salmon are anadromous, with adults returning to their natal streams to spawn and die. The
different Chinook salmon runs have developed a broad array of different life history characteristics.
These include the timing of adult migration, degree of sexual maturation at the time of river entry,
and time of spawning. Juveniles of each run also display differences in the duration of freshwater
residency and the timing of emigration. This diversity in life history traits reflects adaptations to
both the natural flow regimes and physical attributes of their natal streams and the broad diversity
in regional and seasonal flow patterns in the Central Valley.

Chinook salmon are an important ecological, cultural, subsistence, recreational, and commercial fish
species in California (Figure 3.4-1). Historically, 5 to 6 million salmon may have returned annually to
California waterways (Gresh et al. 2000). Ecologically, the large salmon runs were an important
energy and nutrient source for invertebrates and small fish in oligotrophic mountain streams and
riparian areas (Nakajima and Ito 2003; Bilby et al. 1996, 1998, 2001). The commercial and
recreational catch from 1975 to 2014 averaged about half a million fish per year (Azat 2015). Most
of the catch during this 40-year period was taken in the marine commercial fishery and was from
hatchery production.
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Figure 3.4-1. California Commercial and Recreational Chinook Salmon Ocean Catch, 1975-2014
with 40-Year Mean (gray line)

Four Chinook salmon runs are present in the Sacramento River mainstem and tributaries and Delta
eastside tributaries. The runs are named for the timing of adult upstream migration: fall-run, late
fall-run, winter-run, and spring-run (Table 3.4-1).
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Table 3.4-1. General Timing of Important Life Stages of Sacramento and San Joaquin River Basin
Chinook Salmon and California Central Valley Steelhead

Juvenile
Adult Adult Adult Peak  Juvenile Stream
Migration = Adult Peak Spawning Spawning Emergence  Residency
Period Migration Period Period Period (months)
Sacramento River Basin
Winter-run Dec-Jul Mar Late Apr-mid  May-Jun July-Oct 5-10
Aug
Spring-run Feb-Sept May-Jun Late Aug-Nov  Oct-Nov Dec-Mar 12-16
Late fall-run Oct-Apr Dec-Jan Early Jan-Apr Feb-Mar Apr-Jun 7-13
Fall-run Jun-Dec Oct Late Sep-Jan  Oct Dec-Apr 1-5
San Joaquin River Basin
Fall-run Sept-Dec Nov Nov-Jan Nov-Dec Dec-Mar 2-5
Steelhead July-Mar Sep-Oct Nov-Apr Dec-Apr Jan-May 12-36

(both basins)

Source: Modified from *Yoshiyama et al. 1998 and "NMFS 2014a.

Chinook salmon adults exhibit two general freshwater life history patterns characterized as stream-
type and ocean type (Healey 1991). Stream-type adults enter fresh water several months before
spawning and complete their maturation in their natal streams where they hold for several weeks to
months before spawning. Ocean-type Chinook salmon enter fresh water at maturity and migrate
rapidly to their natal streams where they spawn shortly after arriving on the spawning grounds.
Winter- and spring-run Chinook salmon exhibit a stream-type pattern as adults, migrating to
upstream spawning areas where they hold for several months until sexually mature (Williams
2006). Late fall-run Chinook exhibit a predominantly stream-type life history, while fall-run Chinook
exhibit a predominantly ocean-type life history.

Chinook salmon juveniles are also generally characterized as having ocean-type and stream-type life
histories, depending on the length of freshwater residence (Healey 1991). Central Valley Chinook
salmon juveniles have a largely ocean-type life history but exhibit a broad range of juvenile life
histories that differ with respect to duration of freshwater residence, habitat use, and size at which
they migrate to the Delta and estuary (Williams 2012; *Sturrock et al. 2015). This diversity ranges
from fry that migrate rapidly to the Delta or estuary where they continue to rear before entering the
ocean, to juveniles that remain and rear in their natal streams for up to a year before migrating
rapidly to the ocean. Seasonal and inter annual differences in the timing of migration also reflect
changing flow conditions (*Sturrock et al. 2015; del Rosario et al. 2013; *Brandes and McLain
2001), with variability in flow contributing to higher survival indices and a larger proportion of
juveniles migrating as pre-smolts (Zeug et al. 2014a).

Generally, fall-run juveniles emigrate from their natal streams during the first few months following
emergence, with most migrating as fry to lower mainstem rivers, Delta, or estuary in winter or early
spring followed by emigration of larger juveniles later in spring (Williams 2006). Late fall-run
juveniles typically rear in upstream spawning areas through the summer before emigrating as
yearlings in fall and winter (Williams 2006). Winter-run juveniles emigrate as fry from upstream
spawning reaches in summer and early fall and apparently rear for up to several months in the
Sacramento River, Delta, or estuary before migrating to the ocean in spring (del Rosario et al. 2013).
Most spring-run juveniles follow an ocean-type life history, beginning their downstream migration
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in winter as fry, although some rear for several months in their natal stream before emigrating later
in spring or in the following fall, winter, or spring (Williams 2006).

Adult salmon require suitable flows, water temperatures, and water quality to access their natal
streams and reach the spawning grounds at the proper time and with sufficient energy reserves to
complete their life cycles (Bjornn and Reiser 1991). Adult Chinook salmon require water depths
greater than 0.8 foot and water velocities less than 8 feet per second for successful upstream
migration (Thompson 1972). Adult salmon migrating upstream mostly use pool and mid-channel
habitat (*Stillwater Sciences 2004) and are thought to be primarily active during twilight hours.

Suitable water temperatures for upstream migration of adult Chinook salmon generally range from
38°F to 65°F (Bell 1991; Boles 1988; CDFG 1998). Boles (1988) recommended water temperatures
below 65°F for adult salmon upstream migration in the Sacramento River. Suitable water
temperatures for adult winter-run Chinook salmon migrating upstream to spawning grounds range
from 57°F to 67°F (NMFS 1997). However, cooler water temperatures are required while winter-run
Chinook salmon hold and prepare to spawn; the maximum suitable water temperature reported for
holding is 59°F to 60°F (NMFS 1997). High water temperatures and low dissolved oxygen levels can
form barriers to adult salmon migration. In general, water temperatures above 70°F and dissolved
oxygen levels below 5 milligrams per liter have been reported to block or cause delays in migration
of Chinook salmon (Hallock et al. 1970; *Richter and Kolmes 2005).

Female Chinook salmon select spawning sites with suitable water depths, velocities, and substrate
sizes for redd (nest) construction and successful egg incubation (Bjornn and Reiser 1991; Quinn
2005; Merz et al. 2019). Preferred habitat is determined by the need for sufficient flow of
oxygenated water through the interstitial spaces in the streambed to support the developing
embryos. Body size also influences site selection; larger females can use sites with larger gravel and
faster water (Quinn 2005). Chinook salmon have been reported to utilize a broad range of water
depths and velocities for spawning. Water depth in Chinook salmon spawning areas typically ranges
from 1 to 5 feet, with water velocities of 1 to 3.5 feet per second (USFWS 2003). USFWS (2003)
reported that winter-run Chinook salmon prefer depths of 1.4 to 10 feet and velocities from 1.5 to
4.1 feet per second.

Optimal water temperatures for Chinook salmon egg incubation range from 41°F to 56°F (*"NMFS
2009 BiOp). A significant reduction in egg viability occurs above 57.5°F, and total mortality can
occur at temperatures above 62°F (*"NMFS 2014a); the lower and upper thermal range causing 50
percent pre-hatch mortality is 37°F and 61°F, respectively. The U.S. Environmental Protection
Agency recommends that water temperatures (measured as maximum 7-day average of the daily
maximums) for salmon and trout spawning, egg incubation, and fry emergence not exceed 55.4°F
(“"USEPA 2003). This is generally consistent with laboratory-based studies of thermal tolerance of
Chinook salmon embryos; however, oxygen limitation also has shown to be a strong determinant of
thermal tolerance in the field. In a recent study, application of a thermal tolerance model based on
laboratory data failed to predict the effects of temperature on survival of winter-run Chinook
salmon in the Sacramento River (field-derived estimates of egg-to-fry survival). The results
suggested an approximately 3°C (5.4°F) reduction in thermal tolerance in the field compared with
the laboratory that was attributed to egg size and differences in water flow velocities that affected
the ability of embryos to obtain sufficient oxygen to meet demands (*Martin et al. 2016).

Development time for Chinook salmon embryos is dependent on ambient water temperatures.
Colder temperatures result in slower development rates and a longer development time. Within the
optimal thermal range, embryos hatch in 40 to 60 days. Alevins remain in the gravel for an

Final Staff Report: Sacramento/Delta Update
to the Bay-Delta Plan

3-19 August 2026



Scientific Knowledge to Inform Fish and Wildlife
State Water Resources Control Board Flow Recommendations

additional 4 to 6 weeks metabolizing their yolk sac for nourishment. When the yolk sac is depleted,
the fry emerge from the gravel to begin external feeding.

Upon emergence, fry disperse to the margins of their natal stream, seeking shallow water with
slower velocity, and begin feeding on terrestrial invertebrates, zooplankton, and aquatic
invertebrates (“Sommer et al. 2001a). Some fry take up residence in their natal stream for up to a
year, while others are displaced downstream by the current. Once downstream, migration begins;
fry may continue to the estuary and rear there or take up residence in intermediate upstream river
reaches for up to a year (Williams 2006, 2012; *Sturrock et al. 2015).

When juvenile Chinook salmon reach a length of 5 to 6 centimeters (cm), they move into deeper
water with greater current velocities but still seek shelter in quiescent areas to conserve energy
(Healey 1991). In the Sacramento River near West Sacramento, larger-bodied juveniles were located
in the main channel, while smaller fry were found along the river margin (USFWS 1997). When
channel depth is greater than 9 to 10 feet, juveniles tend to remain near the surface (Healey 1982).
An increase in turbidity from storm runoff, increased flows, or changes in day length trigger
emigration of juveniles from the upper Sacramento River basin (Kjelson et al. 1982; *Brandes and
McLain 2001). Juvenile salmon migration rates vary considerably depending on the physiological
stage of the individual and ambient hydrologic conditions. Chinook salmon fry can travel as fast as
12 miles per day in the Sacramento River (Kjelson et al. 1982). Sommer et al. (*2001a) measured
travel rates as low as 0.5 to more than 6.0 miles per day in the Yolo Bypass.

Smolting is the physiological process that increases salinity tolerance and enables salmonids to
transition from fresh water to salt water. Smolting usually starts when juveniles are 7 to 10 cm in
length (CDFG 2010b); consequently, juveniles may begin this process in their natal streams, in the
Delta or estuary, or during transit from their natal streams. Environmental factors, such as increased
streamflow and changes in water temperature and photoperiod, also can affect the onset of smolting
(Rich and Loudermilk 1991; Quinn 2005). After smolting begins, salmon often rear farther
downstream where ambient salinities are higher, such as in Suisun Bay or the coastal ocean (Healey
1980; Levy and Northcote 1981).

The majority of Sacramento River juvenile Chinook salmon enter the Delta between October and
May (Table 3.4-2). However, there are run-specific differences and substantial variation in
emigration timing from year to year depending on hydrologic conditions (e.g., drought conditions)
and the timing of major storm events (Kjelson et al. 1982; Williams 2006; del Rosario et al. 2013).
For example, early peak movements of winter-run Chinook salmon juveniles past Knights Landing
are triggered by the first major flow events of the season (15,000 cfs at Wilkins Slough), which
typically occur from late November through February (del Rosario et al. 2013).

Table 3.4-2. Timing of Juvenile Chinook Salmon and California Central Valley Steelhead Entry into
the Delta from the Sacramento River Basin by Month

Sacramento River Fall-Run Spring-Run  Winter-Run Sacramento
Month Total 2P (%) (%) (%) (%) Steelhead ¢ (%)
January 12 14 3 17 5
February 9 13 0 19 32
March 26 23 53 37 60
April 9 6 43 1 0
May 12 26 1 0 0
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Sacramento River Fall-Run Spring-Run ~ Winter-Run Sacramento
Month Total 25 (%) (%) (%) (%) Steelhead ¢ (%)
June 0 0 0 0 0
July 0 0 0 0 0
August 4 1 0 0 0
September 4 0 0 0 1
October 6 9 0 0 0
November 9 8 0 3 1
December 11 0 0 24 1
Total 100 100 100 100 100

Source: NMFS 2011 RPA with 2011 amendments.
RPA = Reasonable and Prudent Alternative

a Midwater trawl data.

b All runs combined.

¢ Rotary screw trap data from Knights Landing.

Rearing by juvenile Chinook salmon in the Bay-Delta appears to be an important life history
component based on otolith microchemistry analysis and broad evidence from other estuaries
(Reimers 1973; Healey 1980; Kjelson et al. 1982; Lott 2004; Miller et al. 2010; ~Sturrock et al.
2015). Peak migrations and estuarine abundance of fry in the Bay-Delta correlated with flow
magnitude, with peak abundance and downstream extent of fry being highest following major runoff
events (Kjelson et al. 1982; *Brandes and McLain 2001). Rearing juveniles are known to occupy
shallow water around the margins of estuaries, utilizing tidal currents to move in and out of wetland
and marsh habitats where they benefit from access to shallow water, protective cover, and abundant
food resources (McDonald 1960; Dunford 1975; Healey 1980; Levy and Northcote 1981; Healey
1991, Hering et al. 2010). In the Bay-Delta, Kjelson et al. (1982) reported evidence of diel
movements of fry from shallow water areas near the shoreline during daylight to offshore areas at
night, and a general increase in the size of juvenile salmon with increasing distance from the shore.
Cladocerans, copepods, amphipods, and dipterans are common prey items in the Delta and estuary
(Kjelson et al. 1982; “"Sommer et al. 2001a; MacFarlane and Norton 2002).

Migration timing, residence times, and habitat use by juvenile Central Valley Chinook salmon are
highly variable as reflected by the diversity of life history patterns previously summarized in this
section (Williams 2006, 2012). Mark-recapture data suggest that juvenile fall-run Chinook salmon
can enter the Delta as fry and rear for up to 2 months (Kjelson et al. 1982), while comparison of
catch data for winter-run entering (Knight Landing) and leaving the Delta (Chipps Island) indicate
residence times ranging from 40 to over 110 days and averaging 87 days (del Rosario et al. 2013).
Following their initial downstream movements, young Chinook salmon may also rear for some time
in non-natal tributaries, flood bypasses (Sutter and Yolo Bypasses), and remnant floodplains
depending on the timing and duration of their connection with the river (Maslin et al. 1998;
ASommer et al. 2005; del Rosario et al. 2013; Chen et al. 2025). Later in the migration season (or
subsequent migration season for yearlings in natal streams), larger sub-yearling or yearling
juveniles (smolts) appear to migrate rapidly to the ocean (Williams 2012). MacFarlane and Norton
(2002) presented evidence of rapid migration and minimal growth of fall-run juveniles traversing
the estuary (downstream of Chipps Island), suggesting little estuarine dependency and rapid ocean
entry. These results appear to be applicable primarily to large, actively migrating juveniles
(including hatchery juveniles) and not to earlier fry migrants that have been shown to exhibit
extended Delta and estuarine rearing and make significant contributions to adult production,
especially in wet years (*Brandes and McLain 2001; Williams 2012; *Sturrock et al. 2015).
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Studies of the thermal requirements of Central Valley Chinook salmon indicate that optimal
temperatures for growth are achieved at 62.6°F to 68.0°F, provided that food is not limiting, and that
other factors, such as disease, predation, and competition, have minimal effect (*Myrick and Cech
2004). American River fall-run Chinook salmon achieved maximum growth at a constant
temperature of 66.2°F under maximum ration and oxygen saturation levels (*Myrick and Cech
2001). In another study, *Myrick and Cech (2001) demonstrated that Sacramento River fall-run
Chinook salmon fed at levels reported for juvenile salmonids in the field, survived, and grew at
temperatures up to 75.2°F. However, juveniles reared at 69.8°F to 75.2°F experienced significantly
decreased growth rates, impaired smoltification indices, and increased predation vulnerability
compared with juveniles reared at 55.4°F to 60.8°F.

3.4.2.2 Central Valley Steelhead

Central Valley steelhead (0. mykiss) once were widely distributed in the Sacramento and San Joaquin
River systems, migrating to spawning and rearing areas primarily in intermediate to upper-
elevation Sierra Nevada and Cascade streams (Quinn 2005; “Yoshiyama et al. 2001).3 However,
most of their historical spawning and rearing habitat is now blocked by dams, restricting
anadromous populations to downstream reaches where habitat conditions have been highly
modified by regulated flows and other abiotic and biotic stressors (*McEwan 2001; *NMFS 2014a).
Genetic studies have revealed that Central Valley steelhead populations generally lack the strong
geographic patterns of genetic differentiation that have been found in other California 0. mykiss
populations (e.g., northern California steelhead distinct population segment [DPS]) (Nielsen et al.
2005; Pearse and Garza 2015). Pearse and Garza (2015) found that Central Valley populations above
and below barrier dams are not closely related and that the relationships between below-barrier
populations do not fit a pattern of isolation-by-distance. These results likely reflect more than a
century of habitat modification and hatchery and stocking practices, including the use of out-of-
basin sources to supplement hatchery production (Pearse and Garza 2015).

0. mykiss display highly complex and diverse life histories, including both resident and anadromous
forms (steelhead). Central Valley steelhead may exhibit either an anadromous or resident life
history, including the capacity for resident adults to produce anadromous offspring and anadromous
adults to produce resident offspring (Zimmerman et al. 2008). In addition, steelhead exhibit great
variability in age at emigration and age at return and, unlike salmon, are capable of spawning more
than once during their lifetime. These highly variable life history patterns reflect adaptation to local
environments that can be explained by a complex interaction of genetic and environmental factors
that determine the developmental pathway of individual fish (smolt transformation, maturation)
based on condition, growth, and size (Satterthwaite et al. 2009). Because of blocked access to
historical spawning habitat and highly altered conditions below dams, the life histories of Central
Valley steelhead already may have diverged substantially from their historical patterns and now
include a greater proportion of fish with a freshwater resident life history (*Lindley et al. 2007;
McClure et al. 2008).

Central Valley migratory steelhead are winter steelhead. The naming convention refers to the timing
of upstream adult migration. Winter steelhead adults migrate from the ocean as sexually mature
individuals and are ready to spawn when they arrive on their breeding grounds (*Moyle 2002;
McEwan and Jackson 1996). Adult upstream migration from the ocean occurs throughout the year
but peaks in the Sacramento River in September and October (McEwan and Jackson 1996).

3 Central Valley steelhead are recognized as a member of the subspecies 0. mykiss irideus (*Moyle 2002).
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Migration in the San Joaquin River begins as early as July and continues through April, with a peak in
upstream migration between October and February (*USDOI 2008). Adult Central Valley steelhead
mostly uses the Sacramento and San Joaquin River channels as a migration corridor to reach
upstream natal streams (*Moyle 2002).

Peak spawning generally occurs between January and March in both the Sacramento and San Joaquin
River watersheds (Hallock et al. 1961; "McEwan 2001). Like Chinook salmon, redd site selection is a
function of body size; steelhead generally are reported to use water depths ranging from 6 to

36 inches, water velocities ranging from 1 to 3.6 feet per second, and substrates ranging from 0.2 to
4 inches (Bjornn and Reiser 1991; *McEwan 2001). The time required for egg development is
approximately 4 weeks but is temperature dependent (McEwan and Jackson 1996). Optimal egg
development occurs at temperatures between 48°F and 52°F. After hatching, the yolk sac alevin
remain in the gravel for an additional 4 to 6 weeks before emerging (McEwan and Jackson 1996).
Upon emerging, fry move to shallow protected stream margins. Older, larger individuals use riffles and
pools. Young steelhead feed on immature aquatic and terrestrial insects (*Moyle 2002; Benigno and
Sommer 2008; Weber 2009; “Kammerer and Heppell 2012).

Juvenile steelhead migrate to the ocean after spending 1 to 2 years in fresh water (McEwan and
Jackson 1996). Steelhead migrants from the Sacramento River watershed are caught in the Knights
Landing rotary screw traps from November through March, with peak catches in February and
March (Table 3.4-2). San Joaquin River steelhead migrate downstream between late December and
July, with a peak in March and April (*USDOI 2008). Juvenile steelhead salvaged at the state and
federal pumping facilities indicate that most steelhead are moving through the Delta from
November through June, with a peak emigration period between February and May (*"NMFS 2009
BiOp).

3.4.3 Life History, Distribution, and Abundance Trends over
Time

3.4.3.1 Population Abundance Goals and Species Declines

The Central Valley Project Improvement Act (CVPIA) was enacted in 1992 and has mandated
changes in the management of the CVP, particularly for the protection, restoration and enhancement
of fish and wildlife. The CVPIA established the Anadromous Fish Restoration Program to “implement
a program which makes all reasonable efforts to ensure that, by the year 2002, natural production of
anadromous fish in Central Valley Rivers and streams will be sustainable, on a long-term basis, at
levels not less than twice the average levels attained during the period of 1967-1991.” This mandate
included doubling the natural production for each Chinook salmon run (Table 3.4-3). The Salmon
Protection Objective in the Bay-Delta Plan and State Water Board Water Right Decision 1641
(D-1641) is similar and provides that “water quality conditions shall be maintained together with
other measures in the watershed sufficient to achieve a doubling of natural production of Chinook
salmon from average production of 1967-1991, consistent with the provisions of State and Federal
law.”

Table 3.4-3 indicates significant declines in the natural production of Sacramento River winter-run,
spring-run, late fall-run, and San Joaquin fall-run Chinook salmon, notwithstanding the population
abundance goals, although uncertainties associated with estimation methods can make estimating
natural production challenging (Cummins et al. 2008). Comparable estimates are not available for
steelhead because of limited baseline and post-baseline monitoring data (see Section 3.4.3.6, Central
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Valley Steelhead). The best long-term data set are counts of adults passing through the fish ladder at
Red Bluff Diversion Dam (RBDD); however, changes in dam operations in 1994 precluded the
collection of comparable post-baseline monitoring data (*NMFS 2016a).

Table 3.4-3. Summary of the Natural Production of All Four Runs of Chinook Salmon in the
Sacramento and San Joaquin River Basins during the Central Valley Project Improvement Act
Baseline Period of 1967-1991 and 1992-2015

Natural Production Change in Average
Annual Average Natural Production Natural Production
Baseline (1967- Annual Average for ~ between 1967-1991

1991) Period 1992-2015 Period and 1992-2015
Sacramento winter-run 54,439 6,090 -89%
Sacramento spring-run 34,374 13,385 -61%
Sacramento late fall-run 33,941 16,175 -52%
Sacramento fall-run (mainstem) 115,371 65,791 -43%
San Joaquin fall-run 2 38,388 17,453 -55%

Sources: Azat (2016); Mills and Fisher (1994); USFWS (2016)
1992-2015 numbers are from Azat (2016). 1967-1991 baseline period numbers are from Mills and Fisher (1994).
a  Stanislaus, Tuolumne, and Merced Rivers.

3.4.3.2 Winter-Run Chinook Salmon

Application of genetic stock identification techniques to Chinook salmon sampled in the California
recreational ocean salmon fishery between 1998 and 2002 indicate that winter-run Chinook salmon
occur largely in central California coastal waters between Point Reyes and Monterey before
migrating inland to spawn (Satterthwaite et al. 2015). Adult winter-run Chinook salmon enter the
Sacramento River between December and July and spawn between late April and mid-August
(Table 3.4-1). Most adults are 3 years old and are sexually immature when re-entering fresh water
("Moyle 2002). Immature adults must hold in fresh water for several months before they are
capable of reproducing. Winter-run are unique because they complete sexual development and
spawn during summer when air temperature in the Central Valley approaches an annual
maximum. Since the construction of Shasta and Keswick Dams, winter-run have been blocked
from reaching their native spawning grounds in the upper Sacramento River, including the Pit,
McCloud, Fall, and Little Sacramento Rivers (*Yoshiyama et al. 1998). Consequently, spawning is
now restricted to between Keswick Dam and RBDD, where releases of cold water from Shasta
Dam are used to maintain suitable water temperatures for spawning and incubation (*Good et al.
2005). Temperature control is achieved by managing reservoir storage levels and operating a
TCD, which was installed at Shasta Dam in 1998 (*NMFS 2009 BiOp). Maintaining cold water in
the Sacramento River below Keswick Reservoir can also benefit spring- and fall-run Chinook
salmon and green sturgeon.

Winter-run fry emerge, generally at night, from the gravel between mid-June and mid-October and
occupy nearshore shallow habitat with slow water velocity (*"NMFS 2014a). Emigration begins as
early as mid-July with most emigrants passing RBDD in September and October (Vogel and Marine
1991; "NMFS 2009 BiOp). Rearing occurs in the Delta and in the Sacramento River below RBDD
November through April (Table 3.4-2) (Williams 2006). Timing of migration to nursery locations is
variable and is dependent upon flow, dam operations, and water temperature. Rearing generally
occurs for 5 to 10 months before smolting and emigration to the ocean. Marine emigration usually
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begins in fall and continues through spring, with outbound smolts passing inbound spawners
("Moyle 2002).

The Sacramento River winter-run Chinook salmon population includes hatchery production from
Livingston Stone National Fish Hatchery (LSNFH) located downstream of Shasta Dam (*NMFS 2014a).
Hatchery fish are marked with a coded wire tag (CWT) and a clipped adipose fin to allow fishery
managers to differentiate between native and hatchery-produced fish. The LSNFH releases between
about 30,000 and 250,000 pre-smolts annually each winter (*NMFS 2014a).# In 2014 and 2015,
juvenile winter-run production at LSNFH was increased to mitigate for the effects of prolonged
drought conditions (elevated water temperatures) on naturally spawning winter-run Chinook salmon
in the Sacramento River. Increased hatchery production resulted in the release of 612,000 juveniles in
2014 and 420,000 juveniles in 2015 (NMFS 2016, ~NMFS 2016c). Since the beginning of hatchery
production at LSNFH in 1997, the proportion of hatchery-origin winter-run Chinook salmon
spawning in the river has increased. Prior to 2005, the proportion of in-river hatchery-origin
spawners was between 5 and 10 percent. The average over the last 12 years was approximately

13 percent (with peaks of approximately 20 percent in 2005, 30 percent in 2012, and 23 percent in
2014), raising concerns about potential negative effects on the genetic integrity of the run (NMFS
2016).

The abundance of winter-run Chinook salmon has declined significantly. Escapement in the 1960s was
near 100,000 fish (*Good et al. 2005). Figure 3.4-2 presents escapement for both natural and hatchery
production between 1975 and 2014. Escapement was as high as 35,000 fish in 1976 and has since
declined to a few thousand individuals (Azat 2015). Natural juvenile production and adult escapement
to in-river spawning locations also has declined relative to the 1967 through 1991 baseline CVPIA
value (Figure 3.4-3). Natural production was 89 percent less in 1992 through 2015 than in the 1967
through 1991 baseline CVPIA value (Figure 3.4-3).

The Sacramento River winter-run Chinook salmon evolutionarily significant unit (ESU) was
originally listed as endangered under ESA in 1994 (59 Fed. Reg. 440).5 The listing was reaffirmed in
2005 (70 Fed. Reg. 37160) and in 2011 (76 Fed. Reg. 50447). The listing includes both naturally
occurring and artificially propagated stock (70 Fed. Reg. 37160). The ESU was listed as endangered
under CESA in 1989.

4 Mean annual release has been about 167,000 fish.

5 NMFS uses the term ESU to identify a DPS as specified in the ESA. The ESA does not define DPS. The DPS and ESU
are smaller evolutionary units than a species.
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Figure 3.4-2. Annual Winter-Run Chinook Salmon Escapement from the Sacramento River Basin
from 1975 to 2014 and the 40-Year Mean Population Size (gray line)
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Sources: Azat 2016, Mills and Fisher 1994, USFWS 2016.

AFRP = Anadromous Fish Restoration Program

No data are available for 1952-1966. 1992-2015 numbers are from Azat (2016). 1967-1991 baseline period
numbers are from Mills and Fisher (1994).

Figure 3.4-3. Estimated Yearly Adult Natural Production and In-River Adult Escapement of Winter-
Run Chinook Salmon in Central Valley Rivers and Streams
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3.4.3.3 Spring-Run Chinook Salmon

Historically, Central Valley spring-run Chinook salmon were likely the most abundant salmon run in
the Central Valley. Spring-run used the headwaters of all the major rivers to spawn and rear (*"NMFS
2014a). Spring-run enter fresh water as immature adults and ascend to summer holding areas that
provide appropriate temperatures and sufficient flow, cover, and pool depths to allow successful
maturation (“Yoshiyama et al. 1998). In the Central Valley, ambient summer water temperatures
are suitable only above 500 to 1,500 feet elevation, and most of this habitat is now upstream of
impassable dams (*"NMFS 2014a). As a result, spring-run have suffered the most severe decline of all
the four runs of Chinook salmon in the Sacramento River basin (“Fisher 1994).

Habitat requirements for spring-run differ from those of winter-run in that suitable habitat is
required year-round for successful completion of spring-run freshwater life stages (holding,
spawning, and rearing) (Table 3.4-1). Spring-run Chinook salmon migrate to natal streams between
February and September, with peak migration in May and June (*Yoshiyama et al. 1998). Following
the summer holding period, spawning occurs between late August and November, with a peak in
October and November (*Moyle 2002).

The development of embryos and emergence from the gravel is dependent on ambient water
temperatures and dissolved oxygen levels. Optimal water temperatures for Chinook salmon egg
incubation range from 41°F to 56°F (*NMFS 2009 BiOp). Embryos hatch in 40 to 60 days under
these conditions, and the alevin remain in the gravel for an additional 4 to 6 weeks before emerging
as fry (“Moyle 2002). Fry leave the gravel between December and March (Table 3.4-1). Juveniles
typically may remain in fresh water for 12 to 16 months, but some individuals migrate downstream
to the ocean as young-of-the-year in winter or early spring (*"NMFS 2014a).

The Feather River Fish Hatchery is responsible for replacing the loss of natural production of spring-
run Chinook salmon that previously occurred in the Feather River watershed above Oroville Dam
(USFWS 2014). The production goal is 2 million smolt per year. The proportion of hatchery fish in
the returning population has steadily increased since the 1970s. Hatchery-origin fish may comprise
between 20 and 50 percent of total escapement in recent years (estimated from Figure 2-7 in
ANMFS 2014a).

Spawning habitat for Central Valley spring-run Chinook salmon also includes the mainstem
Sacramento (between Keswick Dam and RBDD); Feather, and Yuba Rivers; and Cottonwood,
Antelope, Thomes, Big Chico, Clear, Battle, Butte, Deer, and Mill Creeks. Self-sustaining populations
occur on Mill, Deer, and Butte Creeks, while other streams are dominated by strays from hatchery
stocks that have undergone hybridization with fall-run Chinook. (*"NMFS 2014a.)

The Central Valley is estimated to have produced spring-run Chinook salmon runs as large as
600,000 fish between 1880 and 1940 (CDFG 1998). More than half a million spring-run salmon are
believed to have been caught in the commercial fishery in 1883 (“Yoshiyama et al. 1998).
Escapement is now much smaller, with a 40-year average of about 14,500 fish (Figure 3.4-4).
Natural production of spring-run Chinook salmon also has declined (Figure 3.4-5). Production in the
CVPIA baseline period of 1967 through 1991 was estimated at 34,374 fish. Average production in
1992 through 2015 decreased to 13,385 fish. This represents a 61 percent decline over the baseline
period (Table 3.4-3) and is only 20 percent of the CVPIA doubling goal.
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Figure 3.4-4. Annual Spring-Run Chinook Salmon Escapement to Sacramento River Tributaries
from 1975 to 2014 and the 40-Year Mean (gray line)
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Sources: Azat 2016, Mills and Fisher 1994, USFWS 2016.

No data are available for 1952-1966. 1992-2015 numbers are from Azat (2016). 1967-1991 baseline period
numbers are from Mills and Fisher (1994).

AFRP = Anadromous Fish Restoration Program

Figure 3.4-5. Estimated Yearly Adult Natural Production and In-River Adult Escapement of Spring-
Run Chinook Salmon in the Central Valley Rivers and Streams
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The Central Valley spring-run Chinook salmon ESU was listed as threatened under ESA in 1999

(64 Fed. Reg. 50394). The listing was reaffirmed in 2005 and expanded to include the Feather River
hatchery stock (70 Fed. Reg. 37160). The ESU was listed as threatened in 1999 under CESA.
Hatcheries that propagate Central Valley spring-run Chinook salmon are the Trinity River and
Feather River Fish Hatcheries.

3.4.3.4 Late-Fall-Run Chinook Salmon

Late fall-run Chinook salmon have the largest body size of the four runs and can weigh 20 pounds or
more (*Moyle 2002). Their large size makes them a sought-after recreational trophy sport fish.

The historical abundance and distribution of late fall-run Chinook salmon is not known because the
run was recognized as distinct only after construction of the RBDD in 1966 (*Yoshiyama et al.
2001). Late fall-run Chinook salmon probably spawned above Shasta Reservoir in the upper
Sacramento River and its tributaries (*Yoshiyama et al. 2001). The primary spawning habitat for
late fall-run Chinook salmon is now in the Sacramento River above the RBDD. Some spawning also
has been observed in Clear, Mill, Cottonwood, Salt, Battle, and Craig Creeks and in the Yuba and
Feather Rivers. Annual production from these watersheds is thought to constitute only a minor
fraction of total population abundance.

Late fall-run Chinook salmon migrate upstream in December and January as mature fish, although
some upstream migration has been documented as early as October and as late as April (Table
3.4-1) (Williams 2006). Spawning occurs in late December and January as fish arrive on the
spawning grounds, although it may extend into April in some years (Williams 2006). Fry begin to
emerge from the gravel in April, and emergence is complete by early June. Juveniles may hold in the
river for 7 to 13 months before migrating downstream to the ocean (*Moyle 2002). Peak
downstream migration is in October, although some individuals may leave at an earlier age and a
smaller body size (Williams 2006).

Construction of Shasta and Keswick Dams in the 1940s blocked late fall-run Chinook salmon access
to upstream spawning areas where snowmelt and spring water originating from Mount Shasta kept
ambient water temperature cool enough for successful spawning, egg incubation, and survival of
juvenile salmon year-round. Late fall-run Chinook salmon are now dependent on cold water release
from Shasta Reservoir. Reservoir releases and installation of a TCD control device at Shasta Dam has
provided cooler water temperatures during summer for winter-run Chinook salmon, which likely
also benefits late fall-run Chinook salmon.

Anadromous Fish Restoration Program estimates of natural production of late fall-run Chinook
salmon demonstrate a long-term decline; natural production between 1992 and 2015 was only

48 percent of the production during the base period of 1967 through 1991 (Figure 3.4-6). The
average number of returning adults during the past 40 years (1976-2014) is about 12,000 fish
(Figure 3.4-7). Coleman National Fish Hatchery on Battle Creek produces late fall-run Chinook
salmon, with a target of 1 million fish per year. Juvenile fish are released in December at or near the
hatchery (*California Hatchery Scientific Review Group 2012).
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Figure 3.4-6. Estimated Yearly Adult Natural Production and In-River Adult Escapement of Late-
Fall-Run Chinook Salmon in Central Valley Rivers and Streams
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Figure 3.4-7. Annual Late-Fall-Run Chinook Salmon Escapement to the Sacramento River
Watershed from 1975 to 2014 and 40-Year Mean (gray line)
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3.4.3.5 Fall-Run Chinook Salmon

Historically, fall-run Chinook salmon likely occurred in all Central Valley streams with adequate flow
during the fall (*Yoshiyama et al. 2001). Fall-run Chinook salmon spawned in valley floor streams
and lower foothill water courses and were limited in their upstream spawning migration
(“Yoshiyama et al. 2001). The cue for upstream migration appears to be an increase in flow. Adults
often move on the rising limb of the hydrograph (*USDOI 2010). Adults are sexually mature and
upon arrival in their natal stream select spawning sites and construct redds.

Sacramento fall-run spawn from late September through January, and larval hatching occurs about
2 months later (Table 3.4-1). Egg incubation is temperature dependent and lasts from 40 to 60 days.
Upon hatching, the alevins remain in the gravel for 4 to 6 weeks until their yolk sac has been
absorbed (*Moyle 2002). Generally, fall-run juveniles emigrate from their natal streams during the
first few months following emergence, with most migrating as fry to the lower mainstem rivers,
Delta, or estuary in winter or early spring, followed by emigration of larger juveniles (parr and
smolts) later in spring (Williams 2006). Peak migrations and abundance of fry in the Bay-Delta are
generally correlated with flow magnitude and with peak abundance; the downstream extent of fry
are highest following major runoff events (Kjelson et al. 1982; *Brandes and McLain 2001).
Evidence from otolith microchemistry analysis suggests that all three migratory phenotypes (fry,
parr, and smolt) contribute to adult populations, with increasing contributions of fry migrants in
wet years (Miller et al. 2010; *Sturrock et al. 2015).

Life history characteristics of the San Joaquin River fall-run Chinook salmon population are similar,
but they have small differences compared with that previously described for fall-run Chinook
salmon from the Sacramento River basin. Adult San Joaquin River fall-run Chinook salmon migrate
through the Delta to their natal streams from late September to early December. Peak migration
occurs in November (Table 3.4-1). Spawning can occur at any time between October and January in
the Merced, Tuolumne, and Stanislaus Rivers but typically happens in November (McBain and Trush
2002; CDFG 1993). Fry emerge from the gravel between February and March (McBain and Trush
2002). Some individuals immediately migrate downstream to the mainstem San Joaquin River and
the Delta, while others linger in their natal stream and emigrate in April and May. Peak emigration
past Mossdale occurs between mid-April and the end of May (Figure 3.4-8). Juvenile salmon can rear
in the Delta downstream of Mossdale for an additional 1 to 3 months before moving to the San
Francisco Bay and Pacific Ocean (Williams 2006).

Fall-run Chinook salmon are the most abundant of all Central Valley salmon runs. The life history
strategy of adult Chinook salmon spawning upon entry into the watershed and juveniles leaving
shortly after emerging from redds makes them suitable for culture in production hatcheries. Fall-run
salmon fry are raised at four Central Valley hatcheries, which together release more than 32 million
smolt each year.6 Hatchery production contributes to a large commercial and recreational ocean
fishery and a popular freshwater sport fishery. However, historical levels of genetic and phenotypic
diversity of Central Valley stocks have likely been substantially reduced by the cumulative effects of
habitat loss and degradation and increasing dominance of hatchery fish in spawning populations
(“Williamson and May 2005; *Barnett-Johnson et al. 2007). These factors are believed to have
contributed to the reduced resilience of Sacramento fall-run Chinook salmon and the collapse of the
fall-run population in response to poor ocean conditions in 2005 and 2006, (*Lindley et al. 2009)

6 American, Feather, Merced, and Mokelumne River fish hatcheries.
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and a large decline in escapement in 2007 and 2008 (Figure 3.4-9). The number of returning adults
has since recovered and is now at about the 40-year average (Figure 3.4-9).

Natural production of fall-run Chinook salmon in the mainstem Sacramento River has declined since
the CVPIA baseline years of 1967 through 1991; average natural production in the mainstem
Sacramento River between 1992 and 2015 was about 57 percent of the baseline period (Figure
3.4-10). Average natural production of fall-run Chinook salmon in the San Joaquin River basin
(Stanislaus, Tuolumne, and Merced Rivers) from 1992 through 2015 declined approximately 55
percent since the CVPIA baseline years (Figure 3.4-11).
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Figure 3.4-8. San Joaquin River Basin Smolt Emigration Pattern (1988-2004)
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Figure 3.4-9. Annual Fall-Run Chinook Salmon Escapement to the Sacramento River Watershed
from 1975 to 2014 and 40-Year Mean (gray line)
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Fisher (1994).

AFRP = Anadromous Fish Restoration Program

Figure 3.4-10. Estimated Yearly Adult Natural Production and In-River Adult Escapement of Fall-
Run Chinook Salmon in the Mainstem Sacramento River
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Figure 3.4-11. Estimated Yearly Natural Production and Instream Escapement of San Joaquin Adult
Fall-Run Chinook Salmon

The National Marine Fisheries Service (NMFS) groups Sacramento fall- and late fall-run Chinook
salmon in a single ESU, which is currently listed as a federal Species of Concern (69 Fed. Reg.
19975). CDFW distinguishes between Sacramento fall- and late fall-runs, and both are identified as
California Species of Special Concern (*Moyle et al. 2015).

The San Joaquin fall-run Chinook salmon population is not listed as threatened or endangered under
ESA or CESA. CDFW includes San Joaquin fall-run Chinook in the Central Valley fall-run ESU, which is
identified as a California Species of Special Concern (*Moyle et al. 2015).

3.4.3.6 Central Valley Steelhead

Historically, Central Valley adult steelhead were widely distributed throughout the Sacramento and
San Joaquin River watersheds prior to dam and reservoir construction (*"NMFS 1996; "McEwan
2001). Their distribution in the upper Sacramento River basin likely included the upper Sacramento
and Pitt Rivers, Sacramento River tributaries on both the east and west side of the river, and as far
south as the Kings River in the San Joaquin River basin (*Yoshiyama et al. 1996; *Lindley et al.
2006). Lindley et al. (*2006) estimated that historically there may have been as many as 81 distinct
steelhead populations distributed throughout the Central Valley.
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Existing native steelhead populations now occur in the Sacramento, Yuba, Feather, Bear, and
American Rivers and in Cottonwood, Butte, Big Chico, Cow, Stony, Thomes, Deer, Mill, Antelope,
Clear, and Battle Creeks in the Sacramento River basin (*"NMFS 2014a). On the east side of the Delta,
a hatchery-supported steelhead population occurs in the Mokelumne River and returning adult
steelhead have been observed in the Cosumnes, and Calaveras Rivers (*NMFS 2016a). In the San
Joaquin River basin, adult steelhead have been reported in the Stanislaus, Tuolumne, and Merced
Rivers (*"NMFS 2014a). Four hatcheries in the Central Valley produce steelhead: Coleman National
Fish Hatchery (Battle Creek), Feather River Fish Hatchery, Nimbus Hatchery (American River), and
Mokelumne River Fish Hatchery. Together, the hatcheries produce about 1.6 million fish each year
("NMFS 2014a).

Available data indicate a long-term decline in escapement of steelhead from the Sacramento and San
Joaquin River basins (*"McEwan 2001). McEwan surmised that between 1 and 2 million adults may
have spawned in the Central Valley in the mid-1880s and that abundance declined to about 40,000
in the 1960s. The only long-term time series of adult steelhead (counts of adults passing RBDD from
1966 to 1993) indicates a persistent decline over this period from a peak of approximately 20,000
adults in 1967 to an average of approximately 2,000 adults during the late 1980s and early 1990s
(*Good et al. 2005). The Chipps Island midwater trawl data provide the most recent indicator of
trends in natural production of juvenile steelhead in the Central Valley as a whole. Since 1998, the
first year that all hatchery steelhead were marked with an adipose fin-clip, the proportion of
hatchery steelhead has increased, exceeding 90 percent in some years and reaching a high of

95 percent in 2010 (*NMFS 2016a). Because hatchery releases have been fairly constant, this
indicates that natural production of juvenile steelhead has continued to decline (see Figure 7 in
ANMFS 2016a).

The California Central Valley (CCV) steelhead DPS originally was listed as threatened in March 1998
(63 Fed. Reg. 13347). This DPS includes naturally spawned anadromous O. mykiss originating below
natural and constructed impassable barriers from the Sacramento and San Joaquin Rivers and their
tributaries and two artificial propagation programs: Coleman National Fish Hatchery and Feather
River Fish Hatchery (78 Fed. Reg. 38270). In its 2016 status review, NMFS recommended that the
Mokelumne River Hatchery be added to the CCV steelhead DPS based on new genetic evidence of the
similarity of Mokelumne River Hatchery fish to Feather River Hatchery fish (*"NMFS 2016a). NMFS
concluded that CCV steelhead remain listed as threatened, as the DPS is likely to become endangered
within the foreseeable future throughout all or a significant portion of its range (*NMFS 2016a).

Critical habitat was designated in September 2005. It includes the Sacramento and San Joaquin
Rivers and Delta and numerous tributaries (up to the first known natural or constructed barrier),
including the Feather, Yuba, and American Rivers and Deer, Mill, Battle, Antelope, and Clear Creeks
in the Sacramento River basin; and the Mokelumne, Calaveras, Stanislaus, Tuolumne, and Merced
Rivers in the San Joaquin River basin (70 Fed. Reg. 52488).

3.4.4 Dam and Reservoir Effects on Salmonids

Yoshiyama et al. (*1998) describes the long-term decline of Chinook salmon in the Central Valley
and its causes, citing dam construction as one of the major factors contributing to historical declines
in distribution and abundance. The loss of access to historical spawning and rearing habitat above
the dams and subsequent impacts of dams and reservoir operations on habitat below the dams are
cited as key reasons for the listing of winter-run Chinook salmon, spring-run Chinook salmon, and
steelhead ("NMFS 2014a). While cold water storage and releases below these dams have allowed

Final Staff Report: Sacramento/Delta Update
to the Bay-Delta Plan

3-35 August 2026



Scientific Knowledge to Inform Fish and Wildlife
State Water Resources Control Board Flow Recommendations

some populations to persist, other factors related to dam construction and reservoir operations
have caused significant habitat degradation in downstream reaches, including alteration of seasonal
flow and temperature patterns, disruption of spawning gravel recruitment, and alteration of other
natural hydrologic and geomorphic processes.

Dam construction in the Central Valley began as early as the 1850s, with the construction of
permanent dams peaking in the early 1900s and continuing through the 1970s. Starting in the
1940s, the rates of decline of anadromous species (mostly referring to Chinook salmon but also
including steelhead and green sturgeon) increased following the completion of major water project
dams on the mainstems and most major tributaries of the Sacramento and San Joaquin Rivers
(“USFWS 2001). Based on available information on the known or inferred distribution of historical
migration, holding, and spawning habitat, Yoshiyama et al. (*2001) estimated that 1,126 miles
remain of the more than 2,183 miles of Central Valley streams that historically were accessible to
Chinook salmon, indicating an overall loss of at least 1,057 miles (48 percent). Excluding the lower
migration and rearing corridors, they estimated that at least 72 percent of the original holding and
spawning habitat for Chinook salmon in the Central Valley is no longer available. Steelhead also
experienced major habitat losses based on their generally higher migration limits and need for
suitable rearing temperatures through the summer (*Yoshiyama et al. 1998). Using a modeling
approach to describe the historical distribution of Central Valley steelhead, Lindley et al. (#2006)
estimated that about 80 percent of the historically accessible habitat defined as suitable for
steelhead is now above impassable dams.

The impacts of habitat blockage by dams were particularly severe for winter-run and spring-run
(and probably late fall-run) Chinook salmon because of their requirements for cool summer water
temperatures, all or most of which historically occurred in upper elevation reaches above large
mainstem and tributary dams (*Yoshiyama et al. 1998). The result was the extirpation of spring-run
Chinook salmon from the San Joaquin River basin and most of the major Sacramento River
tributaries with historical spring-run populations (*NMFS 2014a). Steelhead were likely similarly
affected based on their general overlap in spawning distribution with spring-run Chinook salmon
(*McEwan 2001; *Lindley et al. 2006). For winter-run Chinook salmon, the current spawning
habitat, formerly used only for migration and rearing, is maintained artificially with cool water
releases from Shasta Dam, requiring management of available cold water storage to maintain
suitable water temperatures through the summer incubation period (*Yoshiyama et al. 1998).
Compared with winter- and spring-run, fall-run Chinook salmon were less affected by dams because
of their use of lower elevation reaches for spawning and rearing; however, fall-run also experienced
major habitat losses because of upstream diversions and lower-elevation diversion dams that
impeded upstream migration and degraded habitat conditions below the dams (*Yoshiyama et al.
1998).

The blockage of upstream migration of spring-run Chinook salmon by mainstem dams also
eliminated the spatial separation between spring- and fall-run adults, leading to interbreeding and
genetic introgression of these two runs in the Sacramento River below Keswick Dam, the Feather
River below Oroville Dam, and the Yuba River below Englebright Dam (*Yoshiyama et al. 1998;
ANMFS 2014a). Lack of reproductive isolation of spring- and fall-run Chinook salmon, in
combination with ongoing hatchery management practices that promote high straying rates (e.g.,
off-site releases of fall-run juveniles) of hatchery adults to natural spawning areas, represents a
continued threat to the genetic integrity and diversity of spring-run and fall-run stocks
(*Williamson and May 2005; "NMFS 2014a; *Lindley et al. 2009; ~California Hatchery Scientific
Review Group 2012). Similarly, it appears that much of the historical population structure and
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genetic diversity of Central Valley steelhead populations have been lost or altered by dams, habitat
modification, and historical hatchery practices (*Lindley et al. 2006; Pearse and Garza 2015).

Habitat blockage is also recognized as an important factor contributing to the historical declines in
the distribution of green sturgeon in the Sacramento River basin (Adams et al. 2007); habitat
modeling predicts that suitable spawning habitat for green sturgeon historically existed in portions
of the San Joaquin and lower Feather, American, and Yuba Rivers, much of which is currently
inaccessible to green sturgeon because of impassable dams and altered hydrographs (*Mora et al.
2009). While these predictions indicate that dams blocked access to about 9 percent of historically
available habitat, it is likely that these areas contained relatively high amounts of spawning habitat
based on the general distribution patterns of green sturgeon in other river systems (“Mora et al.
2009).

Dam and reservoir operations also contributed to historical impacts and continue to act as stressors
on native Central Valley fish populations through flow regulation and alteration of natural
hydrologic and geomorphic processes below dams. Storage and diversion of natural flows by dams
have depleted streamflows and altered the natural flow and temperature patterns under which
Chinook salmon, steelhead, and other fishes evolved. These flow alterations include shifts in the
seasonal distribution of flows, reductions in the magnitude of peak flows, and overall reductions in
flow variation compared with the natural hydrograph (see Chapter 2, Hydrology and Water Supply,
for information on changes in the hydrology of the basin). Dams also disrupt the natural transport of
sediment (e.g., spawning gravel) and other materials (e.g., large woody material) that maintain
spawning and rearing habitat in these lower reaches. Although a number of water management
actions and habitat restoration projects have been successful in improving habitat conditions for
anadromous salmonids, the physical and operational effects of dams and reservoirs, coupled with
other historical impacts on the river landscape below dams (e.g., levee construction), continue to be
major threats to Central Valley salmon and steelhead conservation and the recovery efforts (*NMFS
2016a; "NMFS 2016c; NMFS 2016).

High summer and fall water temperatures is recognized as a major limiting factor for Chinook
salmon and steelhead populations below mainstem and tributary dams, and limitations in cold
water storage and other physical and operational constraints (e.g., carryover storage) limit the
ability of these reservoirs to meet downstream water temperature requirements, especially during
drought and critically dry years (*NMFS 2009 BiOp, "NMFS 2014a). Currently, both physical and
operational measures, including temperature control structures and seasonal storage targets, are
employed at a number of Central Valley reservoirs to improve the reliability of cold water discharge
during critical summer and fall spawning and rearing periods.

Studies have suggested that along the Sacramento River scientifically informed management of
reservoir releases and flows could effectively manage water temperatures to benefit native fish
species. In a study of the Sacramento River, Daniels and Danner (2020) found that the primary
controlling factor for river temperatures varied along the length of the river. In the most upstream
reaches, dam discharge temperature was the primary controlling factor. In the most downstream
reaches, air temperature was the primary controlling factor, although dam discharge and discharge
temperature still affected downstream river temperature. Based on these findings, Michel et al.
(2023) further evaluated the ability of discharge-mediated temperature management in the
Sacramento River from Keswick Dam to Knights Landing (just downstream of Wilkins Slough)
throughout the entire year using the River Assessment for Forecasting Temperate (RAFT) model. To
account for net daily differences in flow along the length of the river, the river was divided into three
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sections based on the existing gage locations at Keswick, Vina, Butte City, and -Wilkins Slough. The
study evaluated whether achieving the water temperature target of 20°C (68°F) for Chinook salmon
juvenile and adult migration was possible with discharge levels that the authors considered
reasonable. They demonstrated that discharge-mediated temperature management could regulate
downstream water temperatures in the Sacramento River at the Wilkins location (RM 118),
approximately 184 miles downstream from Keswick Dam (RM 302). Michel et al. (2023) indicated
that manipulating the timing and magnitude of discharge of approximately 10,000 cfs can be a
valuable management tool to target cool temperatures (<20°C or 68°F) for salmonid migration and
other temperature-sensitive native fauna, especially during the late spring and early fall periods.

Zarri et al. (2019) evaluated the impact of river temperature and discharge management on winter-
run Chinook salmon (egg-to-fry survival) and green sturgeon (larval body condition) along the
Sacramento River. Green sturgeon occur downstream of the winter-run Chinook salmon spawning
locations, and their optimum for egg development and larval growth occurs in a temperature range
between 14 and 17°C. By modeling the optimized monthly temperature and discharge with a
selective withdrawal from the TCD gate to the optimal temperature target, Zarri et al. (2019)
identified an optimal Keswick release schedule of 150 cms (5,300 cfs) discharge with 11.5°C
temperature that would benefit both Chinook salmon egg incubation and green sturgeon larval
growth during June through early July.

Despite water temperature management efforts, increasing water demands and climate change are
expected to further limit the effectiveness of reservoir flow and water temperature management in
protecting anadromous fish populations below these reservoirs (*Lindley et al. 2007; *Cloern et al.
2011). This challenge was demonstrated during the 2012 to 2016 drought when a lack of sufficient
inflow and cold water storage in Shasta Reservoir resulted in sub-lethal to lethal water
temperatures in the Sacramento River, contributing to very low egg-to-fry survival of winter-run
Chinook salmon in 2014 and 2015 (*NMFS 2016c). In response, measures have been taken to
improve cold water pool management, including efforts to develop a two-dimensional reservoir
model coupled with a watershed and river model to better understand the factors influencing
thermal dynamics in Shasta Reservoir (Danner et al. 2012).

Reservoirs act as sediment traps and disrupt the natural transport of bedload material, including
spawning-size gravel necessary for maintenance of Chinook salmon and steelhead spawning habitat.
Over time, this results in depletion of spawning gravel, coarsening and armoring of the channel bed,
and reductions in the overall quantity and quality of spawning habitat in the reaches below the
dams. In most systems, flow regulation, levee and bank stabilization, and gravel mining have
contributed to the problem by impairing other natural gravel recruitment processes below dams
(e.g., channel migration). Consequently, restoration or rehabilitation of spawning habitat below
dams is identified as a high-priority restoration action in a number of Central Valley salmon and
steelhead rivers, including the Sacramento River; Clear Creek; and the Feather, Yuba, American,
Mokelumne, Stanislaus, Tuolumne, and Merced Rivers (*"NMFS 2014a). Few evaluations of the
effectiveness of completed or ongoing gravel augmentation projects are available. In the American
River, however, quantitative evaluation of preproject and postproject spawning utilization of gravel
augmentation sites designed using a systematic modeling approach (Wheaton et al. 2004a, 2004b)
demonstrated significantly increased spawning utilization by Chinook salmon and steelhead (Zeug
etal. 2014b). Additionally, another study found that after gravel augmentation on the Lower
American River, floodplain area increased and was more easily inundated at certain high flows
providing more habitat for juvenile salmon rearing (Sellheim et al. 2015).
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Flow fluctuations from reservoir and hydropower operations is a common concern below Central
Valley reservoirs because of the potential for adverse effects on Chinook salmon and steelhead from
redd dewatering and juvenile stranding. While current flow management and hydropower licensing
agreements commonly include limits on flow fluctuations and ramping rates to minimize such
impacts, alterations of the timing, magnitude, and rate of reservoir releases to meet multiple water
management objectives continue to be a concern. In the upper Sacramento River, for example,
efforts to maintain stable flows to protect winter-run Chinook salmon through the summer
incubation period increases the potential for dewatering of fall-, spring-, and potentially late fall-run
redds when flows are subsequently reduced in fall for water conservation purposes. Consequently,
annual monitoring of Chinook salmon redds in the Sacramento River between Tehama Br