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SAN FRANCISCO BAY:
THE FRESHWATER-STARVED ESTUARY

EXECUTIVE SUMMARY
INTRODUCTION
THE INFLOW OF FRESH WATER DRIVES THE
HEALTH OF THE SAN FRANCISCO BAY ESTUARY
AND ITS WATERSHED, FROM MOUNTAIN
RIVERS TO THE PACIFIC OCEAN OUTSIDE THE
GOLDEN GATE
San Francisco Bay is an estuary, where salt water and fresh
water mix to form a rich and unique ecosystem that benefits fish,
wildlife and people. Fresh water sustains the Bay ecosystem.
Drastic changes to Bay inflow place the ecosystem, and the
services it provides to all of us, at risk.

WHERE HAS ALL THE FRESH WATER
GONE?

Sacramento
River Basin
Delta
San Joaquin
River Basin

FRESH WATER NATURALLY FLOWED TO THE BAY – UNTIL
WE STARTED CAPTURING AND REDIRECTING MOST
OF IT, ESPECIALLY DURING ECOLOGICALLY CRITICAL
PERIODS

Tulare Lake Basin

Historically, most Bay inflow came from winter rains and spring snowmelt,
which kept the upper estuary fresh most of the year and created increasingly brackish and saline habitats moving downstream to the Golden Gate. The
Bay’s fish and wildlife evolved to take advantage of these patterns of flow and
habitat.
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But, after building thousands of dams, over 600 large reservoirs, and 1,300
miles of diversion canals throughout the Bay’s watershed, the flow that now
reaches San Francisco Bay is on average less than 50%, and in some
years less than 35%, of what it would be without those impairments. Ecologically critical winter and spring flows have been cut even more, with about a
third of the seasonal unimpaired runoff and, just one-fourth of the runoff from
some storms reaching the Bay.
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STARVING THE BAY
THE CHANGE IS SO EXTREME THAT THE
SAN FRANCISCO BAY ECOSYSTEM NOW
EXPERIENCES A DEVASTATING, PERMANENT
DROUGHT
Between 1975 and 2014, the unimpaired runoff in the watershed
was only low enough to create a “supercritically dry’” year once,
in 1977. But upstream diversions captured so much runoff during
those four decades that the Bay experienced “supercritically dry”
conditions – the amount of inflow typical in extreme drought – in
19 years instead of only one. The resulting collapse of the Bay’s
ecosystem is no surprise.

% of unimpaired
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EXTREME FLOW REDUCTIONS DAMAGE THE
BAY’S ECOSYSTEM
How much fresh water makes it to the estuary, when, and for
how long, shapes the Bay’s ecosystem. Reducing Bay inflows
so dramatically shifts the size and location of the ecologically important salinity mixing zone, reduces the inflow of
nutrients, food, and sediment from the watershed that are vital
components of fish and wildlife habitat; allows pollutants to
accumulate; and facilitates invasions by undesirable non-native
species.

SALINITY
The transition from fresh water to the ocean forms a gradient
of increasingly saline habitats that are critically important for
the estuary’s fish and wildlife. The amount and timing of inflow
determines where and how extensive these productive low
salinity habitats are. Winter and spring inflows move the critically
important low salinity zone downstream in the upper reaches
of San Francisco Bay. The abundance and distribution of many
estuarine fish and invertebrate populations are strongly and
persistently associated with the location of this zone; when it
moves downstream, native species numbers increase.
Periods when the average salinity was as high as in the past
half-century previously occurred only three times in the last
1,600 years – during recent droughts, January – July salinity
was the highest it has been in 400 years. Reducing Bay inflow
this drastically forces the low salinity zone to move upstream,
exposing larval and juvenile fish to poor water quality and
habitat conditions in the Delta, facilitating the spread of

invasive non-native species, and driving population declines
of native species. Shifting the salinity field upstream also brings
salty water to fresh and brackish water marshes, reducing
the productivity of wetland habitats and number of plant and
animal species in them, and slowing the formation of new soil.

Photo Credit: David Sanger
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FLOW

Further downstream, persistent increased salinities from
reduced inflow displace the native invertebrate community in
the Central Bay, allowing non-native sea squirts to dominate
the subtidal zone. In the South Bay, freshwater inflows riding on
the surface over a deeper, saltier layer support the base of the
food web with large plankton blooms; the effect is dampened
when flows are reduced. Similarly, outside the Golden Gate,
a plume of brackish water that forms when winter and spring
flows to the Bay ride on the surface, stimulates plankton growth
and facilitates the movement of nutrient-rich bottom water into
the Bay. Because so much fresh water is captured upstream,
salinity at the estuary’s downstream boundary has increased
and the brackish water plume has diminished. In combination
with warming seas, reduced flows from the Bay to nearshore
waters are likely to lower productivity and increase the risk
of starvation and reproductive failure in seabirds, fish, and
marine mammals.
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SEDIMENT

FOOD WEB PRODUCTIVITY

Higher Bay inflows carry more sediment (gravel, silt, and other
particles), which helps form and maintain wetlands and beaches,
and make the estuary’s waters more turbid, or cloudy, protecting
fish and invertebrates from predators. But dams and diversions
capture sediment and reduce sediment-carrying flows. Sand
makes up 70% of the Sacramento River’s
sediment load when flows are high; reducing flows
helped cut the sediment load in half between
1957 and 2001. Flow reduction combined with
other factors facilitated the shrinking of sandy
beaches in the Bay by two-thirds, a 50%
increase in coastal erosion, and a decline of up to
40% in turbidity in the upper estuary.

San Francisco Bay is a highly productive nursery for fish, birds,
mammals, and invertebrates like crabs and shrimp. Freshwater
inflow stimulates the Bay estuary’s food web by increasing
production of fish and large planktonic animals that thrive in the
muddy waters and wetlands that are created and sustained by
sediment-laden peak flows. Flows also transport some of these
organisms to other parts of the estuary, where they become prey
for other species. Altering flows alters the food web. As flows
decline, the biomass of important invertebrate prey populations like Bay shrimp
declines correspondingly; water clarity
increases, increasing the rate of predation on
food prey species; and non-native species
colonize the estuary, competing with or
preying on native species. If the amount and
timing of Bay inflows are allowed to more
closely approximate natural patterns, these
effects can be reversed.

POLLUTION
When Bay inflows are low, concentrations of chemical and
biological contaminants build up, sometimes to toxic levels,
and increase the amount of time these pollutants spend in the
estuary. Heavy metals and synthetic compounds like copper,
mercury, PCBs and silver are more readily incorporated by
aquatic organisms, at lower flows. The trace element selenium,
which causes birth defects and reproductive mortality in
many species, accumulates more rapidly in clams, and the fish
and birds that prey on them, when flows are
at the low levels seen in recent years. Low
flows also encourage toxic algae blooms,
which produce neurotoxins that build up in the
environment and can kill animals and sicken
people. These blooms are becoming more
frequent in the upper estuary, and their toxins
are detectable throughout the Bay.

WHO SUFFERS FROM THE BAY’S
FRESH WATER STARVATION DIET?
The Bay ecosystem supports more than 750 plant and animal
species, including four unique runs of Chinook salmon, and
millions of waterbirds. Seven million residents and more than
twice as many visitors enjoy seafood produced locally in this
estuary, recreate along its shores or in its waters, and draw
satisfaction from its wetlands and wildlife. Reducing Bay inflows
puts all of these values at risk.

VIABLE FISH AND WILDLIFE POPULATIONS
NEED FRESH WATER
Conditions in the flow-starved estuary are very different from
those in which native plants and animals evolved. As a result,
some of the most common species, like Delta smelt, Chinook
salmon, and sturgeon, are now among the rarest. What these
and many other species – organisms that vary in their life
histories, role in the food web, and location in the estuary – have
in common is the strong relationship between flow and healthy
populations.

ABUNDANCE
Reproduction, growth, and migration of many species, from
invertebrates to forage fish to migrating salmon, are timed to
occur during the critical winter and spring months when flows are
higher. The number of individuals in these populations is strongly
influenced by how much Bay inflow occurs during this period –
this is one of the best-documented facts known about the Bay
estuary. The dramatic decline in abundance of many populations
closely tracks the dramatic decline in winter – spring Bay inflows;
that is, less flow has resulted in less fish – for some species,
populations are at record or near record low levels. In contrast,
the abundance of many non-native species is inversely proportional to flow, increasing under low flow conditions. Flows in the
fall also create brackish water habitat for Delta smelt and help
returning adult salmon find their home spawning grounds.

MORE FRESHWATER = MORE FISH

To be viable, the Bay’s plants and animal populations need to
be:
• abundant (higher populations ensure long-term survival
through a range of different conditions)
• diverse (increased variation among individuals increases
the odds that some will respond successfully to changing
environmental stresses)
• productive (faster population growth rates allow species to
exploit good conditions in a variable environment); and
• spatially distributed (exists in a large enough area reduces
the risks posed by local catastrophes)

Years
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DIVERSITY
A population with more diverse individuals is less vulnerable
to extinction because it has a portfolio of possible behavioral
and ecological responses to changing or variable conditions.
Restricting the amount and timing of flows year after year favors
the survival of a small subset of individuals that are only
able to prosper under a limited set of conditions. For instance,
nearly eliminating peak Bay inflows from the San Joaquin
River and replacing them with small artificial pulses that
occur during just one month narrows the migration window for
Chinook salmon, in essence gambling that these fish will reach
the ocean exactly when food supplies and other conditions are
good. The collapse of California’s salmon fisheries shows
that this gamble has not paid off.

PRODUCTIVITY
Fish and wildlife populations that can grow quickly can rebound
quickly following times when conditions are poor. The Bay
estuary’s species evolved to rebound in
wetter years after periods of drought. But
the Bay’s “permanent drought” means that
wet years are infrequent and much less wet,
and drier years are extremely dry and nearly
continuous. As a result, the higher flows
that would allow populations to rebound
rarely occur, and the growth rate is limited
or even negative.

SPATIAL DISTRIBUTION
When all individuals in a population are concentrated in a small
area, the population is more vulnerable to extinction due to
localized catastrophes. Lower Bay inflows significantly reduce
the size of the low salinity habitat that many species depend
on. Low inflows also shift this habitat– and the populations
using it – upstream, exposing imperiled fish to the giant Delta
pumps, where on average 9 million fish are screened out of
the exported water each year - most do not survive from the
experience. In addition, to creating important habitat types,
freshwater inflows to the Bay also help transport organisms
between essential habitats. By degrading water quality,
eliminating signals that fish and wildlife use to orient
themselves, and even drying up sections of rivers, low Bay
inflows can prevent populations from spreading out or migrating.

FLOW (AND FORAGE FISH) IS FOR THE BIRDS…

Photo Credit: Richard Eskite

DRIVING RECREATIONAL AND COMMERCIAL
FISHERIES TO THE EDGE?
The flow and habitat conditions that once prevailed in San
Francisco Bay made the area a hub of commercial and recreational fishing activity on the West Coast, with important fisheries
for salmon, sturgeon, smelt, striped bass, and other species.
The long-term trend of reducing Bay inflows has been a major
factor in the loss of thousands of fishing jobs over the past
few decades and the historic closure of the ocean salmon
fishery in 2008-2010. While deteriorating ocean conditions,
upstream habitat degradation, and poor hatchery management
also played a role, scientists studying the closure have identified
better flow conditions as one of the few actions that can be
taken to restore the salmon fishery. Starry flounder, sturgeon,
and splittail are other commercially valuable fisheries that
depend on adequate flows and that are also at risk.

Forage fish (small fish and large invertebrates) that are food
items for many larger fish, bird and mammal species perform
a crucial function in the estuary’s food web. For instance,
fish-eating birds, such as pelicans, terns, and cormorants, rely
on the existence of sufficient forage fish populations to feed
them. Populations of many once common native forage fish
species, like smelt, salmon, and shrimp, have declined dramatically in response to extreme reductions in Bay inflows and are
now well below the levels needed to maintain viable populations
of other fish, pelagic seabirds and marine mammals, so
these other populations are at risk of collapsing too. Also, as
reduced inflows reduce the area of brackish and freshwater
wetlands or convert them to salt marsh, their habitat value for
many bird populations is likely to diminish.

…AND THE WHALES
Marine mammals like seals and whales are a great tourist
attraction in the Bay Area and the Northern California coast. By
diminishing productivity and constricting the estuary’s food web,
reduced Bay inflows produce cascading effects that eventually
create problems
for these species.
For example, Orca
whales outside the
Golden Gate prey
on Chinook salmon,
which were historically abundant and
high in fat content;
dwindling salmon runs threaten the local whale population.

viii

TURNING THE FLOW BACK ON

… AND THE PEOPLE
Bay Area residents and tourists don’t just benefit from Bay
inflows by catching fish, buying local seafood, or going whale
watching. They also wade, swim, sail and kayak its waters and
play on its beaches and in its wetlands. But low flows degrade
water quality in general and are now beginning to cause
periodic harmful algae blooms, in particular. Some cyanobacteria blooms produce neurotoxins powerful enough to make
humans sick and kill small mammals; although the blooms
occur in the upper estuary, neurotoxins produced upstream have
been detected in the Central Bay. Low Bay inflows also threaten
the continued existence of beaches and wetlands throughout
the region. As rising sea levels and other forces erode these
popular areas, water diversions limit the peak flows that would
normally resupply them with sediment.

Fortunately, there are actions that Californians can take to avoid
that increasingly likely scenario.

ADOPT STRONGER WATER QUALITY
STANDARDS FOR THE BAY ESTUARY NOW
Overwhelming evidence demonstrates that today’s 21-year old
Bay-Delta water quality standards do not require nearly
enough flow to protect the beneficial uses of the San Francisco
Bay Estuary’s waters as mandated by the Clean Water Act. That
finding has been confirmed time and again by policy makers,
regulatory agencies, and independent science review panels.
Yet California is still years away from completing the update of
its standards begun in 2009, despite the federal requirement to
review standards every three years. It’s time to end the delays
and adopt new standards that require enough flow to restore
estuarine productivity and viable fish and wildlife populations,
discourage the establishment and spread of invasive non-native
species, and use indicators of biological and ecosystem health
to measure progress and increase effectiveness.

REQUIRE ALL WATER DIVERTERS TO
CONTRIBUTE THEIR FAIR SHARE
Photo Credit:
David Ferris

A Bay Area where it’s hard to catch salmon, see pelicans or
Orca whales, find today’s local catch at the restaurant, hang
out at the beach, or even be in contact with the water? This
is a high price to pay for ignoring the effect of the radical
alteration of Bay inflows on the many ecosystem services and
economic benefits that the San Francisco Bay estuary provides.

The primary responsibility for meeting Bay estuary water quality
standards falls on a small subset of water districts that get
water from the federal and state water projects. These agencies
represent a quarter or less of total water use in the Bay’s
watershed. Requiring all water users, including those with
senior water rights, to contribute a fair share would spread the
burden more equitably and generate millions of acre-feet of
additional water to restore the estuary. It’s also time to more
broadly overhaul California’s antiquated water rights system,

which favors older water claims over the needs and public
benefits generated by different water uses; this system has also
awarded the right to use five times more water in California
than occurs naturally, on average.

REDUCE RELIANCE ON THE DELTA AS A
SOURCE OF WATER SUPPLY
In 2009, California adopted a landmark policy to reduce reliance
on water supplies from the Delta region of the upper estuary
and increase local self-reliance in areas that take water out of
the Delta. California has only begun to tap the potential for local
self-reliance; using water more efficiently, reusing and recycling
water, cleaning up degraded water, capturing and reusing
stormwater runoff, and storing water underground in aquifers
could save up to 14 million acre-feet of water – over half the
total amount of water used for human use throughout the Bay’s
watershed each year – each year. Implementing the new policy
could also significantly reduce California’s carbon footprint;
for instance, transporting water via the State Water Project
represents about 3% of the state’s total energy consumption.
Setting targets for conserving water in the agricultural
sector – which uses about 80% of the state’s developed water
supplies – would generate additional
water to restore a healthy Bay estuary
and establish greater parity between
agriculture and the urban sector, which
is required to achieve a per-person
conservation target of 20% by 2020.

Photo Credit:
Fernand Ivaldi
Getty Images

INTEGRATE FLOW AND HABITAT RESTORATION
TO BATTLE CLIMATE CHANGE
Wetlands and beaches not only provide important habitat for
fish and wildlife; they also act as natural flood barriers to protect
shoreline communities in the Bay Area and Northern California.
Loss of sediment supply and rising sea levels threaten to
erode these benefits by literally eroding wetlands and beaches
to nothing. Freshwater flow regimes that help maintain
wetlands and beaches should be a part of efforts to design,
evaluate, and permit restoration of these critical areas.

WE MUST ACT NOW
The science overwhelmingly indicates that more freshwater flow,
following a more natural pattern, must reach the San Francisco
Bay estuary to restore its fish, wildlife, water quality, food web,
marshes, beaches, coastal fisheries, and other public benefits.
The only barriers to action are the general lack of understanding about the severely degraded condition of this freshwater
flow-starved estuary and the lack of political will to change the
unsustainable way California manages its water resources. Can
Californians be made aware of the pending
collapse of the Bay estuary ecosystem –
and the loss of all that ecosystem provides
us – and motivated to demand action
now? Can decision-makers at every level
– federal, state, and local – be prevailed
upon to take the steps necessary to prevent
the destruction of California’s greatest
aquatic ecosystems before it is too late?
The window of opportunity to protect this
treasure is closing rapidly.
x
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INTRODUCTION
THE FLOW OF FRESH WATER DRIVES THE HEALTH OF THE BAY AND
ITS WATERSHED, FROM MOUNTAIN RIVERS TO THE PACIFIC OCEAN
OUTSIDE THE GOLDEN GATE

T

he San Francisco Bay estuary is one of the world’s great
ecosystems – a natural treasure comparable in scale and
importance to the Everglades, Chesapeake Bay or the Great
Lakes. Like these other large ecosystems, the health of San

Francisco Bay is at risk from many environmental insults.
Contaminated agricultural runoff and legacy pollutants poison
aquatic food webs. Invasive plants and animals compete with
native species for food and habitat. Only a small fraction of its
1

original wetlands remain. But perhaps the most serious and
seemingly intractable threat comes from the large-scale and
unsustainable diversion of the fresh water that should flow to
the Bay from its vast watershed in California’s Central Valley
(“Bay inflow”). The radical alteration of Bay inflow is intimately
connected to every other problem that threatens the Bay
estuary’s ecosystems. The inescapable facts are that the Bay
estuary is being starved of the freshwater flow that makes it
California’s greatest aquatic ecosystem – and that people don’t
understand that fresh water flowing to the ocean is what keeps
the Bay alive.
Freshwater flows define the San Francisco Bay estuary. As the
place where fresh water and saltwater mix, the estuary provides
a unique brackish water ecosystem for hundreds of plant and
animal species – many found nowhere else on Earth. San
Francisco Bay is the most famous and recognizable part of this
estuary, an ecosystem formed by the mixture of fresh water from
the rivers and streams of California’s Central Valley and salt
water from the ocean. When freshwater inflow to an estuary is
drastically altered, as in it has been for San Francisco Bay, the
very nature of the ecosystem is changed, with dramatic consequences for the fish and wildlife that depend on the estuary’s
unique habitats. Ultimately, people who enjoy the many benefits
this ecosystem offers – from its fishable and swimmable waters
to its beaches and rich wetland habitats – lose out when we deny
the estuary the freshwater flow it needs.

Figure 1: The amount and timing of critical freshwater inputs
to the estuary are a function of what nature provides and
the amount of water humans divert and store upstream.
Unsustainable water diversions lead to altered ecological
processes and degraded habitats which produce cascading
effects on many beneficial uses that people gain from a
functioning estuary ecosystem. The amount of fresh water
reaching San Francisco Bay generates myriad public benefits,
including healthy fish and wildlife populations, improved water
quality, viable commercial and recreational fisheries, and
ample recreational opportunities such as enjoying beaches or
viewing wildlife.

describe battles over how much water should be held back in
the thousands of reservoirs in the Bay’s watershed, or diverted
from Central Valley rivers, or exported by the giant pumps in
the Sacramento-San Joaquin Delta, in order to be delivered to
cities and farms. Government agencies and water districts fight
over appropriate limits on water extractions in order to safeguard
water quality, fish, and wildlife. People debate whether agribusiness should grow thirsty crops that depend on government
subsidies and water from overdrafted groundwater basins and
distant watersheds, and whether agricultural water use should
be metered in our semi-arid environment.
What is rarely mentioned is that the outcomes of all battles in
these water wars affect the Bay and the coastal ocean outside
the Golden Gate. Most of the freshwater flow
that shaped these environments historically is captured today in a massive system of
reservoirs, siphons and pumps. The loss of
freshwater flow is harming the Bay and the nearshore marine
ecosystems, the fish and wildlife that depend on them, and the
humans that benefit from and enjoy them (Figure 1).

THE BAY IS A MAJOR BUT UNAPPRECIATED
CASUALTY IN CALIFORNIA’S “WATER WARS”
The long-standing conflicts over how much water should be
diverted from the estuary and its watershed to provide water for
irrigation, industry, and drinking water supplies are often depicted
as occurring far upstream from San Francisco Bay. News stories
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CALIFORNIA’S PAST INVESTMENTS
IN THE BAY ARE AT RISK
Californians have invested a half-century of effort and billions of
dollars to control water pollution, restore wetlands and prevent
exotic species from being introduced to the Bay estuary. But that
enormous financial and social investment is at risk unless we let
a larger share of the watershed’s runoff
flow downhill to the Bay. Californians
can protect their investment in the Bay
by changing the water use and water
management practices that prevent us
from protecting the freshwater flows
that support this majestic ecosystem
and the jobs that rely on its health.
This report describes how:
• The Bay’s natural freshwater flow
regime has been altered by the world’s
largest system for capturing and
moving water;
• The estuary’s vital ecological processes, including salinity
distribution, transport of sediments, nutrients, and food, pollution
control, habitat availability, and food web dynamics, are
damaged by these alterations to the natural runoff pattern; and,
• The living beings that depend on the health of the Bay, from
simple aquatic plants, to forage fish, to migrating salmon, to
marine mammals, to humans, are at serious risk from the loss of
services the Bay ecosystem provides.

Photo Credit: The Bay Institute

WHERE HAS ALL THE FRESH
WATER GONE?
PATTERNS OF NATURAL AND ALTERED FLOW TO SAN FRANCISCO BAY

S

an Francisco Bay is part of the largest estuary on the west
coast of the Americas. The estuary extends from the inland Delta
where the Sacramento and San Joaquin Rivers of California’s
Central Valley converge, out to the nearshore coastal waters

of the Gulf of the Farallones. The Bay itself encompasses four
major embayments – Suisun Bay, San Pablo Bay, Central Bay,
and the South Bay (Figure 2).

THE SAN FRANCISCO BAY ESTUARY AND ITS WATERSHED
Figure 2: From the peaks of the mountain ranges surrounding
the Central Valley to the Golden Gate, the San Francisco Bay
watershed historically drained up to 40% of California’s land
area. Most of the Bay’s inflow comes from rivers and streams
that flow into the Sacramento and San Joaquin Rivers and then
is funneled through the Delta to the Bay. Locally important creeks
and rivers that discharge directly into the Bay contribute about
10% of the Bay’s freshwater inflow. The once vast Tulare Lake
periodically overflowed into the San Joaquin River, but now the
basin of this dry lakebed contributes water to the Bay only in the
wettest years.

Sacramento
River Basin
Delta
San Joaquin
River Basin
Tulare Lake Basin

Gulf of the
Farallones

Sacramento - San Joaquin Delta
Photo Credit: David Sanger
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Freshwater flow drives everything that happens here. The
Bay’s vast watershed now drains about a third of the land area
of California, collecting surface and ground water from the
Sacramento and San Joaquin River watersheds, and in exceptionally wet years, from the Tulare Lake Basin, south of Fresno
(which contributed water to the Bay more frequently before
the construction of the current water supply system). Smaller
rivers and creeks that flow directly into the Bay such as the
Napa River, Guadalupe River, Sonoma Creek, Coyote Creek,
Alameda Creek, San Francisquito Creek and Walnut Creek
contribute less than 10% of inflow1.

western part of the Delta. Except under drought conditions, the
Delta remains a freshwater ecosystem throughout the year3.
As discussed later in this report, the estuary’s native species
have adapted to this naturally variable pattern of inflow to the
Bay. The first pulses of runoff from winter storms trigger the
migratory journeys of juvenile salmon and cue fish that live in
the Delta and northern San Francisco Bay to begin to move to
spawning areas. The large winter floods and spring snowmelt
shape habitat availability in the estuary and drive numerous
essential ecological processes downstream.
High year-to year variability in precipitation and runoff is characteristic of
a Mediterranean climate. Multi-year
wet periods and dry periods
(droughts) also are typical. Since
the mid-1970s, the Bay’s watershed
has experienced three very dry periods (1976-1977, 1987-1992,
and 2012-2015) and two extended wet periods (1978-1986;
1995-2000). Within the last millennium, the watershed has
experienced even longer (decade- to century-long) droughts
and wet periods4. The high variability between seasons and
across years and the resulting shifts in the estuary’s salinity
were probably essential in limiting the establishment of invasive
non-native species prior to the 20th century.

FRESH WATER NATURALLY FLOWED TO THE
BAY….
The natural pattern of freshwater inflow to the Bay is shaped
by California’s Mediterranean climate. About 80% of the annual
precipitation in the Bay’s watershed occurs from November
through March2. Winter storms can deposit large amounts of
rain or snow in a matter of days, increasing runoff dramatically for short periods and periodically freshening the Bay. As
temperatures warm in the spring, accumulated water held in
the mountain snowpack – the state’s largest “reservoir” – melts
and flows into the Bay, with high runoff
that freshens the Bay for a much longer
period than the peak flows that follow winter
rainstorms. The high volume of the spring
flow establishes an ecologically important
salinity gradient in the estuary, which creates freshwater habitats
in the Delta and parts of northern San Francisco Bay and
increasingly brackish water habitats closer to the Golden Gate.
As freshwater flows to the Bay decline in late summer and early
fall, the zone of brackish water moves upstream as far as the

… UNTIL WE DISRUPTED THE PATTERN – AND
RADICALLY REDUCED FLOWS TO THE BAY
By draining and filling wetlands and floodplains for conversion
to agriculture and denuding hillsides for mining and logging,
Californians began to change the pattern of runoff from the
Bay’s watershed in the latter half of the 19th century. These
actions reduced the watershed’s capacity to absorb snowmelt

and storm runoff and increased the sediment load in rivers and
streams. Agricultural diversions upstream of the estuary also
increasingly reduced the total amount of fresh water that made
it to the estuary. The impact on Bay inflows throughout the
watershed became more pronounced in the 1920s and 1930s
as flood control projects were built in the Sacramento Valley,
the construction of dams and use of motorized pumps for wells
drove the tremendous expansion of irrigated agriculture, and
growing Bay Area cities started importing water from rivers that
drained to the Bay. Urban landscapes, with their impermeable
surfaces, further decreased the watershed’s ability to retain or
slow runoff from periodic storms. Much larger inflow changes
resulted from the construction and operation of the massive
federal Central Valley Project (CVP) – including Shasta Dam on
the Sacramento River, Friant Dam on the San Joaquin River,
and the Tracy Pumping Plant in the Delta – in the 1940s and
1950s.
The final component in the radical alteration of the Bay’s
hydrology came in the 1960s and 1970s when the State Water
Project (SWP) began operating the Banks Pumping Plant in
the Delta that exports water to cities in the southern Bay Area
and Southern California and agriculture in the San Joaquin
Valley. Together, the state and federal Delta pumping facilities
are part of the world’s largest water storage and conveyance
system; they have become the single largest extractor of the Bay
watershed’s fresh water. Since 1985 the combined CVP/SWP
exports from the Delta have averaged over 5 million acre-feet
per year, and over 6 million acre-feet per year in the period from
2000 to 2007 (Figure 3).

miles of aqueducts now store and re-distribute over 30 million
acre-feet of water, roughly equivalent to the surface water runoff
from the entire watershed in an average year5.
This massive transformation of the watershed has dramatically altered every component of the natural Bay inflow pattern,
including the magnitude and timing of flows, the frequency and
duration of high flow events, and the variability between high
and low flows. The magnitude of the reduction in freshwater
flow inputs is revealed by comparing the amount of water that
actually reaches the Bay to the amount that would have reached
the Bay if there were no dams, diversions, or exports of water
(“unimpaired flow” or “unimpaired runoff”). The percentage of
annual unimpaired flow that actually reached the Bay prior to the
completion of Shasta Dam (1945) was much greater than it has
been since the SWP began withdrawing major amounts of flow
from the Bay’s watershed, in 1968. Since 1975, total annual flow
is on average less than 50% of what it would be without storage
in dams, diversions, and direct exports from the Delta (Figure 3).
In some years, it is less than 35% (Figure 5, left panel). Worse
yet, even greater reductions in flow during the ecologically
important winter and spring seasons occur frequently.

Since the SWP began exporting water from the Delta, a variety
of state, federal, and local water agencies have constructed
many more large dams and canals throughout the Sierra Nevada
and Central Valley to capture, store and transport watershed
runoff. Thousands of dams, over 600 large reservoirs, and 1300
9
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Figure 3: The amount of fresh water that would flow to San Francisco
Bay from California’s Central Valley (bars, top panel) varies
tremendously from one year to the next. By contrast, the amount of
available Central Valley runoff that is diverted or stored upstream
(aqua bars) or exported from the estuary (green bars) for agricultural,
industrial and municipal uses has increased steadily over the last
half century. As a result, the proportion of water diverted or exported
from the estuary has also dramatically increased over the same time
period (pie charts, bottom panel), leaving less water to flow into the
Bay (grey). Recently, diversions and exports of water have averaged
approximately half of the amount available – in dry years, much less
than half the runoff reaches the Bay. Important years identified in the
figure, include 1968, when the State Water Project began exporting
water from the Delta; 1977, a record drought year; 1995, when water
quality standards for the estuary were last updated; and 2008, when
new federal protections for imperiled Delta smelt, Chinook salmon,
steelhead, and green sturgeon were issued.

SAN FRANCISCO BAY’S
DEVASTATING, PERMANENT
DROUGHT
Because Bay inflows have been drastically reduced and flow
patterns radically altered, the estuary has experienced extreme
drought conditions for much of the past four decades. The
amount of runoff associated with the very driest years was once
the exception. It is now the new normal. The overall change
in Bay inflows from human water use has been so severe
that the Bay ecosystem is experiencing a nearly permanent
drought (Figure 4). The driest winter – spring period in the last
95 years occurred in 1977. But because so much runoff is now
captured (especially during the winter and spring months), the
estuary experienced 1977-like, “super-critically dry” conditions
in 19 years, or almost half the years between 1975 and 2014.
In contrast, wet year conditions (in which native species have
the best chance to recover from persistently low Bay inflows)
occurred in the Bay’s watershed in 25% of the past 40 years.
But actual flows to the Bay resembled those of wet years in just
four years during the 1975-2014 period. During six of the past
10 years less than 40% of the unimpaired runoff available in the
winter and spring made it to the estuary.

About 80% of the water diverted from the Bay’s watershed is
used for agricultural irrigation. Photo credit: Fernand Ivaldi,
Getty Images
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PERMANENT DROUGHT: HOW MUCH OF THE WATER IN THE
UNIMPAIRED

WINTER-SPRING RUNOFF CONDITIONS IN THE BAY’S
CENTRAL VALLEY WATERSHED 1975-2014
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Figure 4: The Bay’s vast watershed receives massive volumes
of snow and rain in some years and very little in other years.
Most of this water becomes runoff during the winter and spring
months and many native species have evolved to capitalize
on this pulse of water. The percentage of available runoff that
reaches the Bay decreases as the combined total of watershed
diversions and Delta exports increase. By dividing winterspring runoff conditions into categories, the bar charts to the
right show when Wet (blue), Normal (green), Below Normal
(yellow), Dry (orange), Critically Dry (red), and Super Critically
Dry (black) years occurred in the Bay’s watershed (upper bar
graph; “unimpaired”) and the corresponding conditions that
actually occurred in the Bay (lower bar graph, “actual”). Each of
these categories represent one-fifth of the years as measured
by their unimpaired runoff, except for the Super Critically Dry
category, which represents the driest single year (~2.5%) of the
40 years represented here.
The pie charts show the relative frequency of these different
hydrological conditions as they occurred in the Bay’s watershed
(upper pie chart, “unimpaired”) and what the Bay’s ecosystem
actually experienced (lower pie chart, “actual”). As a result
of intensive water diversion and exports, the estuary and its
unique and valuable fish and wildlife species have experienced
extremely dry conditions throughout most of the past four
decades. For example, Super Critically Dry conditions, which
occurred naturally only in 1977, are by far the most common
conditions experienced in the estuary these days. Wet
conditions occurred in the Bay less than half as frequently as
they did in the watershed that feeds it. Years 1995 and 2008,
marked on the bar graphs, correspond to state and federal
actions that reserved relatively minor amounts of water for fish,
and have failed to modify or mitigate the trend of intensive and
growing diversion of Bay inflows.
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DRYING UP ECOLOGICALLY CRITICAL PERIODS
The change in total annual flow to the estuary is only one
indicator of the massive changes in inflow to the Bay as a result
of how California uses its limited water supply. The natural
seasonal timing of flow has been modified as well (Figure 5,
middle panel). For example, although over three quarters of
the Bay’s unimpaired inflow arrives as winter storms and spring
snowmelt, the percentage of available runoff that actually made
it to the Bay between February and June reached as low of 28%
in 2009. During the last decade, only an average of 35%
of unimpaired runoff made it to the Bay during May, making
this the most impaired month of the year. In contrast, state
water quality regulators report that 75% of unimpaired
Bay inflow during the winter-spring period is necessary to
fully protect the estuary ecosystem6; and in fact, scientific
studies from around the world indicate that ecosystem
function is severely impaired if less than 80% of freshwater
flows remain in rivers7. When instead just one-third or less
of these ecologically vital flows are allowed to make it to
the Bay, there is absolutely no reason to expect any other
outcome except ecological collapse.
Even seasonal and monthly averages don’t reveal the
full impact of the change to Bay inflows – short-duration peak flows have been severely reduced, and nearly
eliminated in many cases (Figure 5, right panel). In all
but the wettest years, the brief pulses of flow that follow
rainstorms and snowmelt events – and which are so
important to migrating fish like salmon – have been virtually
eliminated, as reservoirs, river diversions, and exports
from the Delta capture these critical flow spikes. The biggest
winter floods have been severely curtailed8. For example, in late
November and December of 2013, 75-78% of the peak flows

were captured in reservoirs, diverted upstream, or exported
directly from the Delta. The precious runoff that does still make it
to the Bay—from below dams and the few remaining undammed
watersheds—could be further curtailed if one or more new and
expanded dam and diversion projects, most of which would be
very expensive, produce low yields, and be partly subsidized by
taxpayer funding, are built and operated.

Upstream dams and diversions capture the majority of runoff in
the Bay’s watershed. Photo Credit: California Department of
Water Resources
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PEAK FLOWS
Estimated flow to San Francisco Bay during a
year in the absence of storage or diversions
(green line) compared with the estimated
flow that actually reached the estuary (blue
line). The difference between unimpaired
and actual inflow on key dates shows that
natural early season peaks in flow are
largely eliminated by storage and diversion
operations. Native species rely on pulses of
water (which result from periodic rainfall and
snowmelt events) to orient during migration
and to cue important life cycle transitions.
California’s water management practices
eliminate this important natural signal. The
loss of short duration peak flows puts native
species at a disadvantage and facilitates
invasion by non-native species.

Figure 5: Water storage, diversion, and export changes the natural pattern of freshwater flow in multiple ways. The total amount
of water diverted from the estuary and its watershed for human use increased steadily over time, resulting in less and less
fresh water making it downstream annually (left panel). The timing of the freshwater flow that remains is also radically altered
by human water management practices. For example, the seasonal timing of flow has been changed such that proportionately
less water arrives during the ecologically critical spring months (center panel). Also, diversions have a disproportionate effect on
short-term peak flows, which native species rely on to orient their migrations or to spawn (right panel).
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American avocet Photo Credit: Judy Irving

STARVING THE BAY
HOW FLOW REDUCTIONS DAMAGE KEY COMPONENTS OF THE
BAY’S ECOSYSTEM

A

s rivers approach the sea, salty and fresh water mix to
form an estuary. In addition to diluting what would otherwise
be seawater, the freshwater flowing into an estuary creates
unique and productive ecosystems. Estuaries contain special
fresh water and brackish (low salinity) habitats that shift position
dynamically in response to the tides and seasonal or annual

variations in fresh water flow. The balance between fresh and
salt water determines the size and shape of these estuarine
environments and their capacity to support the fish and wildlife
species that have evolved to specialize in them.
How much freshwater flow makes it as far as the estuary, when it

arrives during the year, and the extent to which the amount and
timing of arriving flow change from year to year, all determine
what kind of benefits fish, wildlife, and humans receive from the
estuarine environment. When the flow of fresh water is reduced
dramatically for a prolonged period of time, the transport of
nutrients, food (from simple photosynthetic organisms to fish),
and sediment from the watershed into the estuarine environment
is reduced as well. In the absence of periodic flushing, pollutants
accumulate in the system. In addition, reduced freshwater flow
facilitates invasion by undesirable, non-native species and proliferation of harmful organisms that generate toxic water pollution.
Alone and in combination, the effects of reduced freshwater
flow into the Bay estuary undermine its water quality, its ability
to support fish and wildlife populations, and the formation and
maintenance of surrounding beach and wetland habitats.
This chapter describes how changing freshwater inflows to the
Bay directly affects many fundamental ecological processes,
including salinity distribution, transport of sediment and biological
materials, pollution control, habitat formation and maintenance,
and food web dynamics. In many cases the specific
mechanisms through which freshwater flow into the Bay acts
on these processes and habitats are understood incompletely.
Flow acts as a master variable, and its interactions with different
ecosystem elements are complex and difficult, if not impossible,
to untangle. Yet the size and diversity of freshwater flow’s effects
on the Bay’s ecosystem are clear. The next chapter will explain
how all these flow-related changes to the Bay impact the fish,
wildlife, and people who rely on it for many critical services.

SALINITY
The transition from fresh water to salt water in the estuary is
a dynamic gradient that moves daily, seasonally and annually.
Where this transition occurs is influenced in large part by how
much fresh water flows into the estuary. The amount of water
at different salinity levels determines the quantity and quality of
habitat for plants and animals that live in the estuary. Habitat
condition and location can be altered by salinity in many ways,
including:
• Extent – how much habitat is there?
• Distribution – where in the estuary is the habitat available?
• Quality – how suitable is the habitat for the species that use it?
• Connectivity – can species access and move among habitats?
• Timing – is the habitat available during key life stages for
species?
• Persistence – is the habitat available for multiple generations?
Reductions in freshwater flow to the Bay shift the timing and
location and restrict the extent of the salinity gradient, altering
estuarine habitats in ways that can translate to population
level effects on species that utilize those habitats. Periods
when the average salinity was as high as in the past half-century previously occurred only three times in the last 1,600
years – during recent droughts, January – July salinity was the
highest it has been in 400 years. The timing of peak inflow has
been changed from May to February, changing the position of
the estuary’s salinity field throughout the spring and summer
months9 (Figure 6). How the salinity field is affected depends on
what part of the estuary is being considered.
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THE EFFECT OF WATER DIVERSION ON SALINITY IN THE BAY

2009 FEB - JUN
ACTUAL SALINITY
28% OF UNIMPAIRED FLOW

In 2009, a Dry year in the Bay’s
watershed, only 28% of available
runoff from the Central Valley
made it to the Bay; the rest was
diverted, stored, or exported.
Because there was so little fresh
water, Central Bay, San Pablo
Bay, and even parts of Suisun
Bay became very salty.

ESTIMATED FEB-JUN 2009
SALINITY AT 100%
UNIMPAIRED FLOW

Had no water been stored,
diverted, or exported, the salinity
distribution in 2009 would have
looked more like this (the actual
salinity distribution in 1980). Fish
and wildlife that use freshwater
and brackish habitats would have
been able to use all of Suisun Bay
and most of San Pablo Bay.

Figure 6: Water diversions and exports affect the distribution of salinity throughout the Bay. Most aquatic organisms are sensitive to the salinity of their
habitat; thus, changes in salinity distribution reflect changes in habitat availability for many of the Bay’s species. These maps show the actual distribution of
salinity in one Dry year (2009; left panel) and what the salinity distribution would have looked like without diversion or export of fresh water (right panel).
Data sources: U.S. Environmental Protection Agency. Salinity Gradient - Coarse-grid version of UnTRIM San Francisco Bay-Delta Model, Delta Modeling Associates.
Basemap - ESRI, DeLorme, BEBCO, NAANGDC, & other contributors

GROUND ZERO: THE SALINITY TRANSFORMATION OF
NORTHERN SAN FRANCISCO BAY AND THE DELTA
Bay fish and their prey benefit from lower salinities at critical
times: A unique and ecologically critical area known as the
low salinity zone (LSZ) occurs in the upper, northern part of
the estuary. This zone is especially important for juvenile fish
and invertebrates10. Historically, as freshwater flows naturally
increased in the winter and spring, the LSZ was located in the
broad, shallow reaches of Suisun and San Pablo Bays, and
shifted gradually upstream in the summer and fall. Numerous
scientific studies over many decades have documented the
powerful and persistent correlations between the abundance
of many of the Bay’s fish populations, including longfin smelt,
starry flounder, and striped bass, with the position of the LSZ
in the ecologically sensitive winter and spring period11. That is,
the number of fish of many estuarine populations increases as
the LSZ moves downstream in response to increasing flows.
How fish and invertebrate populations are distributed is also
correlated with the location of the LSZ, with benefits decreasing
as the zone shifts upstream with less inflow. For example, the
position of the LSZ during the winter and spring affects the
exposure of larval and juvenile fish to diversion into the large
export pumps in the southern Delta12. The abundance and distribution of Delta smelt are also correlated with the location of the
LSZ in the fall13.
Several types of zooplankton (small invertebrate animals) are
also strongly affected by the position of the LSZ, including
mysid shrimp, Bay shrimp, and seasonal populations of other
small zooplankton14. These organisms are essential food for the
Bay’s fish and wildlife populations. The historic zooplankton

community in the LSZ has been devastated over the past three
decades by a combination of reduced freshwater inflows to the
Bay, increased water exports from the Delta, and the introduction
of non-native invasive species15. Allowing more of the Central
Valley’s natural flow of fresh water to reach the estuary during
the spring is one of the few tools available to improve the distribution and increase the abundance of important zooplankton
species in the open waters of San Francisco Bay.
Exotic species invade when salinities are less variable: Reducing
inflows not only constrains the downstream movement of the
LSZ but also generally keeps the salinity field more uniform
and less dynamic from season to season and year to year
in the upper reaches of the estuary. This reduced salinity
variation is a primary factor in the establishment and success of
undesirable non-native plant and animal species. For example,
establishment of nuisance species such as the overbite clam
appears to have reduced phytoplankton abundance in the upper
estuary16. There is evidence that exotic zooplankton invasions
are facilitated by consistently low inflow to San Francisco Bay17.
Some introduced species, like inland silverside – a voracious
predator – increase in abundance during periods when flows are
low18. Once established, these invaders contribute to deteriorating habitat conditions for native species by competing for food,
space and other important habitat needs.
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Wetlands change as salinity changes: The freshwater and tidal
marshes and riparian areas that occur on the margins of the
upper estuary buffer the land from tides and storm surges and
support over 500 fish and wildlife species, including a large
number of rare species such as Suisun song sparrow, San
Francisco common yellowthroat, California black rail, and giant
garter snake19. Restoring wetland habitat is a high priority for
current management efforts; currently, less than one tenth of
historic wetland remains around the Bay and only 4% in the
Delta20.

Pollen records indicate that extended periods with higher than
average salinity have previously occurred only three times in
the last 1,600 years21. Since 1950, primarily as a result of flow
reductions and flow pattern alterations throughout the Bay’s
watershed, we are now experiencing the fourth such period22.
Tidal marshes with higher salinity have lower numbers of plant
species and are less productive23. Even short-term changes in
freshwater inflows can convert freshwater marsh to brackish
marsh, and brackish marsh to salt marsh; as temperatures,
atmospheric CO2, and salinities all rise, the longer-term impact
of wetland conversion could have large consequences on
ecosystem function24.

Ridgway’s Rail (formerly, Clapper Rail) is one of many species native to the San Francisco Bay area that are endangered. These
secretive birds, which rarely fly, forage in tidal mudflats and make their homes in the upper vegetated zone of the marshes that once
dominated the Bay’s margin. Photo Credit: David Sanger

Small shifts in salinities can affect how seeds germinate, grow,
and are distributed; which species occur; and how much food
the marsh provides for fish and wildlife25. For instance, during
the short but severe 1976-77 drought, a marsh at the east end
of the Carquinez Strait became much more saline and plant
composition shifted, with bulrush decreasing and salt-tolerant pickleweed invading. These changes can be long lasting;
according to one study, when salts accumulate in tidal marsh
soils, “larger pulses of fresh water of greater duration will be
required to reduce soil salinities in the marsh and promote
germination and recruitment”26.
Marsh formation is critical as a tool for adapting to climate
change. Salinity plays a key role in the rate at which marshes
can rise in response to changing sea levels. Organic matter
accumulates faster in freshwater marshes, and the rate of soil
formation decreases with increasing salinity27. Absent sufficient
freshwater inflow, sea level rise will push the salinity field further
inland, reducing the area available for brackish and freshwater
habitats in the upper reaches of the estuary. The resulting
conversion of brackish and freshwater wetlands to salt marsh
will reduce the amount of marsh area that can buffer the impact
of rising seas. As marshes erode, so too do the benefits of
flood regulation and water quality control that they provide to
communities along the estuary’s shores. Also, reductions in the
area of less saline marsh habitat will affect species like black
rails that depend on vegetation not found in salt marshes.

LOOKING DOWNSTREAM: SALINITY
CHANGES IN CENTRAL AND SOUTH SAN
FRANCISCO BAY ARE ALSO A PROBLEM
Farther downstream, the saltier Central and South Bays also
experience major salinity changes when freshwater runoff into

the Bay is high. In the winter and spring— the time of year when
human activity alters flows the most – reducing Bay inflow can
change salinity distribution in the Central and South Bay even
more than in the upper estuary28. During the 1987-1992 drought,
for example, when inland water diversions and exports reached
(then) record high levels, the winter – spring salinity at Fort Point,
under the Golden Gate Bridge, was the highest experienced in
400 years29.
Species in Central Bay shift in response to flow-related salinity
changes: What kinds of species are present in the Bay near San
Francisco, and how they interact, are influenced by freshwater
inflow and the salinity field. For instance, rates of growth, reproduction and migration for invertebrates in the Bay like oysters,
barnacles, and sea squirts (sessile marine invertebrates) are
highly affected by freshwater inflows. When winter inflows are
reduced, large non-native sea squirt species dominate the invertebrate community, competing for space and limiting populations
of other species, such as oysters. Although prolonged exposure
to fresh water during very high flood flows may kill oysters, new
oyster populations readily establish at lower salinities, probably
in response to the limiting effects of higher flows on their invasive
competitors30.
Seasonal salinity stratification dominates the South Bay: During
the summer and fall, the lagoon-like South Bay is about as salty
as the ocean, with circulation driven by the tides and winds.
But, in winter, high freshwater inflow from the upper estuary can
cause strong density-driven currents to form, with fresher water
on top and saltier water on the bottom—a phenomenon known
as stratification. As Bay inflow diminishes through the spring, and
as more saline water outside the Golden Gate is drawn into the
Bay by tides, the Central Bay becomes saltier and a density-driven current of more saline water flows into the South Bay along
the bottom. The South Bay is usually stratified in the spring, and
unstratified in summer and fall. This seasonal pattern causes a
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spring peak in phytoplankton productivity31, and many fish
species respond positively to the changes in South Bay
salinity associated with the variation in Bay inflow32.

BEYOND THE BAY: FLOW EFFECTS ARE FELT
IN THE GULF OF THE FARALLONES
Salinity changes in the saltiest part of the estuary – the
Gulf of the Farallones, just west of the Golden Gate – are
also most influenced by the seasonality and magnitude of
freshwater flows. During winter and spring, outflows from the
Bay create a plume of brackish water (as low as 20 parts per
thousand [ppt] salinity and up to 5 meters deep), stimulating
phytoplankton growth and contributing to overall foodweb
productivity in the Gulf of the Farallones, a protected marine
sanctuary33. At times, this plume briefly extends as far
offshore as the Farallon Islands and Cordell Bank. The plume
tends to turn to the north in winter, extending as far as Ft. Bragg,
CA. During the summer when flows are lower, the plume is
smaller but still extends outside the Golden Gate, turning to the
south34.
Plankton and larger organisms such as salmon, sharks, and
marine mammals all converge at the plume front. Birds that nest
on the Farallon Islands also feed at the plume front. But this
highly productive, flow-driven habitat is being diminished. Bay
inflow accounts for 86% of the variability in salinity at the Golden
Gate35. Salinity at the ocean boundary has increased by 12 parts
per million per year since 192036, showing that the brackish
water plume has become substantially reduced over time37.

Sevengill shark Credit: Aquarium of the Bay

The Bay – ocean connection is a two way street: Increased
inflow to the Bay and subsequent outflow to the ocean during
the spring increases the exchange of water, nutrients, and
organisms in both directions. Wind-driven coastal upwelling
brings denser, cooler, nutrient-rich, saltwater closer to the ocean
surface. As this marine water flows into the Bay, it benefits
bottom-feeding organisms38. When spring inflows to and outflows
from the Bay are reduced, not only are the ecological benefits
of the brackish water plume at the surface affected, but the
importation of saltier water along the bottom is also cut back,
reducing nutrient inputs to the Bay’s benthic habitats39.

These two phenomena – upwelling of nutrient-rich water and the
brackish plume – interact to form the rich marine ecosystem of
the Gulf of the Farallones. Reducing inflows to the Bay not only
limits the benefits the Bay receives from both of these ecologically important processes, but may also affect the productivity of
coastal environments. Indeed, the state of our scientific understanding indicates that freshwater flows into the estuary have
multiple effects that reach far downstream into marine environments. According to a recent study:
“The effects of [freshwater flow from the watershed]
propagated further down the estuary salinity gradient
than [effects from the Pacific Ocean] that propagated
up the estuary salinity gradient, exemplifying the role of
variable freshwater outflow as an important driver of biotic
communities in river-dominated estuaries.”40
In plain English, freshwater flow impacts downstream areas
more than the more saline habitats downstream impact the
fresher upstream areas. As the effects of climate change
become more acute, the benefits of freshwater flow for
coastal waters will become even more critical. Warming ocean
conditions, weaker upwelling, and shifts in the Pacific Decadal
and North Pacific Gyre Oscillation are reducing marine productivity along the California coast with cascading effects on the
food web41. As productivity declines, birds, fish and marine
mammals are more likely to starve and less likely to reproduce
successfully. For these creatures, improving freshwater flows
would help grow the food items, such as juvenile salmon, that
are an important part of the offshore food web, and would also
restore seasonal brackish surface water habitats in the Gulf of
the Farallones, supplying fuel for the marine ecosystem outside
the Golden Gate and potentially helping to offset oceanic climate
change effects.

SEDIMENT
Moving water transports particles of varying sizes, from large
gravel to silt to tiny bits of organic matter, collectively termed
“sediment.” In the Bay, the transport of sediment plays a vital
role in the formation of habitats like marshes and beaches. In
addition sediment-laden high flows contribute to the occurrence
of cloudy, “turbid” water in the estuary’s upper reaches, an
important habitat attribute for many fish.
Water moves more sediment when it flows faster. In the Bay’s
watershed, most sediment is transported during high flow
periods (Figure 7). Eventually the water slows down as it
reaches the tidal parts of the estuary, with the heaviest particles
settling out first. Sediment is deposited on the bottom of the
Bay and in marshes along its edges. Sediment passing out the
Golden Gate may remain suspended, settle to the ocean floor,
or be deposited on nearby beaches.

LESS SEDIMENT REACHES THE BAY TODAY
Over time, humans have dramatically altered the amount of
sediment delivered to the estuary, with significant ecological
and human costs. In the 19th century, the amount of sediment
reaching the Bay actually increased because of erosion from
ranching, farming and hydraulic mining in the Sierra Nevada42. In
recent times, however, far less sediment has flowed downstream
– with major consequences for the Bay. Thousands of dams
constructed over the past century and a half throughout the
watershed now trap the flow of gravel, clay, sand and silt.
Meanwhile, hundreds of miles of stream bank were engineered
to limit erosion in the watershed. Submerged islands trap
sediment in the Delta43 and dredging of navigation channels
removes sediment directly from the system44.
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FRESHWATER FLOW MOVES SEDIMENT INTO AND THROUGH THE BAY
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Figure 7: Peak flows of fresh water into the estuary carry
sediment through San Francisco Bay and beyond. The graph
above shows flow during a brief pulse of freshwater flow in the
days following a December 2014 storm. When Bay inflows
increase, a plume of suspended sediment is transported
downstream, as seen in the satellite photos of San Francisco
Bay from December 23, 2014 to January 3, 2015. Sediment
suspended in the Bay’s waters from these infrequent, but
critically important, peak flow events is important for restoring
tidal marshes and maintaining habitat for native fishes. Sediment
supplies to the Bay and nearshore ocean have been limited by
physical changes to the landscape (e.g., they are trapped behind
dams and removed by dredging) and by elimination of the higher
peak flows that could mobilize the sediments that remain. New
projects to store or divert large amounts of water upstream of the
Bay could siphon off more of the declining suspended sediment
supply and further truncate the peak flows that carry that
sediment downstream.

IT’S CLEAR – AND THAT’S THE PROBLEM
Capturing more water upstream and regulating downstream
releases traps large volumes of sediment in reservoirs, limits
erosion and overbank flooding along Central Valley rivers and
tributaries, and reduces the frequency of flood events that would
otherwise allow more sediment to reach the Bay45. Peak flows
that can mobilize significant amounts of sediment occur much
less often, and when they do, they carry much less sediment
than previously46. Sediment input from the largest source in
the Bay’s watershed, the Sacramento River, declined by half
between 1957 and 200147.
Many estuarine fish species respond to water turbidity – reduced
visibility due to suspended sediments – in order to evade
predators, find food, and move between habitat areas. Because
the amount of sediments available for resuspension in the

Bay has declined, turbidity has been dramatically decreased
– by 36% in 199948 and by as much as 40% in the Delta49.
The occurrence of clearer water is believed to expose highly
endangered fish species like salmon and Delta smelt, and other
organisms to increased risk from predators50 and lost feeding
opportunities51.

FEEDING HUNGRY MARSHES AND BEACHES
A healthy sediment supply is crucial to the persistence of marsh
and beach habitats throughout the estuary. As they become
saltier due to reduced inflows, the brackish and freshwater
marshes of the upper estuary require even larger amounts of
sediment to maintain their physical form and elevation52. The
problem is magnified by accelerating sea level rise, which will
drown the Bay’s existing wetlands unless they gain elevation.
Maintaining low Bay inflows – or further reducing them – at the
same time that sea levels rise, will ensure continued loss of this
unique estuarine habitat. Reducing sediment inputs to wetlands
undermines California’s large-scale investment of time, money
and energy to restore them.53. These and all types of wetlands
are not just habitats for fish and wildlife; they also function as
barriers against the effects of sea level rise on at-risk human
communities and valuable infrastructure around the Bay; insufficient sediment inputs will make it more difficult to provide and
maintain these barriers54.
Bay inflows also transport sediments that feed and maintain local
beaches, and these areas shrink or are lost as sediment inputs
decrease. Twenty-three miles of sandy beaches in the Bay have
been reduced to 7 miles, and most of the remaining beaches
are in different locations than historical beaches55. Outside the
Golden Gate, the coastline is the most rapidly eroding section
in the state, with erosion accelerating 50% since the 1980s56.
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Baker Beach, Photo Credit: Christian Mehlführer

Although Bay inflow reductions aren’t the only cause, they are
an important contributor to the beach erosion problem. High
Bay inflows can carry a lot of sand: at low flows, sand is a small
percentage of the total sediment load in the Sacramento River,
but it represents up to 70% of the total at high flows57. The loss
of high flows into the Bay cuts off sand resupply to chronically
eroding beaches throughout the Bay Area and along the open
coast south to Pacifica (where most sediments have a Sierran
origin, transported on flows from the Bay’s watershed)58. Beach

erosion in these areas removes habitat for many bird and invertebrate species, such as breeding populations of snowy plovers
that require undisturbed beach area for nesting59. And, of course,
people enjoy beaches too.

POLLUTION
Preventing pollution before it happens by eliminating or reducing
toxic inputs to air, land, and water is always the best policy. In
conjunction with that approach, maintaining adequate freshwater
flow into the Bay helps to dilute the concentration of chemical
and biological contaminants before they reach levels that are
toxic and decreases the amount of time these substances spend
in the Bay where the dilution factor is much lower than in ocean
waters. Conversely, when freshwater flows are reduced for long
periods, both naturally occurring and synthetic contaminants can
increase to toxic levels.

TOXIC POLLUTANTS DO MORE HARM WHEN
FLOWS ARE LOW
The amount of Bay inflow is known to significantly affect how
readily available some heavy metals are to aquatic organisms
like shellfish60. Silver and copper concentrations in benthic
organisms in the South Bay typically decrease after winter
inflows lower salinities, especially in years with higher flows.
Reducing Bay inflows from the Central Valley could also reduce
the effectiveness of processes that assimilate and neutralize
waste in the South Bay61.

inants from the sediment to the food web; in Suisun Bay, for
instance, the concentration of mercury in suspended sediment
is higher at low Bay inflows (because waves resuspend bottom
sediment) and lower at higher inflows63.
Selenium is a naturally occurring element, essential, in trace
amounts, for animal cell function. But it is highly toxic at even
slightly higher doses, causing birth defects, reproductive
failure, or death. The primary sources of selenium in the Bay’s
watershed include discharges into the Bay from oil refineries and
irrigation runoff from selenium-laden soils on the west side of the
San Joaquin Valley.
Low flows promote uptake and integration of selenium into the
food web64. Low flows are specifically correlated with higher
selenium concentrations in clams65. As a result, diving ducks,
sturgeon, and Sacramento splittail, which eat clams, can
develop deformities and reproductive problems because of the
elevated selenium levels associated with low flows66. Selenium
concentrations in clams rise to a level of concern when Bay
inflows are less than 7,000 cfs67; these extremely low Bay inflow
levels occurred in 2014 and 2015 when the State of California
relaxed minimum water quality and flow requirements in order to
increase deliveries for agricultural irrigation in the Central Valley.

Significant amounts of “legacy” contaminants from past mining
and industrial practices are embedded in the Bay’s sediments,
where they can be taken up by benthic organisms and then
bioaccumulate in the foodweb. Over the past 20 years, for
instance, mercury and PCB (Polychlorinated Biphenyl) concentrations in fish have persisted at high levels, limiting consumption
of popular fish species62, even long after being phased out from
human use. Low flows can exacerbate the transfer of contam27

TOXIC ALGAL BLOOMS – CAN REDUCING FLOWS
GENERATE NEUROTOXINS?
When freshwater flows are reduced to low levels, the estuary
can become a good environment for harmful organisms that
generate dangerous toxins.
Cyanobacteria (also known as “blue green algae”) are ancient
photosynthetic ancestors of modern plants and algae. Some of
the chemicals produced by cyanobacteria are extremely toxic to
humans and wildlife. Periodic proliferation of certain cyanobacteria (such as Microcystis aeruginosa) are called “harmful algal
blooms” or HABs. These blooms produce neurotoxins that can
kill fish, aquatic mammals, waterfowl, and even dogs68. When
these toxins get into drinking water supplies they are a real risk
to human health.

Cyanobacteria bloom, Photo Credit: US Geological Survey

Blooms of toxic cyanobacteria are occurring with increasing
frequency in the upper estuary69. Toxins produced by HABs have
been detected in invertebrates and fish throughout the entire
estuary70. Organisms that are not killed outright by these toxins
can transfer the poisons to their predators; the toxins become
more concentrated as they move up the food chain (in a process
known as “biomagnification”).

inflows is a crucial element in preventing the creation of powerful
toxins that threaten people and the environment.

A recent review prepared for the California Environmental
Protection Agency concluded that HABs in the Bay estuary
are more frequent when water moves more slowly (increased
residence time) and water clarity is high71; both of these
conditions occur when inflows are low. The fact is that low flows
not only fail to dilute or flush pollutants but also actually provide
the very conditions that support the growth of organisms that
generate powerful toxins. In this case, maintaining adequate

Estuaries are highly productive nursery habitats for fish, birds,
mammals, and invertebrates like crabs and shrimp. The San
Francisco Bay estuary is no exception. Beginning in the 19th
century, San Francisco was the center of major commercial
and recreational fisheries for salmon, sturgeon, herring, smelt,
rockfish, halibut, flounder, and crab. The Bay’s bounty played
a large role in feeding the growing population of central and
northern California and even Oregon.

FOOD WEB PRODUCTIVITY

Not surprisingly, this natural productivity depends on the many
environmental processes that are driven or influenced by
how much fresh water makes it to the estuary. As river flows
reach the upper estuary, they slow down and spread out into a
mosaic of shallow waters, mudflats and brackish and freshwater
marshes; all of the critical inputs of nutrients, sediments and food
the flow brings supports the growth of phytoplankton (tiny aquatic
plants) and zooplankton (very small invertebrate animals),
and a host of larger creatures that feed on them, in the water
column and along the wetland margins.
These freshwater and brackish habitats
are more productive than the saltier ones
downstream72 and a large number of rare
species are only found there73. Even
though there are many factors that affect
productivity, the science is clear that
productivity of the food web in estuaries is
closely tied to freshwater inflow74, and that
flow’s stimulation of the food web has an
important impact on survival and growth
rates of many species75.

including birds and mammals. The survivors migrate on currents
driven by inflows and the tides, and some become food in distant
parts of the estuary, even outside the Golden Gate. The juvenile
Chinook salmon produced in the Bay’s watershed eventually
become one of the primary food items in the diet of the Orca
whales that reside in the Gulf of the Farallones77. This means
that even creatures that rarely enter the Bay rely on the productivity of the food web driven by the amount and seasonal timing
of Bay inflow (Figure 8).

One way to focus on how the estuary’s
food web works is to take a closer look
at the production of juvenile Chinook
salmon from the Bay’s Central Valley
watershed. Production of juvenile salmon emigrating from the
Central Valley’s rivers is strongly correlated with the amount and
timing of freshwater flow76. River flows carry these young fish
downstream to the estuary, along with the nutrients, sediments,
and food that stimulate productivity. The estuary’s muddy waters
and wetlands (a result of sediments transported from upstream)
provide cover and abundant food that allow the young salmon to
survive and grow, along with other small fish and invertebrates.
Some of the young salmon become prey for larger species,
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FRESHWATER FLOWS AFFECT FOOD WEBS IN THE BAY AND BEYOND

PREDATORS

Some predatory
species like starry
flounder respond
directly to annual
changes in Bay inflow
rates, declining as inflows
decrease. Many other species,
including seals, otters, osprey,
pelicans, halibut, and sharks, are affected indirectly when populations of “forage fish” prey
species decline in response to flow reductions. For example, Orca whales outside the Golden
Gate are impacted when the numbers of their preferred prey, Chinook salmon, shrink in
response to reduced freshwater flows throughout the Bay’s watershed.

SECONDARY CONSUMERS

Most of San Francisco Bay’s fish are secondary
consumers that feed on invertebrates. Many respond
directly to changes in the timing and volume of water
flowing from rivers into the Bay, including sturgeon, juvenile salmon, longfin smelt, Delta smelt, and juvenile striped bass. Although many mechanisms contribute to the
positive response of different fish species, all these species are likely impacted by how changing freshwater flows affect production and distribution of their invertebrate prey
(the primary consumers).

PRIMARY CONSUMERS

The Bay’s primary consumers (shrimp, copepods, shellfish, and other very small species which eat primary producers, like algae and plants) are essential for transferring
energy and nutrients in the Bay’s waters to the fish and wildlife species we all enjoy. Many fish and bird species would starve without them. Flow rates also influence how
and when these prey species occur and which animals get to eat them.

PRIMARY PRODUCERS

The food web is founded on small organisms that convert sunlight and nutrients into biological material. Bay inflows affect factors like spatial distribution of
primary producers (or phytoplankton).

HARD TIMES FOR THE UPPER ESTUARY FOOD WEB
Freshwater flows into the estuary are an extremely powerful
driver of productivity in northern San Francisco Bay and the
Delta. Over many decades, scientists have documented
strong and persistent statistical relationships between winter
– spring inflows and the abundance of major invertebrate prey
populations like Bay shrimp78. In years with low inflows, Bay
shrimp biomass correspondingly declines79. Under natural runoff
patterns, inflows are high enough in most years to support a
productive ecosystem. The human-made “permanent drought”
experienced in the Bay, however, in combination with other
factors, has had catastrophic effects on the food web. Primary
production in the Delta declined 43% between 1975 and 199580.
One flow-related factor is the long-term decline in suspended
solids entering the estuary on peak inflows, and the resulting
increase in water clarity, which increases predation risk for many
species. Another factor driving the decline in food web productivity is the almost complete loss of fresh water inflow from the San
Joaquin River basin portion of the Bay’s watershed81 (most of
which is either diverted upstream or exported by the giant Delta
pumps).
Figure 8: San Francisco Bay and the nearshore ocean support
an incredible array of fish, bird, mammal, and invertebrate
species that are linked together in a complex food web.
Freshwater flows into the estuary have direct effects on the
productivity of this food web – major decreases in fresh water
flows and/or changes in the timing of that flow lead to smaller
populations of many key organisms. The creatures that feed on
these “flow-dependent” species, including birds and mammals
that live in the nearshore ocean, are indirectly impacted by
declines in their food supply. Human water diversions in the
Bay’s watershed have had measurable (and often dramatic)
negative effects on the food web of San Francisco Bay and the
nearshore ocean.

Overbite clam
Photo Credit:
Luis A.
Solórzano

An additional alteration to the Bay’s food web is invasion by
exotic (non-native) species, which can displace native fish
and wildlife populations82. Reduced inflows favor the spread of
invasive species83, probably because flow reductions undermine
the ability of native species to dominate their historical habitats.
The extent of change varies by location, with the biggest
changes in the historically fresh and brackish portions of the
upper estuary, which are increasingly dominated by invasive
species over time84. The most dramatic example of food web
alteration by an exotic species is the colonization of this region
in the 1980s by the overbite clam; this one species filters large
amounts of phytoplankton from the water column, leaving less
energy available for all the other species that feed on plankton
or its consumers. The overbite clam invasion coincided with
a dry period when reservoir operations and water diversions
prevented more than three-quarters of the Central Valley’s
winter-spring unimpaired runoff from reaching the Bay85. The
conjunction of these stressors has been implicated in multiple
changes in the structure and functions of the upper estuary’s low
salinity zone86.
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Despite these major changes, many fish and zooplankton of
the upper estuary continue to respond positively when estuary
inflows increase because the flow-related mechanisms that drive
their productivity have not changed87. In addition, the effect of the
overbite clam may be ameliorated at higher flow levels as their
abundance fluctuates in response to salinity changes88, with the
population responding to shifts in the extent and location of the
low salinity zone89. Indeed, increases in freshwater flow may help
control a wide range of nuisance species in the estuary, such as
Brazilian waterweed (Egeria densa), toxic algae, jellyfish, clams,
and inland silverside90.
To make matters even worse in the post-invasion world,
declining inflows in recent years have facilitated the occurrence
of harmful algal blooms of cyanobacteria in the Delta and upper
estuary. When such blooms occur, they can change phytoplankton community composition and toxin levels91. The new
fact on the ground is that the loss of inflows has not only been
undermining the ability of the food web to support native species
in the upper estuary, but now it is actually helping create a new
food web that is toxic to fish, wildlife and humans.

plankton blooms are “is directly related to the intensity and
duration of river-driven density stratification”96, and when Bay
inflows are very high exceptionally large blooms occur as a
result97.
As mentioned earlier, the surface plume of brackish water
that flows out the Golden Gate in winter and spring creates a
highly productive environment that makes an important contribution to the richness of the marine ecosystem in the Gulf of
the Farallones National Marine Sanctuary98. The plume front
creates a food-rich habitat where invertebrates, fish, birds, and
marine mammals all converge to eat and be eaten. Flows into
the Bay and then onward to coastal waters also directly facilitate
the transport of nutrients and organisms and cue stages in the
outmigration of juvenile Chinook salmon and other fish which are
important food sources for marine mammals like Orca whales.

THE FAR SIDE: PLANKTON IN THE SOUTH BAY
AND OUTSIDE THE GOLDEN GATE
Because fresh water is less dense than saltier water, freshwater
inflow from the upper estuary rides on the surface of the water
column as it enters the South Bay in the spring. This sets up
strong density-driven currents in the South Bay92, which in turn
provide the right conditions for a spring plankton bloom93. When
South Bay waters become stratified during and after these spring
inflows, sun penetrates the fresher surface waters allowing algal
cells to grow94, unchecked by the large population of grazing
organisms that live on the bottom of the Bay95. How large these

Orcas near Golden Gate Bridge
Photo Credit: Jennifer Hagerty

Chinook salmon Photo Credit: Bay.org

WHO SUFFERS FROM THE
BAY’S STARVATION DIET?

Photo Credit: Judy Irving

HOW FISH, WILDLIFE, AND PEOPLE ARE HARMED BY A FRESHWATERSTARVED BAY

E

very day, the seven million of us who live in the Bay Area
can enjoy San Francisco Bay by walking along its shores,
gazing at it from our cars, homes, or offices, or by swimming in
or boating on its waters. Each year, more than twice that many
people visit the region to enjoy this spectacular estuary, its

waters, and its natural bounty. The benefits that people derive
from vibrant fish and wildlife populations, good water quality, and
diverse natural settings are all tied to making sure enough fresh
water makes it into the Bay. In other words, Bay inflow isn’t just
good for the Bay ecosystem but is one of the foundations for the

quality of life and the strength of the economy in the Bay Area.
The San Francisco Bay estuary supports some 750 species of
plants and animals, and many more are found throughout its vast
watershed. Nowhere else on Earth do so many distinct types
of Chinook salmon use one place as a migratory corridor and
juvenile rearing area. The Bay’s wetlands are home to over a
million waterbirds, including many unique native species, and an
important food source
and resting place for
millions of migrating
birds. These species
all evolved in response
to predictable natural
patterns of inflow to the
Bay.

fish and wildlife – from the transport of fish, food, nutrients and
sediments in Bay inflow to the formation of low salinity zones,
wetlands and beaches – are shaped by how much freshwater
flow arrives, when it arrives, how frequently it occurs, and how
long it lasts. There are many examples, unfortunately, of what
happens when the flow is no longer big enough, doesn’t last long
enough, isn’t frequent enough, or doesn’t occur at the right time.

Cold freshwater flows
in rivers throughout
the Bay’s watershed
provide excellent
conditions for spawning
of a wide range of fish
species, like Chinook
salmon, Sacramento
splittail, green and
white sturgeon,
and steelhead. The
emerging year-class of
juvenile fish then migrate into the Bay where they join a complex
food web of resident and migratory species living in the open
waters, wetlands, and nearby terrestrial habitats. Most species
in the Bay are affected in some way by the freshwater pulses
that flow through it and mix with its more saline marine waters
(Figure 9). As explained in the previous chapter, all the critical
processes that make the Bay estuary a productive place for
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WHAT DO THESE SPECIES HAVE IN COMMON?
SPECIES

NATIVE?

LIFE SPAN
(YEARS)

RESIDENT/
MIGRATORY/
NURSERY REARING

REPRODUCES
WHERE?

ABUNDANCE
CORRELATED
WITH FLOW?

Chinook Salmon

Yes

3-5

Anadromous

River

Striped Bass

No

4-10

Anadromous

River

YES

Green Sturgeon

Yes

Decades

Anadromous

River

YES

Delta Smelt

Yes

1

Resident

Delta

YES

Longfin Smelt

Yes

1-3

Resident/ Migratory
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Figure 9: The relationships between freshwater flow and species abundance are widespread. The specific mechanisms by which flow affects abundance, and
the relative importance of mechanisms are likely to vary for different species (Kimmerer 2002b); however, the strong, significant correlations that persist across
decades of monitoring provide powerful evidence of the benefits of freshwater flow to San Francisco Bay’s fish and wildlife populations.

VIABLE POPULATIONS OF FISH AND WILDLIFE
NEED FRESH WATER
The massive transformation of the Bay’s watershed by tens of
thousands of dams, canals, pumps, and wells has changed the
patterns of flow to the Bay so much that the current conditions
bear little resemblance to those in which the Bay’s native fish
and wildlife evolved. The result is a system where native
species are in decline – some very close to extinction – while
nuisance non-native species increasingly take advantage of the
altered ecosystem.
Populations of many aquatic organisms at different levels of
the food web have sharply declined, and six native fish species
- Delta smelt, longfin smelt, steelhead, green sturgeon, and
the winter and spring runs of Chinook salmon – that used to
be among the most common in the estuary are now listed as
in danger of extinction by the federal government and/or the
State of California (Figure 10). To have viable populations, these
species need to be:
• abundant (have enough individuals to ensure long-term survival
through a range of different conditions)
• diverse (have enough variation among individuals to ensure
that some will respond successfully to changing environmental
stresses)
• productive (able to grow the population fast enough to exploit
good conditions in a variable environment); and

American shad Photo Credit: Brian Currier

• spatially distributed (exist in a large enough area to avoid
catastrophic localized pressures).
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Figure 10: Abundance trends of several populations that serve as key indicators for the health of the San Francisco Bay estuary and its watershed. Data sets
and length of data time series differ across species.

Many populations that use the San Francisco Bay estuary as a nursery or migration pathway are in
severe decline. These declines pre-date, but have been exacerbated by, water management actions
during the current drought.
Data provided by: California Department of Fish and Wildlife’s Bay Study, Fall Midwater Trawl, Zooplankton Study, Anadromous Resources Assessment
and the Interagency Ecological Program for the San Francisco Estuary

The outlook for these populations is grim in large part because
Bay inflows are no longer adequate to maintain the services the
Bay ecosystem once provided to support abundant, diverse,
productive and spatially distributed populations.
One of the best-documented facts about the estuary is the
strong, persistent relationship between freshwater flow and
healthy populations of key species. Over the past few decades
many scientific studies have documented the critical role
freshwater flows play in maintaining viable populations of native
fish and wildlife, and the productive habitats and food webs that
support them, in estuaries in general and the San Francisco Bay
estuary in particular99. This overwhelming body of evidence has
led federal and state regulators and resource managers, as well
as numerous scientific review panels, to conclude that current
freshwater inflows to the Bay estuary are no longer adequate to
sustain native fish and wildlife populations100.

ABUNDANCE: LESS FLOW, LESS FISH
Obviously, the more individuals of a particular plant or animal
species there are, the less vulnerable that species is to
extinction risks from natural or human disturbances like habitat
destruction or toxic pollution. Native fish species such as Delta
smelt, longfin smelt, and Chinook salmon were among the most
abundant species in the Bay ecosystem until the second half of
the 20th century, but are now among the most rare species, and
altering and reducing flows has been the main reason for their
decline.

spring months because the inflow from rainfall and snowmelt
during this period was naturally higher, creating beneficial habitat
conditions. The amount of timing and flow in any winter – spring
period has a large effect on how populations of these species
respond during the months and years following101 (Figure 11).
During the winter and spring, the migration of juveniles of fish
species like Chinook salmon, steelhead, and sturgeon is cued
by rising flow levels, and the young fish make their way along
with the flow from their natal rivers through the estuary to the
ocean. More Chinook salmon survive the journey when flows are
higher102.
At the same time, small forage fish like Delta smelt and longfin
smelt, important parts of the estuary food web, respond to
increasing flows by moving to spawning areas in the upper
estuary and breeding. Longfin, once the most common native
fish residing in the estuary and now one of the rarest, respond
dramatically to flow changes – their abundance is tightly and
positively correlated to winter – spring Bay inflows103. No other
factors, including the impact of invasive species, appear to affect
longfin population dynamics during the first few months of life104.
During the spring months young starry flounder (another species
caught by recreational and commercial fishermen) migrate into
the Bay estuary from the ocean to mature105. The number of
one-year-old starry flounder rearing in the estuary in a given year
is strongly correlated to the amount of freshwater inflow in the
previous spring106.

How much Bay inflow there is during critical times in fish life
cycles strongly affects abundance: Critical parts of the life cycle
of many fish species in the Bay estuary – such as reproduction,
growth, and migration – are timed to occur during the winter and
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DECLINING BAY INFLOWS = DECLINING FISH POPULATIONS
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Figure 11: Strong correlations between abundance (blue lines, left
vertical axis; abundance indices from biological sampling programs)
and winter-spring inflow into San Francisco Bay (green bars, right
vertical axis; “Bay Inflow”) have persisted for many decades for fish
species and their invertebrate prey. Longfin smelt were once the
estuary’s most common resident fish and a key component of a
commercial smelt fishery; this population has declined by orders of
magnitude and is strongly and significantly correlated with freshwater
flow rates. Starry flounder, a predatory fish, generally increase in years
following those with high freshwater flows into the estuary. Bay shrimp
are prey for smelt, flounder, and a host of other fish and bird species;
their population tracks closely with springtime Bay inflows.
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Chinook salmon production (the estimated number of fish from a given
watershed that reach age-2 in the ocean) is highly correlated with
freshwater flow rates that occurred when juvenile salmon migrated to
the ocean, two years earlier. The figure matches production of naturally
spawned Chinook salmon from the San Joaquin River with the river’s
flow to the estuary two years earlier, during outmigration of that same
cohort of fish.

Many other species produce a significant and persistent
population response to winter – spring inflows, from the smaller
organisms and other zooplankton that fish feed on, such as
shrimp107 to the popular non-native sportfish like striped bass and
American shad that once thrived alongside native species108, and
from the estuary’s brackish upper reaches to as far away as the
South Bay109.
While the population effects of inflow to the estuary are most
noticeable in the winter and spring, the effects are not limited
to these seasons. The endangered Delta smelt, a small native
fish found nowhere else in the world which used to be one of the
most common fish in the estuary, benefits from increased area of
brackish habitat that forms when fresh water reaches the upper
estuary in September and October110. The adult Chinook salmon
that successfully survived their journey to and through the ocean
rely on the same fall inflows to provide adequate water quality
conditions for their return migration111 and help orient them
towards their native spawning grounds112.
Exporting Bay inflows (and fish) into giant pumps also cuts
down on abundance: In the Delta region of the upper estuary,
giant pumps operated by the federal Central Valley Project and
State Water Project export water for use by irrigators in the San
Joaquin Valley and cities in Central and Southern California.
These pumps are so powerful that much of the Bay inflow is
drawn toward the interior Delta, and along with it fish and invertebrates, and their eggs and larva. More than 9,000,000 fish on
average are screened out of water to be exported by the pumps
each year; though this process is called “salvage,” most of these
fish will die before or shortly after they are released back into the
Delta113 (Figure 12). The real impact of salvage is actually much
larger because larval fish are not counted and most small fish
die (typically in the mouths of predators) before they reach the
salvage facilities. In drier years, these export impacts can have

Starry Flounder is one of many fish species that respond positively to increases
in freshwater flow into San Francisco Bay. Dramatic reductions in Bay inflow
jeopardize the recreational and commercial fisheries for this species.
Photo Credit: David Csepp, NMFS/AKFSC/ABL

a devastating impact on fish abundance, taking up to 40% of the
annual population of Delta smelt (which live only one year) and
up to 15% of outmigrating juvenile Chinook salmon114.
How much Bay inflow there is can help or hinder the spread of
non-native species: The Bay estuary is one of the most highly
invaded estuaries in the world, and the radical alteration of Bay
inflows is believed to be a primary factor in successful colonization by invasive non-natives. The abundance of many non-native
species shifts in inverse proportion to flow. For example, an
extended drought in the 1980s coinciding with then record
high levels of water diversion facilitated the establishment and
explosive spread of the overbite clam. When, in contrast, Bay
inflows increase, invasive clams and fish such as the small but
voracious inland silverside decreases in abundance115.
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NUMBER OF FISH SALVAGED AT THE STATE AND FEDERAL PUMPS IN THE DELTA 1993 – 2011
STATUS KEY
Endangered - Federal
Endangered - California
Threatened - Federal
Threatened - California

SELECTED FISH SPECIES

Maximum

American shad

1,022,700

2,510,184

Bluegill

127,133

394,952

Channel catfish

45,799

131,484

Chinook salmon (winter run)
Chinook salmon (spring run)
Chinook salmon (fall run)

LEGEND
Native to CA
Recent decline
Important Fishery
Commercial/Sport
Fisheries Destroyed
Protection Removed

(for political reasons; species
has not recovered)

Figure 12 Fish were selected to

encompass the wide range of species and
life history types that are affected by water
pumps.
“Average annual salvage” is mean yearly
salvage from 1/1993 through 12/2011;
“Maximum salvage” is the value for the
calendar year with the highest salvage
numbers (years differ amoung species).
These numbers underestimate the actual
fish kills by not counting the fish that
slipped through the bypass system and
were killed by the pumps, and by not
including indirect mortality. “Yearly Total”
refers only to the 20 species listed.

1993-2011 ANNUAL SALVAGE

Average

51,955

183,890

Chinook salmon (late-fall run)
Delta smelt

29,918

154,820

Green sturgeon

58

363
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62,838

142,652

Largemouth bass

54,180

234,198

Longfin

6,228

97,686

Prickly sculpin

76,403

274,691

Steelhead (Rainbow trout)

5,278

18,580

Redear sunfish

1,609

5,611

Riffle sculpin

155

798

Sacramento sucker

3,443

27,362

Sacramento splittail

1,201,585

8,989,639

Striped bass

1,773,079

13,451,203

Threadfin shad

3,823,099

9,046,050

White catfish

296,543

941,972

White sturgeon

151

873

Yellowfin goby

193,399

1,189,962

AVERAGE YEARLY SALVAGE TOTAL: 9,237,444

STATUS

DIVERSITY: IT’S ALL IN THE TIMING
“Don’t put all your eggs in one basket” is common advice for
different juvenile migration strategies have succeeded under
investors. Likewise, populations comprised of diverse individuals
different conditions118. But, as shorter and less frequent peak
that exhibit a range of life history behaviors and genetic predisflow periods and lower flow volumes occur with increasing
positions are more resilient to environmental disturbances of all
regularity during their juvenile migrations, the salmon life history
kinds and less vulnerable to the risk of extinction. California’s
types that can survive such conditions are favored over other
natural regime of extended winter rains and spring snowmelt and
life-history types. The period when flows are provided to support
high year-to-year variability favors a wide variety of responses
the outmigration of juvenile fall-run Chinook salmon from the
by the individuals within a population. Constraining the volume
San Joaquin River (the state’s second largest river) is limited to
and timing of peak flows year after year selects for a small
one month, and even that requirement was relaxed during the
segment of behavioral and ecological responses that are able to
recent drought.
utilize habitats during limited windows of availability (Figure 13).
For instance, the dramatic decline of Bay inflows in the winter
Restricting the migration window and limiting the flows that cue
and spring limits the spawning period for Delta smelt, making
migration undermines the life-history diversity (in this case, the
the fish less able to capitalize on good conditions that may
size and time at which juveniles migrate) that have allowed
116
occur during the multi-month spawning and rearing seasons .
Chinook salmon to survive natural (and extreme) fluctuations in
When the window of suitable
spawning conditions for Delta
smelt is reduced and limited
SPECIES OF FISH COMMONLY COLLECTED AT THE
to the same narrow timeframe
STATE FISH SALVAGE FACILITY
PHOTO: CA DWR
year after year, some rare but
valuable life-history strategies
no longer pay off. The genetic
variants that allow for these
different strategies may decline
or even disappear – meaning
that the population’s ability to
grow is compromised, even
when good conditions return117.
Hedging your bets is the
best way to plan a migration:
Chinook salmon experience a
similar dilemma. Historically,
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Only 28% of the Central Valley watershed’s runoff made it to the Bay
between February and June 2009, the lowest percentage of available
flow since 1990. Peak flow events in January, February, March, and
early May were virtually eliminated; this deprived juvenile salmon (all four
distinct populations) and numerous other species of the ecological benefits
associated with these short-term pulses of fresh water.

Sixty-five percent of Central Valley runoff was diverted during the winterspring of 2010, and high percentages were diverted during peak flow
periods that species like Chinook salmon rely on to find their way through
the Delta to the Ocean.

Figure 13: Overlap in timing of freshwater flow and presence of different species life-stages in San Francisco Bay and the Delta. Top panels show, for
years 2009-2012, the rate of freshwater flow into the Bay (Bay Inflow, orange line) in comparison to what would have flowed had there been no dams or
diversions upstream of the estuary (unimpaired flow, blue line). Lower panels show the seasonal timing of several species that use the estuary to

FLOW AND SPECIES 2009-2012
67% of
peak
captured

WY 2011 BAY INFLOW
BAY INFLOW
WATER YEAR 2011

57% of
57% of
peak
peak
captured
captured
12/21/10
12/21/10

WY 2012 BAY INFLOW
BAY INFLOW
WATER YEAR 2012

300,000

1% of
peak
17% of
captured
peak
3/23/11
captured

200,000

85% of
peak
80% of
captured

peak
captured
10/26/10

74% of peak captured

58% of peak
captured
53% of
peak captured

80% of
peak
captured
10/26/10

64% of
peak
48% of
captured

peak
captured
1/24/12

50,000

0

Nov$
Nov
Nov

Dec$
Dec
Dec

Jan$
Jan
Jan

Feb$
Feb
Feb

Mar$
Mar
Mar

Apr$
Apr
Apr

May$
May
May

Jun$
June
Jun

Jul$
Jul
Jul

Aug$
Aug
Aug

Sep$
Sep
Sep

0

Oct$
Oct
Oct

Even when wet conditions returned in 2011, most of the winter flows were captured until
Central Valley reservoirs were filled in March. After that, runoff was allowed to reach the
estuary. Fish and wildlife usually receive their share of life-giving flows only when humans
run out of space to store extra water.
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When dry conditions returned in 2012, most of the available fresh water
runoff was diverted again. Only 38% of the critical winter-spring flows
reached the estuary, plunging the Bay’s ecosystem back into a severe,
man-made drought. Again, species like salmon and splittail were deprived
of the short-term peak flows upon which they rely.

complete their life cycle (light blue bars indicate when a life stage may be present; dark blue bars indicate the life stage is definitely present at that time). The
overlap between species presence and periods when flow volume was significantly reduced by water diversions and exports in each year (red shading) reveals
likely impacts of Central Valley water management on major fish and invertebrate populations in San Francisco Bay.
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their environment for millennia. This loss of diversity in juvenile
migration strategies likely led to the unprecedented closures of
California’s ocean fishery in 2008 and following years119. The
net effect of reducing migration diversity is to gamble that a
small subset of the fish that migrate during such short windows
will reach the ocean exactly when food supplies, temperatures,
and other conditions are adequate. Salmon thrived in the Bay
estuary by hedging their bets about when to go to the ocean;
restricting those opportunities eliminates large portions of the
population that might capitalize on changing conditions, and
makes the dwindling remnant much more susceptible to extreme
population swings.

PRODUCTIVITY
In the context of what defines a viable population, productivity
refers to a population’s ability to grow; it is the balance between
birth rate and death rate. Populations that have a high capacity
for population growth can rebound quickly after periods with
poor environmental conditions120. In estuaries, both river inputs
and ocean conditions affect productivity of different species
to different degrees. Scientific research in the Bay estuary
suggests that freshwater inflows have greater ecological effects
on this particular estuary than the effect of ocean waters moving
inland into less saline environments121 (Figure 14).
As with abundance, there is strong scientific evidence linking
population growth in native fish species like longfin smelt and
Chinook salmon to freshwater inflows to the estuary122. In
the variable conditions that typify an estuary, many aquatic
organisms evolved to rebound rapidly in wetter years following
poor conditions in drier years. But these species must now
contend with the Bay’s human-made “permanent drought”. In
terms of the actual conditions experienced by the estuary’s fish
and wildlife, wet years are infrequent and much less wet, and
drier years are extremely dry and nearly continuous. As a result,

in most years the population’s rate of growth is constrained,
and the higher flows that would allow the population to rebound
rarely occur.
Food web productivity also improves with increases in
freshwater flow to the estuary. Productivity in this sense has
been degraded by the direct and indirect effects of reducing
inflows, as described in the previous chapter. One of those
effects is the successful establishment of invasive species,
whose growing numbers can displace native fish and wildlife
populations by competing for food and habitat. The effects are
not confined to the winter and spring months. For example, the
prevailing theory about why anchovies are no longer abundant in
the upper estuary in summer and fall is that the local population
simply left the area when food web productivity was reduced123.
This effect has been attributed to the effect of the overbite clam
on production of anchovy prey; however, the clam’s invasion
itself appears to have been facilitated by the extreme reduction
in inflow. Species such as Pacific herring feeding in the
summertime may also be negatively affected by reduced food
web productivity in the Bay124.

Salmon

Photo Credit: Bay.org
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FRESHWATER FLOW DRIVES MULTIPLE MECHANISMS THAT AFFECT PRODUCTION OF FISH IN THE BAY
Figure 14: A generalized view of factors driving population fluctuations for many of the fish populations that depend on the Bay
to complete their life cycle. The forces that produce each ecological feature and their impact on different fish species are too
numerous to list; the key point is that freshwater flows into the estuary affect each of these drivers. The strength of the influence of
freshwater flow or ocean impacts varies by species and by location of the life-history stage in question.
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SPATIAL DISTRIBUTION: THE ADVANTAGES OF SPREADING
OUT IN THE LANDSCAPE
Populations are less vulnerable to extinction risk from both degraded
local conditions and catastrophic events when they are more widely
distributed in the landscape125. How much freshwater flow makes it
downstream has a profound effect on how much habitat of different
types is created and where it is located throughout the landscape of
the estuary, in turn affecting where particular species can be found
and how many individuals of that species can utilize a particular
habitat (Figure 15). Because many native aquatic organisms in the
Bay estuary have evolved to exploit its unique brackish water habitats,
resident species such as Delta smelt and longfin smelt are typically
associated with a narrow band of habitat in the Low Salinity Zone.
When inflow to the estuary is reduced, the LSZ contracts in response,
shrinking available habitat for the smelt and related species126. As the
band of usable LSZ habitat contracts, it also moves upstream, shifting
the distribution of longfin and Delta smelt upstream towards the Delta
and increasing the number of fish that are lost to the giant south Delta
pumps run by the federal Central Valley Project and State Water
Project127.
Adequate distribution isn’t just a problem for resident fish. Flows can
be so low in reaches of the southern Delta and the San Joaquin River
basin that their use as migratory corridors by Chinook salmon and
other species is impaired or eliminated128, and water quality becomes
so degraded that fish passage is blocked129. The inability to sustain
the distribution of Chinook and other salmonids in the San Joaquin
Valley portion of the Bay’s watershed is highly problematic as a result
of reduced freshwater flows130. In effect, this loss of spatial distribution makes all of the estuary’s salmonid populations dependent on
conditions in the Sacramento River valley; any problems there (e.g., a
spill of toxic chemicals, disease outbreaks) could eliminate the Central
Valley’s production of salmonids.

Figure 15: The spatial distribution of many species
changes in response to variation in freshwater
inputs to the estuary. These maps show the
distribution of three fish species across a range of
Bay inflows and salinity gradients during the spring.
For example, in an extremely wet year (like 1983)
the distribution of Delta smelt (top row) extends
throughout the upper estuary during the spring.
In contrast, distribution of this native fish is limited
to Suisun Bay and the Delta when the combined
effect of drier conditions and high diversion levels
makes Bay inflows extremely low, such as 1988.
Starry flounder (bottom row) prefer habitats with
intermediate salinities that are broadly available
under high flow conditions, but less widespread
when conditions are very dry. The wettest year
(1983) is depicted for each species on the left hand
side of the figure; drier years are shown to the right
hand side. In the absence of water diversions or
exports, salinity conditions similar to those depicted
on the left would have occurred in 10 years
between 1975-2014, but they actually occurred in
only 4 of those years. By contrast, Super Critically
Dry years only occurred naturally in one year (1977)
during this four decade period, but similarly extreme
conditions in the estuary actually occurred for 19
years – almost half the time.

Data sources: U.S. Environmental Protection
Agency; California Department of Fish and
Wildlife and the Interagency Ecological Program
San Francisco Bay Study; Delta Modeling
Associates (Salinity Gradient, Coarse-grid version
of UnTRIM San Francisco Bay-Delta Model); and
ESRI, DeLorme, BEBCO, NAANGDC, & other
contributors (Basemap).
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FORAGE FISH – WHEN THE FOOD WEB IS
THE SUM OF ITS PARTS
Collectively, small fish and large invertebrates
that swim in open water are known as “forage
fish.” They represent the prey base for larger
fish, sea birds, and marine mammals, which
often do not distinguish one kind of fish from
another. Declines in forage fish populations
are a known threat to populations of
seabirds131 and marine mammals132. Because
of their crucial function in estuarine and
marine food webs, global declines in forage
fish have become a concern for scientists,
ecosystem managers, and some fishing
communities.
The populations of many forage fish species
that were historically the most abundant in the
estuary, such as longfin smelt, striped bass,
American shad, Bay shrimp, and mysid shrimp, have declined
dramatically in recent decades. Unlike many other areas of the
world where they are overfished, forage fisheries are generally
well managed in the Bay and nearshore coastal waters of
California. Instead, these population declines are directly
related to the long-term trend of reducing Bay inflow – indeed,
a reliance on freshwater flow is the only thing some of these
forage fish have in common (Figure 9). Forage fish have an
ecological value much greater than their physical size. Without
sufficient Bay inflow to provide the habitat conditions that allow
forage fish populations to thrive, populations of other fish, birds,
and marine mammals that rely on forage fish in the Bay and the
Gulf of the Farallones are at risk of collapsing too.

Great Egret, one of many native bird species that
relies on the fish and invertebrates produced by the
San Francisco Bay foodweb. The effects of freshwater
flow rates extend throughout the Bay ecosystem and
beyond. Photo credit: David Sanger

FLOW IS FOR THE BIRDS, TOO
Fish, invertebrates, and other aquatic plants and animals aren’t
the only creatures that benefit from Bay inflows, and suffer when
they are reduced. The Bay estuary is also home to a diverse
community of both resident and migratory birds. A critical part
of the Pacific Flyway, the estuary provides crucial habitat for
millions of migrating waterfowl and shorebirds, representing
over 200 species. However, many bird populations that use the
estuary are declining, and currently twenty-two bird species are
listed as threatened, endangered, or species of special concern
in this estuary133.

It takes a fishery to support an aviary: Many
factors are to blame for declines in bird
populations, including urbanization, contaminants, and direct habitat loss. But long-term
reductions in freshwater flows to the estuary
likely contribute significantly to the pressure
on the Bay’s waterbird populations because of the resulting
decline in the abundance of forage fish and the degradation of
wetland habitat and water quality. Protecting fish-eating birds,
such as pelicans, terns, and cormorants, requires production of
a sufficient forage fish prey base. But populations of many fish
species that depend on adequate inflows to the estuary have
dropped well below the levels that are needed to maintain viable
populations of pelagic seabirds134.

DRIVING RECREATIONAL AND COMMERCIAL
FISHERIES INTO THE ABYSS?

Throughout the estuary many bird species are closely
associated with wetland marshes135, and large areas of the
upper estuary, especially in Suisun Marsh, are managed to
provide fresh and slightly brackish habitat for ducks. As reducing
inflows makes the estuary more saline over time, the diversity
and composition of wetland vegetation will change as well,
affecting its habitat value for bird species. Salinity-induced
wetland vegetation shifts in recent years have been as extreme
as experienced in the most severe natural drought periods in
California’s history136. Changing salinities can limit the diversity
of seeds stored in the soil and the productivity, diversity, and
composition of wetlands137. Animal species that depend on these
marshes are likely also impacted by salinity and vegetation
changes resulting from reduced inflow138. Finally, impaired water
quality that is exacerbated or caused by low inflows also harms
the Bay’s many bird populations.

It would be a sadder and poorer world if Californians allow
the San Francisco Bay estuary to become so impaired that its
unique and wonderful aquatic life, and the birds and mammals
that feed on it, disappears forever. But the consequences are
not only ecological, or spiritual, or esthetic – there are extremely
significant economic costs as well. The Bay Area has always
been a major hub of the Pacific Coast’s commercial fishing
industry. Bay Area residents and tourists from across the globe
come to San Francisco Bay in order to enjoy the pursuit of
salmon, sturgeon, and many other game fish and, if they’re
lucky, to bring home a delicious dinner.
“Fish-friendly water management” is the only option: Today,
Chinook salmon are one of the most recognizable and
cherished fish on the Pacific Coast, and their production in
the Bay’s watershed supports a commercial and ocean recreational fishery that extends all the way from Monterey Bay to
Oregon. But these valuable fisheries are extremely vulnerable
to changes in Bay inflows. The long-term trend of flow alteration
(combined with habitat degradation and poor hatchery
management) in the watershed, and the associated declines in
salmon production, has been a contributing factor to the loss of
thousands of jobs and the beaching of hundreds of boats in the
fishing industry139. When these long-term problems overlapped
with poor ocean conditions, fishing for Chinook salmon off the
California coast was closed completely in 2008 and 2009 (and
through most of 2010). At the time, much attention was focused
on the role of ocean conditions (and their relationship to global
climate change); however, the most comprehensive scientific
study of the unprecedented closure of the fishery noted that
decades of poor habitat conditions in their freshwater nurseries
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San Francisco Bay is home to both commercial and recreational fisheries such as Pacific herring pictured in this photo. Fisheries for many species
like salmon and starry flounder depend on the health of the Bay ecosystem, including numerous ecological processes that are driven by freshwater
flows to the estuary. Photo Credit: David Sanger

had set the stage for this collapse and called for “…more
fish-friendly water management…” as one of the few actions
that might prevent the problem from recurring140. If California
wants to preserve its salmon fisheries, the only effective
antidote for poor ocean conditions is to improve flow conditions
upstream of the Golden Gate.
It’s not just salmon on the plate: The Bay supports many other
important fisheries, including the nation’s last major urban
commercial fishery (for Pacific herring). For instance, there is
a valuable sport and recreational fishery for starry flounder, a
predatory fish, which once produced hundreds of metric tons
in California141. The flounder population in the estuary grows
or contracts depending on how much water flows into the Bay
during the spring142. In addition, tourists and Bay Area residents
pay substantial amounts of money (for tackle, licenses, and
a boat ride) to try to catch white sturgeon in the Bay; the
spawning success of these giant fish is directly related to flow
from the watershed into the estuary143. Sacramento splittail, an
endemic species that depends on periodic flooding to inundate
its spawning habitats, are also a staple of recreational and
subsistence fishing in the upstream portions of the estuary.
Invertebrates, like oysters and Dungeness crab, are also much
sought after, and again maintenance and restoration of their
habitats and populations requires more careful management
of freshwater flows to the Bay. Unless flow conditions are
improved, these fisheries could all go the way of the once
vibrant fisheries for Delta smelt and longfin, two species that
were once ubiquitous in the estuary but are now so rare that
they are listed as endangered. As these fisheries disappear, the
fishing communities that depend on them – from small towns
along the coast to families who rely on subsistence fishing in the
Delta to the seafood-related businesses of Fisherman’s Wharf –
are at risk as well.

MARINE MAMMALS SUFFER WHEN
REDUCING FLOWS REDUCES THEIR
FOOD SUPPLY
There are few more amazing and thrilling experiences for
Bay Area residents and visitors than to observe sea lions
and seals hauling up onto local docks and piers, or to take
a whale-watching trip to see the Orca whales (the “Southern
Resident killer whale” population) that feed and migrate right
outside the Golden Gate. These protected marine mammal
species eat fish and other organisms that rely on the estuary
and its Central Valley watershed as spawning and rearing
grounds. By diminishing the estuary’s productivity and changing
its food web, reducing Bay inflows can produce cascading
effects that eventually create problems for local marine mammal
populations. For example, the local Southern Resident killer
whale population specializes in eating Chinook salmon; the
abundance, reproductive success, and mortality rates of resident
Orcas are linked to prey limitation caused by recent Chinook
salmon declines144. Orca whales have come to rely on Chinook
salmon because they are large fish with a high fat content that
were historically abundant throughout the year, so the decline
of salmon stocks has had dire consequences for resident
Orcas. Dwindling supplies of salmon are believed to restrict the
recovery of the local population145. As a result of mismanaging
flows in the estuary and its watershed, the future of these two
iconic species in the Bay Area is uncertain.
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CASCADING EFFECTS OF FRESHWATER FLOW IN THE
SAN FRANCISCO BAY ESTUARY
SAN PABLO, CENTRAL,
AND SOUTH BAYS

NEARSHORE OCEAN

PROCESSES AFFECTED BY
FRESHWATER FLOWS

•
•
•

Sediment transport
(turbidity)
Nutrient transport
Beach formation

•
•
•
•
•

BIOLOGICAL EFFECTS
ASSOCIATED WITH
FRESHWATER FLOWS

•
•

•
•

Increase food web
productivity
Improve survival and
fitness of resident Orca
whales and other marine
mammal populations
Create/maintain/improve
beach habitats
Increase fishery
productivity

oductivity

•
•

•
•

SUISUN BAY AND MARSH

Sediment transport
(turbidity)
Nutrient transport
Marsh accretion
Changes in the availability
of habitats with different
salinities
Water column stratification

•
•
•
•

Control wetland plant
species composition and
distribution
Improve abundance and
distribution of many native
species including those
that become food for other
species
Increase fishery
productivity
Create/maintain/improve
brackish marsh habitat

•

•
•
•

•
•

DELTA

Sediment transport (turbidity)
Nutrient transport
Marsh accretion
Changes in the availability
and location of habitats with
different salinities
Residence time
Food web productivity
Gravitational circulation, fish
and wildlife migrations

•
•
•
•
•
•
•
•
•

Sediment transport (turbidity)
Nutrient transport
Marsh accretion
Residence time
Floodplain innundation
Fish and wildlife migrations
Contaminant loading
Toxic algal production
Keep brackish water “at bay”,
maintains agricultural and
drinking water quality

Improve abundance and
distribution of many native
species, including those
that become food for other
species
Increase fishery productivity
Create/maintain/improve
brackish marsh habitat

•
•

Prevent harmful algal blooms
Improve abundance and
distribution of many native
species
Increase fishery productivity
Control spread of invasive
species
Reduce entrainment of
endangered fish at Delta
export pumps

•
•
•

FRESHWATER FLOWS
Figure 16: Most fresh water comes to San Francisco Bay from rivers of the Central Valley’s watershed, via the Sacramento-San Joaquin Delta (upper right). The
effects of flowing fresh water (including the transport of food, nutrients, sediments, and organisms produced upstream) can be felt throughout San Francisco Bay
and into the nearshore Pacific Ocean. Along the journey from the rivers to the ocean, freshwater flows affect numerous processes and habitats, generating a
variety of biological outcomes. Generally speaking, managing water diversions upstream of the Bay in a more sustainable manner will lead to higher flow rates,
more natural variability in those flow rates, and increasing benefits for the larger San Francisco Bay ecosystem and the people who live in and visit the Bay Area.

PEOPLE ARE THE ULTIMATE
LOSERS FROM LOW BAY INFLOWS
Clearly, people benefit from a healthy San Francisco Bay
in many ways (Figure 16). When the Bay’s fish and wildlife
populations are thriving, they provide enormous commercial and
recreational opportunities, from taking your family to discover
the unique plants and animals of the Bay’s wetlands and
beaches to going whale watching or salmon fishing, and they
feed millions of people each year. Collectively, the Bay’s natural
resources make San Francisco one of the most attractive places
in the world to live and visit.
People don’t just benefit from observing wildlife and eating
seafood, but regularly enjoy direct contact with the Bay. Many
“play in the Bay” when they wade, swim, sail, or kayak in its
waters; these activities are only enjoyable when the Bay’s
waters are clean and there are wetlands and beaches to visit.
When Bay inflows decline, water quality and the ability to
resupply beaches and wetlands with sediment declines as well.
Don’t go near the water without a hazmat suit: We now know
that low inputs of Bay inflow not only degrade water quality but
also are beginning to cause periodic harmful algae blooms in
the estuary. These harmful “algae” (actually, cyanobacteria)
produce neurotoxins powerful enough to make humans sick
and even to kill dogs, otters, and other small mammals146. The
Microcystis cyanobacteria blooms more frequently when low
fresh water flows reduce flushing and decrease turbidity in the
Delta147. Although this species blooms only in the fresh water
of the upper estuary, its toxin can be transported downstream;
in fact, the neurotoxin was recently detected in invertebrates
in the saltier waters of the Central Bay148. Thus, the problem
of low Bay inflow not only harms fish and wildlife but also

threatens water quality and recreational opportunities for people
throughout the larger Bay Area. This alarming development has
the potential to reverse the positive effects of our decades old,
multi-billion dollar investment in cleaning up the Bay’s waters.
The reduction of Bay inflows also poses a threat to the
continued existence of the beaches and wetlands that surround
the Bay and the coastal areas nearby the Golden Gate, popular
recreational sites that attract both residents and tourists
throughout the year. These special environments rely on a
continuous supply of sediments to maintain themselves in the
face of ongoing erosion from storm runoff and waves. Delivery
of sediments to the Bay and coastal environments, and our
ability to maintain these important features, is controlled in part
by how much freshwater inflow we allow to reach the estuary.
As Bay inflows are constricted by human water diversions, they
mobilize less sediment; many of the Bay Area’s beaches and
wetlands are rapidly eroding for lack of sediment resupply. As
sea levels rise, the resupply problem will become even more
critical.

A Bay Area where it’s hard to catch salmon, see
pelicans or Orca whales, find a bowl of cioppino
made with today’s local catch, hang out at the beach,
or even be in contact with the water? This is a high
price to pay for tolerating California’s unsustainable
approach to managing its aquatic resources, where so
little freshwater flow is allowed to make the life-giving
journey to San Francisco Bay and the Golden Gate.
The time is now for Californians to decide whether we really
want to pay that price – or the choice will be made for us; the
loss of the many ecosystem services and economic benefits the
Bay still provides today will become just another cautionary tale
to pass on to future generations.
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Photo Credit: David Sanger

TURNING THE FLOW
BACK ON
WHAT CAN BE DONE TO REVIVE THE FRESHWATER-STARVED ESTUARY?

F

ortunately, there’s still time to avoid the increasingly likely
scenario where native fish species go extinct; toxic algal blooms
become common; recreational and commercial fisheries are
permanently closed; marshes erode, grow more saline and less
diverse; and the Bay Area’s tourism and recreational portfolio
loses value.

To avoid that scenario, Californians must choose a different
pathway for how we manage flows and water supplies in the
future. As mentioned in the beginning of this report, while most
of the outcomes of water management conflicts are experienced
downstream in the Bay, most of the causes – and the solutions –

manifest themselves in the Bay’s watershed. Here are some of
the essential elements of a watershed-wide solution pathway.

A wealth of scientific evidence supports increasing required
flows to save native fish and wildlife populations and restore
productivity of the estuarine. But the record also indicates
that increased flows and flow variability help control the
spread or damage caused by invasive species that have
colonized the estuary, and suggests that they might control
new invasions as well. Federal and state regulators should
consider developing and adopting additional flow requirements that are specifically designed to provide conditions
that inhibit the establishment and spread of invasive
species.

ADOPT STRONGER WATER QUALITY
STANDARDS FOR THE BAY ESTUARY
NOW, AND UPDATE THEM BASED ON
WHETHER ECOLOGICAL TARGETS ARE
BEING MET
The federal Clean Water Act requires the states to adopt,
and obtain federal approval of, standards that fully protect
designated beneficial uses of water, and then to review them
every three years to ensure they are achieving their purpose.
California last updated water quality standards for the Bay
estuary, over 20 years ago, in 1995. In this estuary, the
beneficial uses of water most sensitive to human alteration and
degradation and most at risk of being extinguished are related
to fish and wildlife, including estuarine habitat, fish migration,
and coldwater habitat. Many policy-makers, regulators, and
independent scientific reviewers have concluded over the last
decade that the freshwater flows required by the 1995 standards
are not sufficient to protect fish and wildlife beneficial uses of
the estuary. For example, the Governor’s Delta Vision Task
Force, the California State Water Resources Control Board,
the California Department of Fish and Wildlife, the National
Research Council, and the U.S. Environmental Protection
Agency149 have all made such findings. The promulgation of
new, more protective flow standards by the Water Board and the
EPA that require substantially more inflow to San Francisco Bay
is the single most pressing item on the agenda for saving the
estuary. Delays in completing the update, begun in 2009, must
come to an end, and new standards updated in short order.

Get SMART: The new standards for flow (and other water quality
parameters) should not only be fully protective of the most
sensitive fish and wildlife beneficial uses, but also be linked to a
set of biological performance measures that define the desired
outcomes for fish and wildlife beneficial uses using SMART
(specific, measurable, achievable, relevant, and time-bound)
objectives150. These SMART objectives should include targets
for population viability of key species (i.e., abundance, diversity,
productivity, and distribution, as discussed in the previous
chapter) and targets for ecological conditions associated with
population response (e.g., temperature or habitat availability). Although the Clean Water Act requires triennial review of
standards, most standards are not updated more often than once
in a generation, and the process is usually politically controversial. Measuring progress toward achieving SMART biological
objectives can allow regulators to adjust flows and other environmental safeguards, within a narrow pre-determined range, to
achieve better, more timely protection of fish and wildlife uses
of the estuary. This adaptive management approach also lends
itself to efforts to improve our understanding of the flow regimes,
including magnitude, duration, seasonality, and frequency of
flows, that will effectively suppress invasive species.
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REQUIRE ALL WATER DIVERTERS TO
CONTRIBUTE THEIR FAIR SHARE
Currently, the federal Central Valley Project and the State Water
Project are assigned the primary responsibility for releasing
water from their reservoirs to achieve the flow and water quality
standards for the Bay estuary. Strictly speaking, this first and
foremost affects the contractors served by the projects, who
have water rights that are junior to others in the watershed. The
strange reality is that irrigation districts and cities with senior
rights, including those parties who exchanged their senior water
rights for delivery contracts with the projects, are not directly
required by regulators to help attain water quality standards
set for the Bay and Delta. This leaves a subset of water users,
representing a quarter or less of total diversions, as the parties
primarily responsible for meeting water quality standards for the
entire estuary151. Updated water quality standards that require all
water users, including senior water rights holders, to contribute
a fair share of the total flow needed to meet standards that are
designed to stablize and restore the estuarine ecosystem could
generate millions of acre-feet of additional freshwater flows to
the Bay Estuary; spreading the obligation among a
larger group of water diverters would reduce inequities
in current water allocations, as well. Everyone should
be responsible for protecting public resources before
anyone receives the public’s water to use for their own private
gain. Any pathway that fails to set and integrate the obligations
of this larger subset of water users will not generate sufficient
flow to solve the estuary’s problems.

of need, but the state’s water resources are wildly over-allocated as a result of historically awarding the right to use water
without examining whether adequate supplies exist. Total water
rights allocations in California equal five times California’s mean
annual runoff, and water rights in major river systems in the
Bay’s watershed account for up to 1000% of natural supply152.
As long as water rights are so over-allocated, there will always
be pressure to withdraw more water from the Bay’s watershed
than is sustainable in the long term, and corresponding political
pressure to weaken water quality standards or other flow-related
environmental protections. In the past, water rights reform and
groundwater management were both considered third rails in
California politics; now the first phases of groundwater reform
have become a reality, but not before over-exploitation of these
resources caused some communities to run out of water and
the earth’s surface to subside. The time to consider updating
our water rights system has also come; reform needs to happen
before the even more awful to contemplate impacts of over-allocation become irreversible.

REDUCE RELIANCE ON THE DELTA AS A
SOURCE OF WATER SUPPLY

More broadly, California’s archaic water rights system needs
to be modified to reflect the realities of twenty-first century
society, law and climate. Not only are different water users
treated differently based on priority in time rather than urgency

The upper estuary is ground zero in the battle over how water is
managed – and mismanaged – in California, and it is here that
the magnitude of the effects of unsustainable water diversions
on fish, wildlife, habitat, and ecological processes are most
apparent. In 2009 the California Legislature recognized the
vulnerability of the upper estuary and the need to reduce human
pressure on this ecosystem by passing the Sacramento – San
Joaquin Delta Reform Act, which among other things set a new
state policy:

… to reduce reliance on the Delta in meeting California’s
future water supply needs through a statewide strategy
of investing in improved regional supplies, conservation,
and water use efficiency. Each region that depends on
water from the Delta watershed shall improve its regional
self-reliance for water through investment in water use
efficiency, water recycling, advanced water technologies,
local and regional water supply projects, and improved
regional coordination of local and regional water supply
efforts.153
Regional self-reliance in areas now exporting water from the
Bay’s watershed means using less water to provide the same
goods and services (e.g., through water efficiency, conservation,
leak reduction); using water more than once before disposing
of it (water recycling); cleaning up degraded water so that it can
be used for productive purposes (brackish water reclamation);
using local runoff for nonpotable water use (stormwater capture
and reuse); and storing water underground in groundwater
aquifers during wet years (conjunctive use, water banking,
stormwater recharge). According to a 2014 review by the Pacific
Institute and the Natural Resources Defense Council, up to 14
million acre-feet of water per year – over half the total amount
of water used for human use throughout the Bay’s watershed
each year – could be saved from combined investments in these
strategies154.

much of the energy and expense associated with capturing,
treating, and disposing of stormwater. Expanding that capacity
by enlarging flood basins and floodways and reoperating existing
reservoirs can temporarily capture more of the larger floods that
will be typical of a warming climate, and then divert these flows
to groundwater recharge areas.
Town and country together: Regional self-reliance also requires
that the inequities between urban and agricultural water uses
be addressed. Urban water users generally pay a much higher
cost for water, invest more in conservation and other demand
management strategies, and are held to a higher standard
for using water efficiently (e.g., the state’s mandated target of
reducing per capita water use in the urban sector by 20% vs.
the absence of any quantitative target for reducing use in the
irrigation sector). Targets for saving water and becoming locally
self-reliant should be set as appropriate for each economic
sector and each region of the state; permitting and funding
decisions by local, state and federal agencies should be linked to
performance in meeting these targets.

These approaches can also reduce the carbon footprint of water
management and respond to shifts in hydrology caused by
climate change. Increasing local self-reliance avoids expending
the energy needed to transport imported water long distances
from its source. For instance, transporting water via the State
Water Project represents about 3% of the state’s total energy
consumption155. Using the natural capacity of groundwater
basins to clean and store storm runoff for later use reduces
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INTEGRATE FLOW AND
HABITAT RESTORATION TO
BATTLE CLIMATE CHANGE
The decline of sediment inputs from reducing Bay inflows
has contributed to the erosion of marshlands and beaches
throughout the Bay estuary and nearby coastal areas. That
problem is now greatly magnified by the effect of climate change
on sea levels. Rising sea levels are a challenge to the continued
existence and quality of the Bay estuary’s marshes and to life
and property for human communities along the shoreline of the
Bay and coastal areas. Significant efforts have been underway
for decades to acquire and restore wetland areas around the
estuary; more recently, there is serious interest in innovative
approaches like combining marsh restoration with construction
of earthen levees in order to establish a low-cost and effective
regional network of flood barriers156. Providing for a more
natural pattern of higher winter and spring inflows to the Bay will
increase sediment resupply to restored marshes and “horizontal
levees,” helping maintain them long after the initial construction
effort. Restored freshwater and brackish marshes also need
enough freshwater inflows at the right times of year to maintain
their species composition and diversity. Marsh restoration and
flood protection efforts, as well as beach rehabilitations, should
consider flow regime requirements during design and evaluation
of projects, and as part of the permitting process where
appropriate.

Wetlands Photo Credit: David Sanger

WE MUST ACT NOW
The science overwhelmingly indicates that more freshwater flow,
following a more natural pattern, must reach the San Francisco
Bay estuary to restore its fish, wildlife, water quality, food web,
marshes, beaches, coastal fisheries, and other public benefits.
The only barriers to action are the general lack of understanding about the severely degraded condition of this freshwater
flow-starved estuary and the lack of political will to change the
unsustainable way California manages its water resources.
Can Californians be made aware of the pending collapse of
the Bay estuary ecosystem – and the loss of all which that
ecosystem provides us – and motivated to demand action now?
Can decision-makers at every level – federal, state, and local
– be prevailed upon to take the steps necessary to prevent the
destruction of California’s greatest aquatic ecosystems before it
is too late? The window of opportunity to protect this treasure is
closing rapidly.
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GLOSSARY
Abundance
The number of individuals in a population. Often measured as an index calculated based on the number of individuals detected per sample.

Actual Flow or Runoff
The amount of fresh water flowing past a point, measured or calculated at that point or calculated based as the sum of upstream measurements
throughout a watershed; in contrast to unimpaired flow or runoff (see below).

Acre Foot (AF)
The amount of water required to cover 1 acre to a depth of 1 foot (approx. the area of an American football field). An acre-foot is approximately
326,000 gallons or 1,233.5 cubic meters.

Algae
Chlorophyll containing single or multi-celled organisms that lives in fresh or salt water.

Anadromous Fish
Fish that are born in freshwater, migrate to the ocean, and return to fresh water in order to as adults to spawn. Anadromous fish in the Bay’s
watershed include Chinook salmon, steelhead, striped bass, white sturgeon, green sturgeon, and American shad.

Aquifer
An underground geological formation that holds water.

Bay
A body of water connected to an ocean or lake, formed by an indentation of the shoreline.
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Bay Inflow
Freshwater flows to San Francisco Bay, originating upstream from its Central Valley watershed, measured or estimated where the Delta enters

Suisun Bay (the uppermost portion of San Francisco Bay), and not including the relatively small amount of flow from the local watersheds directly
surrounding the Bay.

Benthic
Bottom-dwelling. Refers to organisms that live on the bottom of a water body or the habitat along the bed of a river, estuary, lake, or sea.

Brackish water
Slightly salty water, characteristic of estuarine habitats.

Central Valley Project (CVP)
The federally operated water storage, diversion, and conveyance system that provides water from California’s Central Valley and the Trinity River
to agricultural, municipal, and industrial users in the Central Valley and Bay Area. Major facilities include Shasta, Trinity, Folsom, Friant, and

New Melones Dams (and their reservoirs), the Delta Cross Channel, the Delta-Mendota Canal, the Jones (Tracy) Pumping Plant, and San Luis
Reservoir among others.

CFS
Cubic feet per second, a rate of flow measured as a volume of water (cubic feet) passing a point in one second. A flow of 1cfs equals about 2
acre-feet per day or enough to fill a 32-gallon trashcan in just over 4 seconds.

Delta
The uppermost portion of the San Francisco Bay estuary, the Delta is the roughly triangular area formed at the western edge of the Central Valley

by the confluence of the Sacramento and San Joaquin Rivers. Bay inflow from the Central Valley passes through the Delta as do numerous types
of migratory fish species.

Diversion
See “Water Diversion”

Drought
An extended period, lasting more than one year, during which precipitation and runoff is well below average. Different from the seasonal drought
experienced in California every year from late spring through early fall when very little or no rain falls.

Ecosystem
The biological and abiotic (non-living) parts of the environment in a particular area and the interaction of those parts.

Endangered Species
Species or distinct populations of plants and animals that are protected by federal or state laws that are specifically intended to prevent extinction
and to protect habitats of those species.

Erosion
The wearing away of the land surface by wind or water.

Export
See “Water Export”

Estuary
A partly enclosed coastal body of brackish water with one or more rivers or streams flowing into it, and with a free connection to the open ocean.
Estuaries are formed by the mixing of fresh water and saline water and represent a transition zone between river environments and marine
environments.

Habitat
The physical, chemical, and biological context within which an organism or assemblage of organisms live.

Harmful algal bloom (HAB, aka Toxic algal bloom)
A proliferation of cyanobacteria that cause negative impacts to other organisms via natural production of toxins.

Introduced (or “exotic”) species
Populations of plants and animals that are not native to a specific area, which become established and self-sustaining after individuals have been
transported into an ecosystem intentionally or unintentionally. Introduced species may alter the natural ecology of an area, via competition for
resources, alteration of ecosystem processes and native habitats, and/or predation on native species.
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Microcystis
A genus of cyanobacteria that lives in fresh water and produces a powerful toxin (microcystin).

MAF
Million acre-feet.

Nutrient
Any substance, which enhances the growth of plants and animals.

Pacific Flyway
A major north-south corridor for migratory birds on the west coast of the Americas, extending from Alaska to Patagonia. Every year, migratory birds

travel some or all of this distance both in spring and in fall, following food sources, heading to breeding grounds, or travelling to overwintering sites.

Plankton
A diverse group of organisms that live in the water column of large bodies of water and that cannot swim against a current. Includes photosynthetic organisms (phytoplankton) and tiny primary consumers (zooplankton). They provide a crucial source of food to many large aquatic organisms,
such as fish and whales.

Population Viability
The ability of a population to persist and to avoid extinction. The viability of a population reflects the number of individuals, changes in the birth
rate, mortality rate, fecundity, genetic and life-history diversity of individuals in a population, and geographic distribution.

Productivity
Relates to factors such as birth, maturation, and death rates that determine a population’s growth rate.

Residence Time
The average amount of time that a moving particle (e.g., molecule of water) spends in a particular area.

Runoff
The portion of precipitation that enters surface waters during a given period of time. In California, on average about one-third of the precipitation
becomes runoff while the rest is “consumed” – evaporated and transpired – by plants or evaporated from the ground.

Salmon
A common name for at least six species of fish. Four races of Chinook salmon reproduce in the rivers of the Central Valley – more distinct

populations of this species than in any other single watershed in their range. Named for the time of year during which they re-enter freshwater and
begin their migration upstream to spawn, these races (or “runs”) are the spring, fall, late-fall and winter runs.

Salinity Gradient
The spatial distribution of the range of salinities between fresh and marine that is one of the defining characteristics of any estuarine ecosystem.
This gradient generates a range of habitats and ecological assemblages composed of organisms with different tolerances for salinity.

San Francisco Bay
The central portion of the Bay estuary, composed of the open water embayments (from north to south, Suisun, San Pablo, Central and South
Bays) upstream of the Golden Gate and downstream from the Delta.

San Francisco Bay Estuary
The area – of which San Francisco Bay is the central region – where fresh water and salt water mix, from the tidally influenced portions of the

Sacramento – San Joaquin Delta where river flows enter the estuary to local nearshore waters in the Gulf of the Farallones outside the Golden
Gate.

Sediment
Fine soil or mineral particles that settle to the bottom of the water or are suspended in the water.

Spatial Distribution
The arrangement of a population in space. Not to be confused with dispersal, which is the movement of individuals away from the area where they
were born. Distribution patterns can change throughout a species’ life cycle – the population is generally considered to be at greatest risk when its
geographic range is most limited or in life stages that are least mobile.

State Water Project (SWP)
The state-operated water storage, diversion, and conveyance system that provides water from the Feather River and “surplus” water to agricultural, municipal, and industrial users. Major facilities include Oroville Dam and Reservoir, the Banks Delta Pumping Plant, the California, South Bay,
and North Bay Aqueducts, San Luis Reservoir, and Castaic Lake.
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TAF
Thousand acre-feet.

Toxic Algal Blooms
(see Harmful Algal Blooms)

Trophic Levels

The relative position an organism occupies in a food web – what it eats and what eats it. The word trophic derives from the Greek
trophē referring to food or feeding. Phytoplankton are primary producers. Organisms that eat phytoplankton are primary consumers.
Organisms that eat animals (either as part of their diet or exclusively) are secondary consumers. These organisms all exist at different
trophic levels. Individuals may change trophic levels as they pass through different life stages.

Turbidity
The cloudiness or haziness of water caused by tiny particles -- similar to smoke in air. Turbidity is roughly the opposite of water clarity.

Unimpaired Flow or Runoff
Quantity of water that would have flowed passed a point without upstream dams or water diversions (which would “impair” the runoff from reaching
that point). Unimpaired runoff is calculated with existing land use (but without dams and diversions) and does not assume that the landscape has
been returned to its historic, “natural” state.

Watershed
The total land surface that drains water to a particular waterbody.

Water Diversion
Removal of water from its natural course in order to serve human purposes (e.g., agricultural irrigation).

Water Export
A specific type of water diversion where water is removed from its watershed of origin and transported to an entirely different watershed or moved

back upstream in the same watershed. The largest export project involves pumping water from the Delta portion of the San Francisco Bay Estuary
via the State Water Project and federal Central Valley Project pumps to the San Joaquin Valley and Southern California.

Wetlands
Areas where saturation with water is the dominant factor determining the nature of soil development. These areas can be identified, even when

soils are temporarily drier, by unique plants that have adapted to oxygen-deficient (anaerobic) soils. Wetlands may be very productive and diverse
habitats and influence the rate of flow and water quality in adjacent environments.

