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FOREWORD

This document is intended to summarize existing
knowledge about the principal fish and wildlife re-
sources of the Sacramento-San Joaquin estuary, their
ecological relationships and their environmental re-
quirements, with emphasis on requirements bearing
some relationship to water development. It represents
an accumulation of knowledge spanning many years,
but particularly the results of the 10 years of inten-
sive study by the Delta Fish and Wildlife Protection
Study between 1961 and 1971. The topic is complex
and the amount of information available is voluminous.
Hence, this report is intended only to provide a
summary of the knowldege regarding the resources
and their environmental requirements as we know
and understand them at this point in time.

The Department of Fish and Game is well aware of
the widespread interest in the Delta, its fish and wild-
life, and of the tremendous concern exhibited by the
public to see that the resources and environment of
the Delta are protected under any plan of delta water
development that may be implemented. The essential
aim and purpose of this report, therefore, is to pro-
vide the public and specialist alike with a common
reference of the most up-to-date information available
concerning the resources, their requirements, and
their relationship to delta water plans.
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In this approach we have deemphasized the sta-
tistical documentation and technical discussion com-
mon to most research reports. Since this may be a
disadvantage to those who wish more technical detail,
we have stressed the inclusion of literature citations
to show the sources of our information.

In the past, progress of the Delta Fish and Wildlife
Protection Study has been reported by means of for-
mal or informal annual reports. For the years 1961
through 1967, the annual reports were published by
the Departments of Fish and Game and Water Re-
sources. From 1968 through 1970, letter reports were
used to transmit the progress of the studies from the
Department of Fish and Game to the Department of
Water Resources. This report, for 1971, summarizes
the activides and findings of the past 10 years.

The ecological studies undertaken by the Delta Fish
and Wildlife Protection Study from 1961 through
1969 were funded almost exclusively by the Depart-
ment of Water Resources through funds from the
State Water Resources Development Bond Act. In
1968, in an effort to promote efficiency, the Depart-
ment of Fish and Game’s independent striped bass and
sturgeon project, which is supported by federal aid to
fish restoration funds, was combined with the delta
study to form a unit studying fishery resources in the
Sacramento-San Joaquin estuary.

George H. Warner
Chief, Anadromous Fisheries Branch
June 1972
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CHAPTER |

INTRODUCTION
By JOHN E. SKINNER

FISH, WILDLIFE AND THE ESTUARY

In 1776, Juan Batiste de Anza, leading an overland
expedition from Monterey, crested the hills overlook-
ing Carquinez Strait to become the first white man to
gaze upon the immense expanse of tules, islands, and
waterways that now constitute the Sacramento-San
Joaquin Delta.

Anza and Pedro Fages were the first to comment on
the abundance of game in the Bay area, although
Jedediah Smith provided a much more detailed ac-
count following his visit in 1827. The significant
contribution of fish and wildlife to the settlement of
the West Coast and the Bay area in particular is well
recorded in the history of the area. For fully 125
years following de Anza’s visit, the rich and varied
wildlife resources of San Francisco Bay and the Delta
were important constituents of the area’s growth and
economy.

The local Indians depended heavily on the annual
runs of salmon and the fall influx of waterfowl. Later
came the Hudson Bay trappers who made overland
treks from Astoria and Vancouver between 1826 and
1845. Until the late 1800s, trapping primarily for
beaver pelts and waterfowl market hunting were
prevalent. By 1850, the Italian immigrants had estab-
lished the bay fisheries and the salmon fishery from
Carquinez Strait upstream. By this time the Chinese
had developed the shrimp fisheries in San Francisco
and San Pablo Bays.

The estuary today is vastly different from the
primordial conditions that greeted de Anza almost
200 vears ago. (See Skinner, 1962 for an extensive
review of the fish and wildlife resources of the San
Francisco Bay area.) By the latter part of the 19th
century there was a decline in many of the native
fish and wildlife resources. 1870 saw the creation of
the first California Fish Commission and the importa-
tion of fishes from the East. Of those introduced,
striped bass, American shad and white catfish were
spectacularly successful. Today these species support
the bulk of all recreational fishing in the Delta.

Until 1957, the Delta supported a substantial com-
mercial fishery. One by one, due to an apparent de-
cline in the resources and a long-standing conflict be-
tween sport and commercial interests, the commercial
fisheries were legislated out of existence. Commercial
fishing in the delta was closed to sturgeon for the last
time in 1917, to striped bass in 1936, to catfish in 1955,
and to salmon and shad in 1957.

Around the turn of the century most of the Delta
was reclaimed and converted to one of the world’s
richest agricultural regions. By leveeing and draining,
some 700,000 acres of land, mostly below sea level
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and spread over 30 large islands, were converted to
agricultural purposes.

The principal large remnant not now under agri-
cultural production is the 55,000 acre Suisun Marsh.
Attempts to reclaim this marsh have been fraught
with trouble due to high wind and wave action and
flooding, but primarily the unreliable quality of the
water. Suisun Marsh consequently is a winter haven
for migratory waterfowl of the Pacific Flyway. It
winters upwards of a million birds and supports about
200 private duck clubs in addition to the 10,000 acre
state-owned Grizzly Island Wildlife Area.

The natural wetlands of the Bay and Delta represent
more than 25 percent of the statewide total of such
habitat and regularly harbors about 20 percent of the
waterfowl of the Pacific Flyway which winter in
California.

Although the fish and wildlife of the estuary have
diminished over the years, the area is still the State’s
focal point for many of these resources. About half
the State’s anadromous fish resources pass through or
depend upon the delta. These include all of the salmon
and steelhead of the Sacramento and San Joaquin
River systems, and virtually the entire striped bass,
American shad and white sturgeon resources of the
State. Each of these species is of particular significance
to the angling population of the State and in the case
of salmon contribute about 80 percent of the State’s
commercial salmon catch. The estuary (Figure 1)
possesses an immense capacity for water oriented rec-
reational pursuits.

There are between 40,000 and 50,000 surface acres
of water, 700 miles of navigable channels and in excess
of 1,000 miles of shoreline within the Delta. The San
Francisco Bay system from Chipps Island downstream
included 474 square miles of water area and 313
square miles of marshland in 1968. This is a reduction
of 53 square miles of water area and 186 square miles
of marshland since 1850 (Bay Conservation and De-
velopment Commission, 1971).

ECOLOGICAL STUDIES OF THE ESTUARY

Fish and wildlife research and management pro-
grams were initiated before 1920, but programs of in-
creasing scope have been carried out since then. The
initial efforts were directed toward regulating
harvest of the resources. A major effort toward pro-
tection of the resources was stimulated by authoriza-
tion of the federal Central Valley Project including
Shasta and Friant Dams and the Contra Costa and
Delta-Mendota Canals. Substantial work directed to-
ward evaluating the impact of those projects was
conducted during the late 1930s and 1940s. In the
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1950s, efforts stemmed largely from the need for
knowledge to manage effectively the popular striped
bass fishery and the newly opened sturgeon sport
fishery.

For the last 10 years, the California Department of
Fish and Game has been engaged in an extensive pro-
gram to obtain fundamental, yet practical, knowledge
concerning the fish and wildlife resources of the
Sacramento-San Joaquin Estuary. The latter effort was
begun in 1961 following approval of the State Water
Resources Development Bond Act by public refer-
endum in November 1960. At that time the State
Departments of Fish and Game and Water Resources
entered into an agreement calling for a cooperative
study of the Delta. These studies complemented the
continuing investigations of the Department of Fish
and Game.

It was known many years ago that the Delta would
play a key role in any plans to transfer water from
Northern California to the San Joaquin Valley, South-
ern California and the southern San Francisco Bay

~

area. Recognizing the potential effect of control struc-
tures and the transfer of large quantities of water
across the Delta, the present study was initiated to: (1)
evaluate the potential impact of the various water plan
alternatives on fish and wildlife; (2) determine the en-
vironmental requirements of fish and wildlife affected
by water development programs; (3) undertake the
necessary research and development programs to de-
sign fish and wildlife protective facilities; and (4) con-
duct research essential to development of project oper-
ating procedures and criteria for protection of the
resources and the Delta environment.

An inherent aspect of the present study is the effort
being made to develop a fuller understanding of the
interrelationships between the fish and wildlife re-
sources of the Delta and the physical and biological
characteristics of the environment upon which they
depend.

The early stages of the present effort were devoted
primarily to: (1) an inventory of the resources to de-
fine their gross ecological and geographical relation-

The Sacramento River near Hood
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ships; and (2) an evaluation of the various Delta water
transfer alternatives to assess their relative impact on
the resources. The annual reports of the Delta Fish
and Wildlife Protection Study from 1962 through
1967 review the first 6 years of progress and eval-
uation.

The results of these efforts provided important input
to the Interagency Delta Committee, which was estab-
lished to evaluate alternative Delta water transfer plans.
Based on its review of all uses and needs in the Delta,
the Committee proposed the Peripheral Canal concept.
Subsequently, the heads of the participating water de-
velopment agencies formally adopted the Peripheral
Canal concept as the recommended plan of develop-
ment for the Sacramento-San Joaquin Delta.

The Peripheral Canal concept was later endorsed by
the Department of Fish and Game, the U.S. Bureau of
Sport Fisheries and Wildlife and numerous conserva-
tion organizations. Endorsement by these groups was
based largely on a determination by the Department of
Fish and Game that the Peripheral Canal concept was
the only method for transferring water across the
Delta that could protect the fish and wildlife resources
adequately. In addition the Peripheral Canal also pos-
sessed the inherent capability to enhance the resources.

It was understood at the time the Peripheral Canal
concept was adopted that achievement of the fish and
wildlife objectives would depend on two major con-
siderations: (1) provision of adequate fish protective
facilities; and (2) development and implementation of
criteria to assure proper operation of the project for
fish and wildlife purposes.

Since 1964, the effort of the cooperative Delta Fish
and Wildlife Protection Study has been concentrated
on research and development activities aimed at ful-
filling these primary considerations.

A recapitulation of the first 10 years of the Delta
Study program is presented in Table 1. The table
shows in brief summary form the broad categories of
studies undertaken, and the period of time over which
they occurred. To date approximately 3.5 million dol-
lars has been expended by the Department of Water
Resources for these ecological studies and the engi-
neering support associated with them. This amount
does not include the Department of Fish and Game’s
continuing research and management program which
would add approximately another 2.5 million dollars
for a total of about 6 million dollars.

Very substantial progress has been made in deter-
mining the ecological relationships of the important
species and their environmental requirements. The ac-
cumulation of practical knowledge must, on the whole,
be considered outstanding for an ecosystem as complex
as the Estuary. It is clear that final answers to many
questions are still some years in the future; cannot be
answered until the Delta water facilities are operating
and tested.

Nevertheless, it is the conviction of the biological
staff of the Department of Fish and Game that enough
is known of the resources and their requirements to:
(1) demonstrate that the Peripheral Canal should be
built to correct existing adverse conditions; and (2)
recommend the broad physical and environmental
conditions that should prevail in the Delta irrespective
of the form or plan of development ultimately imple-
mented. In many cases detailed environmental require-
ments have been tentatively established. The knowl-
edge leading to these conclusions is summarized in this
report.

It will likely be noted that the bulk of the effort
under this program has been directed toward the more
prominent species in the Estuary, namely, those which
are most widely recognized whether by virtue of their
rarity, forage, game or commercial value. This is not
to say the other species are being ignored. Early in the
formulation of the Delta Study program, key species
were selected under the assumption that environmental
requirements evolving from the study of the key spe-
cies would also suffice for others on which compara-
ble effort has not been devoted.

Ecological studies are continuing under a quadri-
partite agreement among the State Departments of
Water Resources and Fish and Game and the U.S.
Bureaus of Reclamation and Sport Fisheries and Wild-
life.

The general format for the subsequent chapters of
this report is to set the stage—first by summarizing
how water development has influenced the Estuary
physically, and then by describing our current under-
standing of the principal fish and wildlife resources and
their requirements. This is followed by an evaluation
of water development plans in light of resource re-
quirements. The final chapters include a summary of
the fish facility program, a review of future environ-
mental study needs, and a listing of publications con-
cerning fish and wildlife in the Estuary.
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CHAPTER Il

WATER DEVELOPMENT AND THE DELTA
By JOHN E. SKINNER

WATER STORAGE AND DIVERSION

About the time the Delta was being reclaimed, the
storage and diversion of water for hydroelectric
power, agriculture and municipal purposes was occur-
ring in the foothills and mountain tributaries of the
Great Central Valley. The construction of dams on
Central Valley streams was begun before 1870, in-
creased rapidly between 1910 and 1930 and occurred
on an unprecedented scale between 1940 and 1970.

From the time of American settlement in 1850 until
1910, these developments did not greatly alter the
natural runoff pattern into the Delta, because most
were small and lacked long-term carryover capacity.
The total storage capacity did not exceed 300,000
acre-feet until 1910, although the quantity diverted
for irrigation at that time was on the order of 2.7§
MAF (million acre-feet) (DWR, 1931b).

Between 1910 and 1930 reservoir storage capacity
increased to more than 4 MAF, while the total amount
diverted for irrigation reached almost 6 MAF (DWR,
op. cit.). Since the mean annual runoff into the Delta
was on the order of 30 MAF, storage had little cffect
on the overall seasonal runoff pattern. The primary
effect was a reduction of summer inflow. The greatest
absolute reductions in July and August were of
greater consequence in the Delta because of the lower
natural flow at that time. The lack of long-term carry-
over capacity for use in dry years in relation to total
irrigation use during this. period served to accentuate
the summer reductions.

With the advent of the federal Central Valley Proj-
ect (CVP) in the early 1940s and more recently the
State Water Project (SWP) there has been a pro-
nounced change on the hydrologic pattern in the
Delta. The federal and state projects alone, now have
a combined storage capacity on the tributaries of the
Central Valley of more than 15 MAF (DWR Bulletin
17-69). The authorized New Melones and Auburn
projects will increase the total to about 20 MAF. In
addition, the Trinity Division of the Central Valley
Project provides storage of 2.7 MAF of which about
0.5-1.5 MAF is exported annually to the Sacramento
River.

The combined storage of irrigation districts, utili-
ties and private owners on streams tributary to the
Central Valley is probably in excess of 10 MAF.
Hence, they also affect flows reaching the Delta. In
recent years, two irrigation districts built two such
projects on tributaries to the San Joaquin River with
a combined storage capacity of over 3 MAF.

In concept, storage projects operate to remove and
store peak flows for later release to meet planned pur-
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poses during periods of low flow. Hence, it is not
difficult to envision the potential capacity of storage
projects to regulate the flow of water into the Delta
during much of the year. Most large water supply
projects are now designed to insure a supply of water
over a series of dry or critically dry years. They are
therefore, rarely subjected to maximum drawdown
levels. As a result, only part of their total capacity is
available for new storage on an annual basis. DWR
(personal communication) estimated that about 25 to
30 percent of the total storage capacity in the Central
Valley is replaced on an annual basis.

The consumptive use or export of water from the
basin is of more concern than storage in terms of
actual impact on environmental conditions, since these
uses affect its availability or use in the Delta. About
85 to 90 percent of the consumptive use of water is
for irrigation of agricultural lands.

Figure 2 represents an estimate of the outflow that
would have occurred during the period 1922-1969
without the Central Valley Project or the State Water
Project, but including all other use both in the Delta
and upstream. It also shows a projection of flows in
a normal year about 50 years from now with the CVP
and SWP for comparative purposes. The actual flows
at that time will, of course, depend upon neecds identi-
fied between now and then and future legislative,
regulatory and administrative decisions.

Inflow as used here and elsewhere in this report
refers to the volume of water reaching the Delta via
natural tributaries. Outflow is defined as the vol-
ume of water flowing out of the Delta via the main
river and into the Bay system as measured at Chipps
Island (see Figure 1).

SALINITY CONTROL

The “salt” content or salinity of estuarine waters is
commonly measured in terms of chlorinity or total
dissolved solids (or total solids). In estuaries where
sea water and fresh water meet, “salinity” is a mixture
of both ocean and land derived salt components. Chlo-
rinity is the common measure of ocean derived salts
while total dissolved solids (TDS) is the most common
measure of salinity in inland or fresh water.

Chlorinity is a measure of salts having the chloride
ion (Cl-) as the negative radical and is normally ex-
pressed as the number of parts of chloride per thou-
sand parts of water (ppt or %.) or, less commonly,
in parts per million (ppm). The chloride content of
undiluted sea water is usually on the order of 19 parts
per thousand.

The term total dissolved solids is a more inclusive
measure of salinity. It represents the amount of matter
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held in solution and is defined as the number of parts
of solid matter dissolved in one million parts of water
(less commonly in parts per thousand). In addition to
salts of chloride origin, it includes compounds having
as their negative radicals, the nitrates, sulphates and
bicarbonates. The principal freshwater components of
salinity in the Delta are the bicarbonates of calcium
and magnesium.

A TDS content of 35 parts per thousand is the ap-
proximate salinity equivalent of 18 parts per thousand
of chlorides. Hence, a crude “rule of thumb” for
equating the two, when discussing ocean salts, is to
simply multiply chlorinity by two or divide TDS by
two.

The estuary is the transition zone between the fresh
water from inland sources and the salt water of the
ocean. As one proceeds toward the ocean the water
becomes more saline. The steepness or rapidity with
which this transition occurs is referred to as the salin-
ity gradient and can be measured in terms of the dis-
tance over which it takes place. Outflow affects it in
two ways. Seasonally, the gradient shifts so that for
any given salinity level the location is farther down-
stream with high outflow and farther upstream with
low outflow. In addition, the gradient steepens directly
with outflow. In other words, under low-flow condi-
tions the transition occurs over many miles; while
under high outflow conditions the transition may be
very abrupt. For example, during the low flows of
summer the gradient extends from San Francisco Bay
into the Sacramento and San Joaquin Rivers as much
as 70 miles upstream. Under the flood conditions that
prevailed in 1955, the entire estuary as far downstream
as San Pablo Bay was entirely fresh water creating a
gradient on the order of 20 miles or less.

The primary reason outflow is of concern, is that
it controls the intrusion of saline ocean water into the
Delta (DWR Bulletin #28, 1931). As runoff from
the Central Valley is diverted or used, less is available
in the Delta to repel seawater. The consequences of
this were quite alarming between 1919 and 1931 when
the combination of dry years and upstream depletion
resulted in the movement of saline water deep into
the Delta. It was concluded (loc. cit., p. 29) that,
historically “saline water from the Bay has advanced
as far upstream as the vicinity of Collinsville and
Antioch causing a noticeable degree of salinity of ten
parts or more of chlorine per 100,000 parts of water
at some time every year during the period of low
stream flow”.

Since then, a great deal of additional upstream de-
pletion and export has occurred to further reduce the
total runoff reaching the Delta. As a result, salinity
encroachment would have proceeded farther upstream
and for longer periods each year, except for the opera-
tion of the CVP and more recently the SWP. In gen-
eral terms, these projects have been operated to limit
upstream intrusion to less than that which occurred
historically. On the other hand they have allowed

salinity encroachment for a longer period of time each
year than occurred historically.

Since the completion of Shasta Dam in 1944, this
has been accomplished by storing water during high-
flow periods for release during summer low-flow
periods. Maximum intrusion has been limited to about
1,000 ppm of chlorides at Jersey Point above Antioch
on the San Joaquin River. Without project releases
salinity would exceed that amount almost every sum-
mer. Figure 3 shows the maximum intrusion of 1,000
ppm of chlorides for the period 1920-1964. Mall
(1969) and elsewhere in this report has projected
seasonal salinity changes under 1990 conditions of de-
velopment for the area between Benicia and Collins-
ville.

WATER TRANSFER

Aside from the diversion and storage of water, the
system of transferring water across the Delta is a
major factor affecting ecological conditions. Local
residents have pumped or otherwise removed water
from Delta waterways almost since the area was first
settled. The environmental impact of any particular
local diversion is limited, because these diversions are
usually intermittent and most are too small to affect
large areas of the Delta. However, since the total
quantity of water diverted for use in the Delta
amounts to about 1.3 MAF annually, (DWR, 1966)
the cumulative effect could be substantial, particu-
larly through the loss of small fish (Hallock and Van
Woert, 1959).

The State Water Project and the Central Valley
Project involve the transfer of immense volumes of
water across the Delta. Large pumps near Tracy draw
water through intake systems located on Old River.
As water is pumped out of Old River it is replaced
by natural flow or specific releases from storage. The
net result is a steady movement of water towards the
pumps (Figure 30). Ultdmately, the state and federal
pumping plants will have a combined capacity of over
15,000 cubic feet per second or 30 thousand acre-feet
per day at peak operating capacity. At the present
time the practical operating capacity is on the order
of 11,000 cfs, but this is reached only during the peak
of the summer irrigation demand or during mid-winter
to fill San Luis Reservoir.

The hydrologic impact of this process is to create
a general north to south movement of water across
the Delta during much of the summer. In essence, the
principal channels of the Delta, south of and including
the San Joaquin River, often have a net flow during
low runoff periods that is just the reverse of the nat-
ural direction, which is toward San Francisco Bay
and the Pacific Ocean.

Although the Contra Costa Canal was the first de-
livery unit of the Central Valley Project, it was not
until the Delta-Mendota Canal became operational in
the early 1950s that the impact of cross-Delta water
transfer became significant. The volume of water ex-
ported via the Delta-Mendota Canal ranged from

’
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about 0.5 to 1.5 MAF between 1957 and 1967 (USBR
records). Usually, the highest quantities of water were
pumped in the driest years. During this period of time
also, water was pumped primarily during the agricul-
tural season, usually from April into early fall.

In 1967 the San Luis Reservoir storage unit in the
San Joaquin Valley and the state pumping plant near
Byron went into operation. Since then it has been
possible to pump more intensively and for more pro-
longed periods of time each year. As a matter of fact,
much of the storage for San Luis Reservoir is pumped
during the winter and spring in contrast to the pre-
1967 operation.

Unless the system of transferring water across the
Delta is changed, cross-Delta flows will increase in
duration and magnitude as a result of increased ex-
ports. It has been predicted that exports will increase

.to 10.1 and 15.7 MAF by 1990 and 2020 respectively
(Kaiser Engineers, 1969). Existing legislation, how-
ever, authorizes only 8.5 MAF for export (Table 2).
The disposition of the water supply under 1970 and
1990 conditions is depicted by the Department of
Water Resources in Figure 4.

IMPACT ON THE DELTA ENVIRONMENT

In terms of gross environmental impact, the present
method of storing, regulating and pumping water
across the Delta may be summarized as follows:

1. Effect on Delta Flow. Less water reaches the
Delta each year due to upstream depletion (use)
and long-term holdover storage capacity. Delta out-
flow is now only about half the natural level due
to the combined effect of upstream depletion stor-
age, and pumped exports.

2. Effect on Seasonal Flow. Although the hy-
drologic cycle is essentially similar to historic pat-

terns in terms of seasonal variation, several very
important differences are apparent. First and most
obvious, the volume of water reaching the Delta
is reduced during the heavy runoff season because
of upstream storage.

Secondly, when the natural runoff does not ex-
ceed the regulatory capacity of storage and flood
control works, the amount of water reaching the
Delta is closely regulated to meet specified pur-
poses. In brief, the tops are removed from peak
winter flows, and the moderate spring flows are
usually less than natural uncontrolled levels.

Finally, from mid-summer into the fall both Delta
inflow and outflow usually exceed the amount that
would have occurred without the CVP and SWP.
This occurs as a result of specific releases by these
projects to repel salinity and maintain water quality
in the Delta and at the intake systems of the Delta-
Mendota Canal and California Aqueduct. It is rare
that outflow from the Delta would be negative or
even less than 2,000 cfs under natural conditions.
However, upstream depletion, exclusive of the CVP
and SWP has, in fact, reduced summer inflow and
outflow to the point where, more often than not,
they are sustained primarily by releases from the
CVP and SWP.

3. Effect on Salinity. Due to upstream storage
and depletion, and consequently the reduced out-
flow, saline water intrusion occurs over a longer
period each year. However, releases from storage are
used to control the upstream limits of salt intrusion
during the summer lowflow period. Otherwise, the
Delta would be subject to more extensive incursions
of saline water in most years with the degree of
salinity being related to the amount of runoff.
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CHAPTER il

PHYTOPLANKTON AND THEIR ENVIRONMENTAL REQUIREMENTS
By HAROLD K. CHADWICK

INTRODUCTION

Phytoplankton are small plants which float in the
water and drift with the currents. They are members
of a group of plants called algac and are important
in the estuary because they, along with other micro-
scopic organisms and detritus, form the base of the
food chain. For all practical purposes they are the
only aquatic component of the food chain capable
of converting inorganic chemicals into organic com-
pounds which can be utilized as food by animal life
from zooplankton to fish.

Phytoplankton are also important because of their
role in the dissolved oxygen dynamics of the estuary.
Like other green plants, they produce oxygen as a
by-product of the food manufacturing process; but
they also consume oxygen, just as animals do, during
respiration. When phytoplankton populations are
growing rapidly, they produce more oxygen than they
consume. This happens in the spring over much of
the estuary. A rather extreme example of this effect
occurs in the San Joaquin River where it enters the
Delta near Tracy. In 1966, dissolved oxygen concen-
trations there were always above saturation from April
through September with peak daily mean concentra-
tions approaching 200 percent of saturation.

Phytoplankton populations contribute to total oxy-
gen demand in the water through both their endo-
genous respiration and their decay after death. When-
ever these two processes exceed the photosynthetic
production of oxygen, phytoplankton reduce dissolved
oxygen concentrations. When large populations die
rapidly, they can cause dissolved oxygen concentra-
tions to fall to zero. No such drastic response due to
phytoplankton, however, has been observed anywhere
in this estuary. The death of phytoplankton though,
undoubtedly, does contribute significantly to the dis-
solved oxygen deficit generally found throughout the
estuary in the fall. This deficit is typically on the order
of 10 to 30 percent below saturation.

In some situations, phytoplankton also cause signi-
ficant esthetic problems. When dense populations die
the decaying mass can be unsightly and produce un-
pleasant odors. This occasionally occurs in limited
areas of the estuary.

ABUNDANCE AND DISTRIBUTION

Phytoplankton populations vary seasonally and geo-
graphically in a predictable pattern in the estuary
(Storrs, et al, 1964; Bain and McCarty, 1965; Chad-
wick, et al, 1967). Populations are lowest during the
winter and highest usually during the spring or early
summer. In the eastern San Joaquin Delta there some-
times is a secondary peak in the fall.

(20)

Population abundance and the magnitude of sea-
sonal changes vary greatly in different parts of the
estuary. Phytoplankton are generally most abundant
in the eastern San Joaquin Delta and least abundant
in northern San Francisco Bay. Peak summer popu-
lations are often an order of magnitude higher in the
eastern San Joaquin Delta than in the western Delea.
Progressing farther downstream, summer peaks are
somewhat greater in Suisun Bay than in the western
Delta; then they are often an order of magnitude or
more lower in San Pablo and San Francisco Bay.

Population trends cannot be compared precisely be-
cause of variations in the analytical procedures used
in the various studies and because of appreciable an-
nual variation in abundance. In 1966, peak phytoplank-
ton populations (measured in terms of chlorophyl) at
Mossdale on the San Joaquin River, in the western
Delta, and in Suisun Bay were approximately 280, 40
and 60 milligrams per cubic meter, respectively.

The most abundant group of phytoplankton in the
estuary is diatoms. These are distinguished from other
forms by their shell-like cell walls which are com-
posed largely of silica. They are always the predom-
inant group during periods of peak abundance.

Green algae and flagellates are also important con-
stituents of the phytoplankton in the estuary. During
the winter and spring, these two groups often com-
prise 60 to 70 percent of the phytoplankton in the
Delta and Suisun Bay (DF&G, unpublished data).

A fourth group, blue-green algae, generally con-
tribute little to phytoplankton populations in the estu-
ary. In 1966 and 1967 for example they usually con-
stituted less than 5 percent at 10 stations scattered
throughout the Delta and Suisun Bay. Blue-green algae
may, however, comprise a higher percentage of the
phytoplankton in backwater areas of the Delta which
have seldom been sampled.

The relative scarcity of blue-green algae is impor-
tant because blue-green algae are commonly respon-
sible for most of the severe adverse conditions caused
by high phytoplankton concentrations. Blue-green
algae apparently are scarce in marine waters outside
of the tropics (Raymont, 1963); Lackey, a leading
phytoplankton specialist, reports never having observed
nuisance blooms of blue-green algae in waters with
chloride concentrations exceeding 500 mg/l (FWPCA,
1968). Hence, it is improbable that blue-green algae
will ever become a problem in the western part of
this estuary. Furthermore, it is improbable that they
will become a problem in major channels of the fresh-
water portion of the estuary, because blue-green algae
are usually most abundant in quiet water environ-
ments. The major channels have relatively high water
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velocities and turbulence due primarily to tidal action,
which will remain unchanged in the future, unless
barriers are constructed across the channels.

LIMITING FACTORS

The seasonal and geographical differences in abun-
dance reflect variations in the several mechanisms
which control phytoplankton growth. In a recent re-
view, Raymont (1966) considered requirements for
light, temperature salinity and nutrients as the factors
controlling growth, with zooplankton grazing often
affecting the standing crop. In addition, hydraulic
conditions are probably an important mechanism in-
fluencing phytoplankton in this estuary. Generally
speaking, if any one of these conditions is not favor-
able, it will limit growth, even though all other con-
ditions are favorable.

The role of any particular limiting factor though
cannot be looked upon as an all or nothing effect. For
example, there is an optimum intensity of light which
varies for different phytoplankton; as intensity in-
creases or decreases from this optimum, growth rates
decrease. Growth in a particular situation is often
controlled by an interaction of factors, each being
limiting to some degree, with the principal limitation
varying from time to time.

Light

The general increase in phytoplankton abundance
in the spring parallels the seasonal increase in light
and temperature. Light, however, appears to be the
primary limiting factor, as indicated by studies else-
where (Raymont, 1963).

In addition to seasonal limitations arising from the
variation of light intensity, light penetration is an
important limiting factor, particularly in this estuary
where turbidity is great. As a rule of thumb, phyto-
plankton will only grow at depths where light inten-
sity exceeds about 1 percent of the surface light in-
tensity (Talling, 1962). This is often defined as the
euphotic zone.

In waters which are mixed to depths greater than
the euphotic zone, phytoplankton are carried back and
forth between the inadequately and adequately lighted
zones. This limits growth when respiration (or use
of food, which occurs in both zones, exceeds photo-
synthesis, which can occur only in the euphotic zone.
In such situations, net increases in phytoplankton
sometimes occur though as a result of recruitment
from other areas. Population growth in the ocean
sometimes occurs when the depth of the mixed layer
is 5 to 8 times the euphotic zone depth (Sverdrup,
1953; Cushing, 1962). However, in the turbulent pro-
ductive waters of Lake Erie, growth is sometimes lim-
ited when the mixed layer is only 2 to 3 times the
euphotic zone (Verduin, 1954; McQuate, 1956).

The Sacramento-San Joaquin Estuary is generally
well mixed vertically, and ratios of total depth to
euphotic depth range from about 2 to 10 in Suisun
Bay and the Delta. During 1966 maximum populations

were generally small where the total depth was more
than 5 times the euphotic depth but increased as the
ratio approached 2 (Chadwick, et al, 1967). These
observations indicate that light penetration is a major
factor limiting phytoplankton in Suisun Bay and the
Delta where depths are greater than 9 to 15 feet. The
only locations in Suisun Bay and the Delta which
have substantial amounts of water less than 9 feet deep
are the San Joaquin River as it enters the Delta near
Mossdale, some flooded islands, and Suisun and Honker
Bays on the north side of the main channel.

Transparency measurements in San Pablo and San
Francisco Bays (Storrs, et al, 1963; Storrs, et al, 1964)
indicate that the euphotic zone in these bays is more
variable; in San Francisco Bay particularly, it is
deeper than in upstream areas. Annual mean euphotic
depths at different places in San Pablo, south San
Francisco, and north San Francisco Bays were about
3to7,2to7, and 6 to 10 feet respectively. Consider-
ing the deeper light penetration and the extensive
shallow areas in these lower Bay areas, light limitation
is probably less important there than in the Delta and
Suisun Bay.

Temperature

Raymont (1966) points out that temperature is un-
likely to have an important net effect on primary
productivity in the natural environment, because
respiration rates increase with temperature thus, off-
setting increases in photosynthesis. This logic seems
reasonable for this estuary. The primary effect of
temperature may be its influence on seasonal changes
in species composition.

Salinity

Although salinity can influence the photosynthetic
rate of individual photoplankton species, its influence
on species composition is probably its primary effect
(Raymont, 1966).

Nutrients

Nitrogen and phosphorus are usually considered to
be the major plant nutrients. These two and in the
case of diatoms, silica are among the elements most
likely to be depleted by phytoplankton (Talling,
1962). In addition, at least 14 other elements are neces-
sary for the growth of some plants (Goldman, 1966).

Nutrient limitations are difficult to identify for sev-
eral reasons including variations in nutrient require-
ments among species and differences in the many chem-
ical forms which individual nutrients may take. Perhaps
the greatest difficulty, however, is the dynamic nature
of nutrient relationships. Water movements and chem-
ical exchange with the bottom continually augment
and deplete nutrient supplies in the water. Phyto-
plankton may also store surplus nutrients for future
use. As a result of these dynamic conditions, phyto-
plankton abundance typically has no relationships to
the concentration of nutrients present at any given
moment; hence, limitations can be identified only
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through adequate consideration of these dynamic re-
lationships.

~ There is considerable evidence that the form of the
relationship between growth rate and nutrient concen-
tration is similar for all nutrients. In essence, growth
rate increases as the concentration of a nutrient in-
creases up to a point at which that specific nutrient
is no longer limiting. Any further increase in nutrient
concentration has no significant effect on growth rate.
Results of experiments to measure nutrient limitation
typically are expressed in terms of the nutrient con-
centration at which the growth rate is half of the
saturation growth rate. This resultant concentration
is referred to as the half-saturation constant.

Dissolved phosphorous concentrations of 0.01 milli-
grams per liter (mg/l) have led to phytoplankton
blooms (Sawyer, 1947); this appears to be about
the half-saturation constant for phosphorous, (DiToro,
et al, 1970). Recent measurements throughout this
estuary (Storrs, et al, 1964; Bain and McCarty, 1965;
Chadwick, et al, 1967) have shown that phosphorous
concentrations rarely get as low as 0.01 mg/l and
are usually at least an order of magnitude higher than
this, even when phytoplankton populations are high-
est. This has led to the conclusion that phosphorous
has not limited phytoplankton growth in this estuary
(Chadwick, et al, 1967; FWPCA, 1968).

Silica concentrations in the western part of the estu-
ary typically fall to low levels (0.5 to 2.0 mg/l)
coincident with peak phytoplankton growth in the
summer (FWPCA, 1968; U. S. Bureau of Reclama-
tion, unpublished data). These levels probably ap-
proach the limiting concentration of silica which Fogg
(1965) considered to be 0.5 mg/l. The seasonal cycle
in diatom abundance now, however, gives no indica-
tion that the observed changes in silica concentrations
are causing populations to shift to other groups of
phytoplankton. The decrease in concentrations is due
to the combined effects of phytoplankton uptake of
silica and the intrusion of silica-deficient marine water
from the Pacific Ocean. The relative contribution of
these two causes has not been assessed.

Since silica is essential only to diatoms, a deficit
would probably result in a change in the species com-
position of the phytoplankton population rather than
in a limitation of the total population size.

Nitrogen, the other major nutrient, is probably the
most important limiting nutrient in the estuary. While
the precise nitrogen requirements of phytoplankton
are not known (Raymont, 1966), DiToro, et al,
(1970) concluded from the literature that the half-
saturation constant was about 0.025 mg/l for inor-
ganic nitrogen. The determination of nitrogen limi-
tations are complicated by the ability of phytoplank-
ton to use various types of inorganic nitrogen and
dissolved organic compounds (Yentsch, 1962).

Nitrate nitrogen concentrations declined to un-
measureable levels (less than 0.05 mg/l) during much
of the summer of 1966 in the San Joaquin River at
Mossdale and in the western Delta-Suisun Bay area

(Chadwick, et al, 1967). At the same time, ammonia
nitrogen was usually about 0.1 mg/l in the San
Joaquin River and usually less than this (sometimes
less than 0.05 mg/l) in the western Delta-Suisun Bay
area. Nitrogen depletions were also noted in the west-
ern Delta-Suisun Bay area during the summers of 1961
through 1964 (Storrs, et al., 1964; Bain and McCarty,
1965).

Laboratory experiments with cultures of phyto-
plankton from the western Delta-Suisun Bay area have
demonstrated consistently that nitrogen is a limiting
nutrient (FWPCA, 1968; Brown, et al, 1969; Calif.
Dept. of Fish and Game, unpublished data; U. S.
Bureau of Reclamation, unpublished data). Thus, both
field and laboratory data indicate that nitrogen is a
limiting nutrient for phytoplankton in the San Joaquin
River at Mossdale and in the western Delta-Suisun
Bay area for at least part of the year.

A different situation prevails in the rest of the
estuary. In the central Delta, brief nitrate nitrogen
depletion occurred during the spring and fall of 1966
coincident with maximum phytoplankton popula-
tions. However, phytoplankton populations were low
throughout the summer despite nitrate nitrogen con-
centrations of 0.2 to 0.4 mg/l] or higher.

In San Pablo and San Francisco Bays low nitrate
nitrogen concentrations have occurred irregularly
(Harris, et al, 1961; Storrs, et al, 1964; Bain and Mc-
Carty, 1965). Nevertheless, they usually were above
0.2 mg/l, and there was no indication that trends in
phytoplankton populations were related to the fluctua-
tions in nitrogen concentrations.

It is interesting to note that Riley (1967) concluded
that nitrogen depletion is the primary mechanism ter-
minating the spring phytoplankton bloom in Atlantic
Coast estuaries. He believes the low N to P (nitrogen
to phosphorous) ratios commonly found in those estu-
aries are symptomatic of a high probability of nitrogen
depletion. N to P ratios in the San Francisco Bay
estuary also are low. The low N to P ratios are com-
monly believed to reflect the relatively slow regenera-
tion of nitrogen during bacterial decomposition of
phytoplankton.

There is little evidence regarding the concentrations
of minor inorganic nutrients either in the estuary or
required by phytoplankton (Talling, 1962; Goldman,
1966). The requirements for phytoplankton are almost
certainly very small. Considering the variety of sources
of natural runoff and municipal and industrial waste,
it seems improbable that minor nutrients limit phyto-
plankton growth in the estuary.

On the contrary, the toxic effects of some minor nu-
trients may be more important than an absence of
those nutrients in limiting phytoplankton growth. This
is suggested by recent experiments indicating that cop-
per and mercury concentrations on the order of 0.01
mg/] reduced growth rates of phytoplankton cultures
from San Francisco Bay (Krock and Mason, 1971).
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" Hydraulic Conditions

The hydraulic characteristics of an estuary affect
phytoplankton populations indirectly by determining
salinity, affecting nutrient input, and influencing tur-
bidity (Riley, 1967). Thus, hydraulic conditions play
a role in the limitations discussed above. In addition,
hydraulic conditions have a direct effect by control-
ing residence time which determines the rate at which
phytoplankton are dispersed. A dramatic illustration of
this effect probably occurred in 1966 and 1967 in the
eastern part of the estuary. In 1967, a high runoff year,
phytoplankton populations reached their peak about
4 months later and were only about half as large as in
1966 when flows were relatively low (Dept. of Fish
and Game, unpublished data). Phytoplankton popula-
tions in the western estuary on the other hand varied
little between 1966 and 1967. This reflects the fact
that the impact of freshwater flow is much more sig-
nificant in the eastern estuary than in the western
estuary where tidal flow predominates.

Zooplankton Grazing

In the Delta and Suisun Bay, zooplankton popula-
tions sometimes parallel phytoplankton populations,
indicating that zooplankton probably influence phyto-
plankton standing crops (Figure 5). However, in
many cases fluctuations in zooplankton and phyto-
plankton populations are not closely related, so zoo-
plankton is probably not the primary factor limiting
phytoplankton in the Delta and Suisun Bay.

In the bays downstream there appears to be an even
poorer relationship between phytoplankton and zoo-
plankton, because population changes often do not
parallel each other. Actually, zooplankton peaks often

precede phytoplankton peaks (Storrs, et al, 1963 and
1964). However, this may not be a true indication of
the importance of zooplankton grazing in the Bay
area. Storrs’ data indicate that the ratio of the zoo-
plankton population size to the phytoplankton pop-
ulation size is considerably greater in San Pablo and
San Francisco Bays than in Suisun Bay. This suggests
that zooplankton grazing plays a more important role
in influencing phytoplankton crops in the Bay area
particularly since phytoplankton standing crops there
are considerably lower than in upstream areas despite
apparently more favorable light and nutrient condi-
tions.

FUTURE CHANGES IN PHYTOPLANKTON
POPULATIONS

The above discussion of factors limiting phytoplank-
tion growth may be summarized by saying that the
primary limiting factors in the Delta and Suisun Bay
are the availability of nitrogen and light. At times hy-
draulic conditions are important and zooplankton
grazing undoubtedly has an important influence on
phytoplankton standing crops. In San Francisco and
San Pablo Bays it is not at all clear what the primary
limiting factors are.

Qualitatively, increased nitrogen input from munic-
ipal, industrial, and agricultural wasteloads and per-
haps increased light penetration as a result of decreased
sediment transport into the estuary (Krone, 1966;
David Kennedy, Delta Water Rights Hearing Testi-
mony) will cause phytoplankton populations to in-
crease. In some portions of the estuary, reduced flows
may promote greater phytoplankton growth by re-
ducing the downstream transport rates. Throughout

Laboratory Technician Identifying and Counting a Sample
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most of the estuary though, tidal currents are more im-
portant than the net flows resulting from freshwater
inflow. Since tidal currents will not change signifi-
cantly in the future, little change can be expected
from changes in flow alone. However, since the sup-
ply of silica, which approaches limiting levels now,
depends on freshwater inflow, this substance may be-
come a significant limiting factor to diatoms.

While it is possible to make these qualitative judg-
ments, the primary need is for a quantitative assess-
ment of such changes. Quantitative assessment, how-
ever, is very difficult because of the number of
interacting parameters and the fact that many of the
relationships are nonlinear. It appears that the best
hope of success in assessing change lies in a dynamic
mechanistic model. Such a model has been developed
for the eastern Delta and Suisun Bay (DiToro, et al,
1970) and has been used to make a preliminary assess-
ment of future changes in that region (O’Connor,
Delta Water Rights Hearing Testimony).

A major question regarding future management pol-
icies concerns the desirable concentration of phyto-
plankton. There is no good answer to this question.
The large phytoplankton populations (chlorophyll
concentrations of 200 to 280 mg/m?) in the San Joa-
quin River at the edge of the Delta in the summer of

1966 caused daily oxygen fluctuations on the order of
7 to 9 mg/l. Such fluctuations may be detrimental to
the growth and survival of fish (Doudoroff and
Shumway, 1970). In addition, these large phytoplank-
ton concentrations undoubtedly contributed to dis-
solved oxygen deficits as they drifted downstream
into the deeper channels of the Delta. On the other
hand, chlorophyll concentrations on the order of 50 to
60 mg/m? in Suisun Bay during the summer of 1966
were associated with daily dissolved oxygen fluctua-
tions of less than 2 mg/l, and dissolved oxygen con-
trations remained close to saturation throughout the
area. This suggests that acceptable limits of phyto-
plankton populations fall between 50 and 200 mg/m3.
This needs to be examined through model studies of
the relationship between phytoplankton populations
and other factors controling dissolved oxygen. Appro-
priate models are currently being developed to do this.

One factor commonly overlooked in management
decisions is that photoplankton are of vital importance
to fish, as they are a major part of the base for the
aquatic food chain. Thus, management decisions should
be directed toward maintaining optimum growth levels
for phytoplankton rather than simply toward arbi-
trarily limiting growth.
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CHAPTER IV

INVERTEBRATE ANIMALS AND THEIR ENVIRONMENTAL REQUIREMENTS
ZOOPLANKTON

By HAROLD K. CHADWICK

Zooplankton are small animals which live in the
water. They essentially drift with the currents, al-
though they have some capability to influence their
distribution through their own powers of locomotion.

They are a highly diverse group. Two groups of
crustacean zooplankters, the copepods and cladocerans,
are of most direct importance to fish and often the
term zooplankton just refers to them. Two groups of
smaller animals, the protozoans and the rotifers, are
also important in the San Francisco Bay-Delta estuary.
These four groups are considered in the following dis-
cussion.

A larger crustacean, Neomysis awatschensis, is an
extremely important zooplankter, but because of its
unique role, it will be considered separately in the next
section of this chapter. Other invertebrates are im-
portant zooplankters at times, particularly in the more
saline portions of the estuary (see Painter, 1966 and
Storrs, Pearson, and Selleck, 1966 for examples), but
they will not be considered here. Many of the latter
are the young forms of species which are not plank-
tonic as adults.

In recent years several zooplankton surveys have
been made in the estuary. A University of California
study concentrated on San Francisco, San Pablo and
Suisun Bays between 1960 and 1964 (Storrs, Pearson
and Selleck, 1966). Department of Fish and Game sur-
veys included San Pablo and Suisun Bays in 1963
(Painter, 1966); the Delta in 1963 (Turner, 1966a);
the Delta and Suisun Bay in 1966 and 1967 (unpub-
lished manuscript); and the Delta and Suisun Bay in-
termittently since then.

Although each of these surveys enumerated crusta-
cean plankters, comparisons are difficult because of dif-
ferences in sampling, analysis and degree of identi-
fication.

Protozoans

Protozoans are single celled animals, of which there
are many diverse groups. The ciliates have been the
principal group enumerated in this estuary and, of
these, only the larger ones having shells have been
considered. They generally are smaller than the other
zooplankters discussed here, but they are also more
numerous.

In the Delta and Suisun Bay in 1966, ciliate proto-
zoans were most abundant in the San Joaquin Delta,
least abundant in the Sacramento River and interme-
diate in Suisun Bay. At various locations in the San
Joaquin Delta the maximum monthly population
means ranged from about 14,000 to 40,000 animals per

(28)

liter. In Suisun Bay, peak populations were on the
order of 10,000 while in the Sacramento River at Rio
Vista they never exceeded 6,000 and usually were on
the order of 2,000 per liter or less.

At all locations, abundance varied widely and no
general seasonal trend was evident.

The University of California study found ciliate
abundance to be erratic in the Bay area also. Popula-
tions generally were higher in Suisun Bay than farther
downstream with maximum densities of over 100,000
per liter. This is about 10 times the peak numbers
counted there in 1966-67, which suggests that pro-
cedures were different in those two surveys.

The general abundance of ciliates in different parts
of the system generally parallels primary productivity
as evidenced by maximum standing crops of phyto-
plankton, suggesting a general relationship. Within
each geographic area though, seasonal trends of phy-
toplankton and ciliates were not related.

Ciliates probably eat smaller protozoa, phytoplank-
ton and bacteria and are in turn eaten by larger zoo-
plankters.

Rotifers

Rotifers are usually somewhat larger than ciliates.
Only the females are normally counted, since males
are degenerate, small and short lived.

In the Delta and Suisun Bay in 1966, rotifers were
much more numerous in the San Joaquin River near
Mossdale than at any other location. Mean populations
there peaked at about 14,000 per liter. Populations in
the rest of the San Joaquin Delta and in the Sacra-
mento River at Rio Vista were less than 10,000 per
liter. Populations in Suisun Bay were low, with
monthly means not exceeding 300 per liter.

The University of California study found that roti-
fers occurred erratically, and when present, were few
in number throughout the Bay area. Few rotifer spe-
cies occur in salt water (Pennak, 1953), so salinity evi-
dently is a major factor in limiting their presence in
downstream areas of the estuary. In freshwater por-
tions of the estuary rotifer populations tended to paral-
lel phytoplankton abundance, suggesting a dependence
on phytoplankton for food.

At the freshwater stations, rotifer populations were
highest at the shallowest stations. About half or more
of those identified were forms generally expected to
live on the bottom or in shoreline areas, suggesting that
water depth has an important bearing on population
size.
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Most rotifers are omniverous, eating organic detri-
tus, bacteria, protozoans and small algae. Some preda-
ceous forms feed on smaller rotifers and crustaceans.

Crustacean Plankters

Crustacean plankters include copepods and cladocer-
ans and vary greatly in size. The mean size of adult
forms found in this estuary range from about 0.8 to
1.5 millimeters. Individual species of cladocerans and
copepods may be either omnivores, strict herbivores,
or carnivores. As a group their diet consists of phy-
toplankton, smaller zooplankton and organic detritus.
Some are filter feeders, while others seize their prey
or particles with specialized mouth parts.

Distribution and Abundance. Cladocerans and
copepods are roughly equal in abundance throughout
the freshwater part of the Delta. In saline water,
cladocerans become much scarcer than copepods. Sur-
veys have not shown the salinity tolerance of cladoc-
erans precisely, but Painter (1966), sampling water
more saline than 1,000 mg/l of chlorides, failed to
find cladocerans in significant numbers.

Copepods occur in two well defined peaks of abun-
dance along the longitudinal axis of the estuary from
Suisun Bay through the Delta (California Department
of Fish and Game, unpublished data). One peak oc-
curs in Suisun Bay where fresh and salt water initially
mix. The major concentrations there were located
near Chipps Island in 1970 and near Port Chicago in
1971. The second peak of abundance occurred in the
San Joaquin River below Stockton during both years.

The University of California study found that adult
copepod populations were substantially higher in San
Francisco and San Pablo Bays than in Suisun Bay
(Storrs, Pearson and Selleck, 1966). Median annual
concentrations ranged from 20 to 25 animals per liter
in these bays, while the median was only 3.4 per liter
in Suisun Bay. On the other hand, Painter (1966)
found the peak concentration to vary between Suisun
and San Pablo Bays but, most often the peak was lo-
cated in Suisun Bay. The maximum concentrations he
found in the surface waters of San Pablo Bay were
only about half the median concentrations found there
during the study by the University of California.

The distribution of individual species of copepods
is correlated closely with salinity. In general there
are groups of fresh, brackish and marine copepods
(Painter, 1966).

There is a general seasonal trend in abundance
(Figure 6) with individual species having distinct
trends (Figure 7). Typical trends of total abundance
are either a summer peak or a bimodal distribution
with peaks in the spring and fall.

Factors Controlling Abundance. As was pointed
out in the last chapter, zooplankton populations are
probably not a primary factor limiting phytoplankton,
although populations of the two tend to peak about
the same time in some areas. Hence, zooplankton pop-
ulation size apparently is not generally related directly
to phytoplankton abundance. One possible reason for

this is that organic detritus is often an important food
of zooplankton.

Within the freshwater portion of the estuary, the
abundance of crustacean zooplankton is correlated
with the rate of residence time which is a function
of net water velocity (Figure 8) and the electrical
conductivity of the water (Turner, 1966a). The elec-
trical conductivity probably reflects basic productiv-
ity. In the more saline waters of the San Joaquin
River, populations were generally about twice those
under the same hydraulic conditions in the Sacramento
and Mokelumne Rivers. Net velocities less than 0.1
fps were most conducive to the growth of zooplank-
ton populations. However, significant increases some-
times occurred at net velocities between 0.1 and 0.3
fps.

NEOMYSIS
By WILLIAM HEUBACH
Introduction

The opossum shrimp, Neomysis awatschensis, is an
abundant and relatively large zooplankter in the estu-
ary, occasionally attaining concentrations in excess of
10,000 per cubic meter. Individual mysids reach a
size of 18 millimeters (%-inches). Their size, large
concentration, and simultaneous occurence with young
fish, particularly striped bass, make them an important
food item in our estuary. Any substantial change in
the Neomysis population due to an altered environ-
ment would probably affect several species of fishes.
For this reason Neomysis have been an important ele-
ment in our studies of the estuary.

From March 1963 to February 1964, mysids were
collected monthly as part of the zooplankton study.
This study was initiated to determine distribution
and abundance. A more intensive survey followed
from March 1965 to September 1966 to define more
critically the factors affecting Neomysis. Since June
1968, mysids have been collected monthly to assess
their distribution and abundance each year as food
for young-of-the-year striped bass and to determine
the environmental factors affecting their abundance
and distribution.

Geographical and Seasonal Abundance

Mysids are most abundant from June through
August with highest concentrations occurring from
Suisun Bay to Rio Vista on the Sacramento River and
Antioch on the San Joaquin River (Figure 9). Gen-
erally, peak densities occur in July or August, but
in 1966 densities were highest in June (Heubach).
The population peak is followed by a sharp decline
in late summer and fall. The density of mysids is
lowest between December and February, at which
time it is less than one-tenth of the summer density.
Concentrations are more uniform among areas during
winter than the rest of the year.

Factors Influencing Abundance

Water Temperature. The spring increase in mysids
coincides with increasing water temparture. The great-
est increase in the population occurs in the spring and
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early summer when water temperature ranges from
60°F to 70°F. Maximum densities generally occur
when the water temperature is approximately 68°F
to 72°F.

Field and laboratory observations suggest that water
temperatures greater than 72°F to 74°F are inimical to
Neomysis, which could explain the decline in the pop-
ulation in the summer and fall. Laboratory experi-
ments with mysids collected locally suggest that the
ultimate upper lethal temperature is between 75.6°F
and 77.8°F (Hair, 1971). The ultimate upper lethal
temperature is defined as the temperature at which
50 percent of the test animals die in a 48-hour ex-
posure period. However, the survival of control
animals held at 71.6°F was 85 percent compared to 55
per cent for those held at 72.5°F. It appears there-
fore, that water temperatures greater than 72°F may
actually kill Neomysis. Temperature tolerance studies
of Neomysis in other areas have shown similar results
(Wilson, 1951; Mihursky and Kennedy, 1967). The
Sacramento-San Joaquin Estuary is at the southern
limit of the Neomysis range (Banner, 1954) probably
making temperature a more critical environmental
consideration.

Salinity. Salinities were measured and are reported
here as parts per thousand chlorinity. Undiluted sea
water is approximately 19 parts chloride per thousand
parts of water.

In spring, mysid densities are similar over a wide
chlorinity range, while in summer densities are great-
est at salinities between 0.5 and 4.0 ppt (parts per
thousand). Densities decrease rapidly at chlorinities

quin River ranged from 150 to

greater than 4.0 ppt and mysids are scarce in chlorini-
ties greater than 10 ppt. At equal distances on either
side of the low chlorinity zone (0.5-4.0 ppt), mysids
are generally more abundant in fresh water (Figure
10). During fall and winter, densities are highest near
fresh water and decrease rapidly at higher chlorinities.

In the summer, mysid densities reflect salinity incur-
sion. The population center occurs farther upstream
during dry years when salinity incursion is greatest
and farther downstream in wet years when salinity
incursion is less (Figure 9). This indicates that the
location of the mysid population is probably deter-
mined principally by salinity.

Dissolved Oxygen. High water temperatures in
combination with low dissolved oxygen concentrations
appear unfavorable to Neomysis. Mysid densities are
relatively high in the San Joaquin River near Stockton
from late fall to spring when water temperatures are
less than 72°F and dissolved oxygen concentrations are
greater than 5.0 mg/l. In late summer and fall, how-
ever, mysid densities decrease as temperatures exceed
72°F and dissolved oxygen levels fall below 8.0 mg/l.
At dissolved oxygen levels of 3.0 mg/l mysids are es-
sentially absent. In areas of the Estuary which were
comparable except for having dissolved oxygen con-
centrations near saturation (approximately 8.0 mg/l),
mysids were much more numerous.

Effects of Light and Tide. During the day, mysids
generally are near the bottom with very few in the
upper 10 feet of water. In areas where the channel
depth is less than 10 feet, mysids usually are absent.
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Flows were greatest in 1969 and least in 1968.

At night they are more randomly distributed through
the water column and also are found near shore and in
the shallower channels. Mysids are nearer the bottom
on ebb tide than flood tide and farther off the bottom
during slack water. These findings suggest that their
vertical distribution (depth) is influenced by light in-
tensity, tide, and water velocity.

High net water velocities and high light penetration
apparently are the principle factors limiting the up-
stream range of Neomysis. If the flood tide is inade-
quate to reverse the normal downstream current,
mysids apparently are unable to move upstream.
Mysids are most abundant where net velocities are less
than 0.3 fps and absent where net velocities exceed 0.4
fps. Neomysis will not move upstream into areas where
light penetrates to the bottom irrespective of upstream
tidal flow.

Water velocities and tidal action also influence mysid
distribution throughout their range. In summer, den-
sities are generally higher in the Sacramento River

ysis at high tide in the Sacramento River from Suisun Bay to Rio Vista during June to September of three years.

than the San Joaquin River at comparable distances
from their confluence. In winter, the opposite is true.
This appears logical considering our knowledge of
Neomysis and the hydraulics of the two rivers. Mysids
have a limited capacity to swim and their upstream
distribution therefore, depends largely on tidal action,
especially flood tides which carry them upstream. In
winter, downstream flows (and velocities) in the Sac-
ramento River are much higher than at comparable
locations on the San Joaquin River as measured up-
stream from the confluence of the two rivers. Hence,
flood tides are less effective in carrying Neomrysis
upstream in the Sacramento River than in the San
Joaquin River.

Flood flows sweep most mysids downstream into
San Pablo Bay. Those found in the upper estuary dur-
ing high flow periods are in the more protected areas
such as Montezuma Slough.

Reproduction.. Both the percentage of females con-
taining eggs and fecundity (mean number of eggs per
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female) in general, increase in the spring, are highest
in summer, and then decrease to a winter low. Con-
sequently, small mysids comprise a larger proportion
of the population in the spring and summer. As the
population declines in fall and winter, the proportion
of small mysids decreases. Young mysids are scarce in
the winter when reproduction is lowest. The spring
and summer reproductive period is similar to that of
other mysids occurring in temperate regions ( Tattersall
and Tattersall, 1951). Reproduction is also higher in
fresh water than salt water at equal distances from the
preferred low chlorinity range.

Reproduction accounts for the most significant
changes in the seasonal and geographical abundance of
Neomysis. Mysids are most abundant at the time and
in the area in which reproduction is greatest; that is,
in the summer from the lowermost, freshwater stations
down to the area of 2.0 ppt chlorides.

Food Habits. Food habit studies of Neomysis are
incomplete but investigations thus far have disclosed
mysid stomachs to contain phytoplankton (principally
diatoms), detritus, entomostracan parts and in some
cases, entire rotifers (Dr. Allen Knight, University of
California at Davis, personal communication). The
genera of diatoms ingested by mysids differ between
brackish and fresh water areas of the estuary. There is
a higher preponderance of detrital material in the
stomachs in winter.

Members of the genus Neomysis are considered
omnivorous filter feeders, ingesting phytoplankton,
detrital matter and zooplankton (Tattersall and Tat-
tersall, 1951). The presence of smaller mysids and in-
tact zooplankton in their stomachs suggests they may
be particulate feeders as well.

Summary

A number of environmental factors interact to con-
trol the distribution and abundance of Neomysis in the
Sacramento-San Joaquin Estuary. Mysids are most
abundant in the summer in a chlorinity range of 0.1 to
2.0 ppt, where reproduction is greatest. Densities de-
crease rapidly at chlorinities greater than 4.0 ppt and
were lowest at chlorinities over 10 ppt. Few mysids
are found where flow reversal is negligible during
flood tide or where light penetrates to or near the
channel bottom. Water temperatures greater than 72°F
in combination with dissolved oxygen levels less than
8 ppm appears unfavorable. Field and laboratory ob-
servations indicate that temperatures greater than 72°F
are adverse to Neomysis.

Implications of Water Development

Salinity and tidal flow are significant factors affect-
ing the geographical distribution and abundance of
Neomysis. Since salinity in the Delta is a function of
outflow, the amount of outflow is probably the most
critical environmental factor affecting the location and,
perhaps, the abundance of Neomysis. Water tempera-
ture, turbidity, and probably the amount of detritus

coming into the Delta are also important. It has not
been possible to isolate and evaluate each of these fac-
tors, but each is related to outflow. Therefore, it is im-
perative to continue monitoring the Neomysis popula-
tion and the environment to determine more precisely
the relationship of environmental factors to the abun-
dance of mysids.

Flow direction and velocity also affect Neomysis
distribution and population size in the Delta channels.
The high net water velocities, which occur in some
channels now as a result of water exports, reduce my-
sid densities and hence, reduce the range of the
Neomysis population and its availability as a fish food.
Flow reversal in the San Joaquin River from its conflu-
ence with the Sacramento River to the mouth of Old
River may also be highly detrimental. A continual
draft of mysids from the confluence of the two rivers,
where they are most abundant, would tend to reduce
their density in that critical area and probably affect
the survival of striped bass which are most abundant
near the center of the mysid population.

Recommended Environmental Conditions

Based upon existing knowledge, the environmental
requirements of Neomysis include:

1. A large expanse of water in the salinity range
of 0.1 to 4.0 ppt chlorides. Chlorinity should not
exceed 4.0 ppt upstream from Chipps Island during
the summer.

2. Positive downstream net flows.

3. Retention of tidal currents to provide mysids
upstream transport mobility from centers of abund-
ance.

4. Dissolved oxygen levels near saturation, but
never less than § mg/I.

5. Maintenance of turbidity levels that will restrict
light penetration sufficiently in most deeper channels
of the Delta now utilized by Neomysis and which
will permit limited extension of mysids into shallow
channels.

6. Water temperatures not greater than 72°F.

7. Net water velocities less than 0.3 fps.

ZOOBENTHOS

By DICK DANIEL
Introduction

Benthic animals or zoobenthos are primarily inverte-
brates which live in or on the bottom substrate of
aquatic habitats. They include such animals as clams,
worms, aquatic insects and crustaceans. In our estuary
they are important sources of food for some fish, as
well as a number of waterfow! and shorebirds. They
are important food for sturgeon and catfish. In recent
years, they have gained importance as an indicator of
water quality conditions in various environments be-
cause their populations generally reflect conditions in
areas of industrial and municipal pollution.
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A number of benthic surveys have been made in the
estuary in recent years. Filice (1954a,b; 1958; 1959)
described the general limits of many forms in San
Pablo and Suisun Bays in the early 1950s. A Univer-
sity of California study concentrated on San Francisco,
San Pablo and Suisun Bays between 1960 and 1964
(Storrs, Pearson and Selleck, 1966). Department of
Fish and Game surveys included San Pablo and Suisun
Bays in 1963 (Painter, 1966); the Delta in 1963 (Hazel
and Kelley, 1966); and San Francisco and Delta waters
in 1971 (Daniel and Chadwick, 1971). A Department
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of Water Resources survey included the Sacramento
River in the Delta in 1962 (California Department of
Water Resources, 1962).

Although each of these surveys enumerated the
benthic animals, comparisons are extremely difficule
due to differences in sampling, analysis and particu-
larly degree of identification (Carlton, 1972).

Distribution and Abundance

There are many environmental and biological factors
individually or in combination that determine the dis-
tribution of benthic organisms in an estuary. One of
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the most important factors and easiest to identify is
that of salinity. Filice (1958) described a distinct
change in species composition due to salinity in eastern
Carquinez Strait. The seaward fauna consists of estu-
arine and marine forms, while the river fauna contains
species that are of freshwater and estuarine origin. In
addition to a change in species composition, there are
many more species West of Carquinez Strait (Filice,
1958) and a greater total biomass of benthic forms
(Figure 11; Painter, 1966).

Zoobenthos are an important source of food in San
Pablo Bay for waterfowl, shorebirds and some species
of fish. Thousands of diving ducks are found in the
Bay area each winter. The redhead, buffiehead, scaups,
American goldeneye, and canvasback all feed on ben-
thic mollusks, crustaceans, and annelid worms. Small
clams such as Macoma, Genmma and Tapes and the
snail Nassarius are the more important species of food.
Amphipods, isopods and annelid worms have also been
found in gizzards of diving ducks (Browning, 1965).
The small amphipod, Amzpelisca, is important to juve-
nile striped bass, and several species of clams appear
important to white sturgeon (Ganssle, 1966; McKech-
nie and Fenner, 1971).

The importance of zoobenthos in the food chain of
fish diminishes moving upstream into the Suisun Bay-
Delta area. This may be due to the presence of fewer
species (Filice, 1958) and/or the lower benthic bio-
mass (Painter, 1966).

The most important benthic animals that are eaten
regularly by fishes in the Delta are small amphipods
of the genus Corophium. They are frequent in occur-
rence and sometimes appear in large numbers in the
stomachs of striped bass (Heubach, et al., 1963; Ste-
vens, 1966; Thomas, 1967), catfish (Turner, 1966b),
sturgeon (Radtke, 1966) and centrarchids (Turner,
1966¢).

There are two major species of Corophium in the
Delta, C. spinicorne and C. stimpsoni. Hazel and Kel-
ley (1966) found that C. stimpsoni was most abundant
in the fine-medium sand bottoms in the western Delta
where the predominant currents are the ebb and flow
of the tide. Its downstream abundance was believed

to be limited by the salinity gradient and its upstream
abundance by high net velocities of inflowing rivers,
particularly near the mouth of the Mokelumne River.
It does not flourish in quiet water.

Corophium spinicorne was almost entirely restricted
to sediments with some solid substrate and usually
was more abundant in shallow water near the shore.

Other benthic animals eaten by fishes in the Delta
include the larvae of midge flies of the family Tendi-
pedidae and the Asiatic clam, Corbicula. Small num-
bers of Tendipedidae larvae are found in the stomachs
of young striped bass (Heubach, et al., 1963; Stevens,
1966), catfish (Turner, 1966b) and centrarchids (Tur-
ner, 1966¢). Only a few Corbicula have been reported
in fish stomachs.

Hazel and Kelley (1966) found that Tendipedidae
were only significant in bottom samples taken from
more river-like environments of the upstream Delta.
Corbicula were abundant in many parts of the Delta
but apparently are unavailable to fish.

Implications of Water Development

The effects of a reduction in freshwater flow into
the estuary on the overall production of zoobenthos
is not known. Freshwater inflow contributes nutrients
and detritus which are necessary for high production.
It also dilutes municipal and industrial wastes, thus
helping to prevent pollution problems such as low
dissolved oxygen levels and toxicity. Thus, excessive
flow reductions tend to be detrimental to the present
zoobenthic populations, although pollution effects
should be controlled by treatment rather than dilution.

One of the significant factors affecting the distribu-
tion and abundance of Corophium in the river-like
channels of the Delta and one that could change with
future water development is the type of bottom sedi-
ment. High net velocities such as those which now
occur in the Mokelumne River region result in shifting
sand bottoms which support few benthic animals. Any
reduction of water velocity in this type of habitat,
such as would occur with operation of the Peripheral
Canal, would be beneficial to the benthos populations.
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CHAPTER V

STRIPED BASS
By JERRY L. TURNER

INTRODUCTION

Striped bass (Morone saxatilis) are not native to the
West Coast of the United States but were initially
introduced from the East Coast in 1879 (Skinner,
1962). Their increase in California waters was quite
phenomenal with hundreds of bass being caught 10
years after the first planting. Over 1,200,000 pounds
were landed in California 20 years after the transplant
and from 1916 to 1935 the commercial catch ranged
between 500,000 and 1,000,000 pounds per year. In
1935, all commercial fishing for bass was halted to
protect the sport fishery.

Striped bass have long been one of California’s top
ranking sport fish. The Stanford Research Institute
estimated the net economic value of the sport fishery
for 1970 at about 7.5 million dollars (Altouney, Cram-
pon, and Willeke; 1966). The intangible benefits of
angling, the enjoyment and relaxation afforded by the
sport, which cannot be measured in dollars, are per-
haps even more important considerations. Two million
angler days are supported annually by this resource.
Present estimates of the size of the adult striped bass
population (fish 16 inches and over) are on the order
of 1.4 million fish, but past records indicate a substan-
tially larger population, perhaps of up to 3 million fish.

Since the early 1960s, there has been a general de-
cline in angler success, presumably due to a decline in
population size. Along with the decline in angler suc-
cess, there has been a decline in annual harvest rate
and a general increase in the average weight of striped
bass caught. The annual harvest rates have varied from
14 to 37 percent (Chadwick, 1968; Miller, 1972).
These low harvest rates and the increase in average
weight of the fish caught both suggest an underuti-
lized fish population and certainly demonstrate that the
population decline in the early 1960s was not due to
excessive angler harvest. In fact, reducing the minimum
size limit, or relaxing restrictions which limit harvest
rates or both, would probably result in greater catches
of smaller fish with no harm to the population (Chad-
wick, 1969). The recent decline in angler success was
probably due to a deterioration in the environment
for young-of-the-year in the early 1960s. The results
of a poor environment for young bass would not be
noticed until 4 years or later in the adult fish catch.
Reasons for the poor environment for young bass will
be discussed later in this chapter.

LIFE HISTORY
Migration of Adults

Catch records and tagging studies in the early 1950s
demonstrated a definite annual migration pattern for
adult striped bass (Calhoun, 1952). There was a large
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upstream fall migration to the fresh waters of the Sac-
ramento-San Joaquin Delta, where the fish remained
during the winter. In the spring, they dispersed
throughout the Delta and up the Sacramento River to
spawn. After spawning they returned to spend the
summer in San Pablo Bay and adjacent waters.

Tagging studies in the 1960s revealed a similar pat-
tern except that bass were migrating farther down-
stream into San Francisco Bay and staying there
longer (Chadwick, 1967). Part of the San Joaquin
spawning population also shifted to the Sacramento
side of the Delta during this later period.

Spawning Location

The two major spawning areas of striped bass are
in the Sacramento River from Isleton to Butte City
and in the main San Joaquin River and adjacent sloughs
from Antioch upstream to Venice Island.

The location of spawning is largely determined by
the amount of flow. In the Sacramento River, the
amount of flow affects water temperature and hence
the location of spawning (Calhoun, Woodhull, John-
son, 1950; Farley, 1966; Turner, MS). In years of high
runoff when the Sacramento River warms more
slowly, striped bass continue to migrate upstream
waiting for the water to reach the spawning tempera-
ture. Under such circumstances, they spawn farther
upstream when runoff is high and farther downstream
when runoff is low.

The location of spawning in the main San Joaquin
River is controlled to some extent by salinity which
also is a function of outflow. Striped bass require fairly
fresh water for spawning. Spawning occurs farther
downstream in the Delta in years of high flow when
salinities are pushed downstream. Early studies sug-
gested that little spawning occurred in the San Joaquin
River where ocean-derived salinities were greater than
200 mg/l of total dissolved solids (TDS). In 1968,
substantial spawning occurred in salinities up to 600
mg/1 TDS.

As mentioned previously, tagging studies have dem-
onstrated a gradual shift in spawning from the San
Joaquin River to the Sacramento River in the past 20
vears (Chadwick, 1967).

Minor spawning has occurred in wet years in the
San Joaquin River upstream from the Delta (Farley,
1966). In dry years, because of low quality agricul-
tural return water, there is an increase in salinity in the
San Joaquin River. This creates a reverse salinity gra-
dient and, in such years, adult striped bass generally
refuse to move upstream beyond the point where land
(agriculture) derived salinities reach 350 mg/l TDS
(Radtke and Turner, 1967).
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The time at which striped bass spawn is related
closely to water temperature. Spawning usually starts
when the river temperature reaches 60°F and peaks
when temperatures are between 63° and 68°F (Turner,
MS). Spawning in the Delta occurs approximately 2
weeks earlier than in the Sacramento River because
of temperature differences between the two areas. The
principal spawning periods over the past several years
have been between April 25 and May 25 in the Delta
and from May 10 to June 12 in the Sacramento River.

Egg and Larva Development

Striped bass are prolific. An average 18-inch bass
will lay approximately 200,000 eggs, a 24-inch fish
700,000 and a 30-inch fish over a million (Lewis and
Bonner, 1966). The eggs are released directly into
the water at which time they are fertilized by the
male. The eggs develop as they drift downstream with
the currents.

Live eggs are spherical and transparent. They are
quite small after fertilization (1/16 inch) but they ab-
sorb water in the first 2 hours and double their orig-
inal diameter. Laboratory studies show that survival
is much greater for eggs that absorb water in which
the salinity is less than 1,000 mg/l TDS than for eggs
in higher salinities (Turner and Farley, 1971). The
eggs are only slightly heavier than fresh water (mean
specific gravity 1.0005) and suspension in the water
was necessary for survival in laboratory experiments
(Albrecht, 1964). The rate of egg development de-

pends upon water temperature with higher tempera-
tures increasing the incubation rate. Eggs will nor-
maolly hatch in 48 hours at a water temperature of
67°F.

Immediately after hatching the striped bass larvae
are capable of only very weak swimming movements.
Their energy the first few days is derived from the
larval yolk sacs. By the 7th or 8th day the larvae begin
to feed actively on small zooplankton (Stevens, 1967).
Feeding habits vary with the size of the bass and the
area of feeding (Heubach, Toth and McCready, 1963;
Stevens, 1966; Turner, MS). The copepod, Euryte-
mora affinis, is the major food item in the western
Delta, where the bass are most common, untl the
larvae reach 0.6 inch in length at which time the my-
sid shrimp, Neomysis awatschensis, become the major
food (Turner, unpublished data).

Egg and Larva Distribution

The eggs and newly hatched larvae are at the mercy
of the currents. In the upper Sacramento River there
is a one-way flow toward the ocean and the young
bass are swept downstream rapidly into the Delta.
In contrast, the net downstream flow in the channels
of the San Joaquin Delta is negligible in comparison
to the strong tidal flow. Thus, in the San Joaquin
River the eggs and larvae develop in almost the same
area they are spawned while they are being carried
back and forth by the tides.
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Four to 6 weeks after spawning the young bass
from both river systems are found in the Delta and
Suisun Bay and are typically most numerous in the
area where fresh and salt water initially meet (Chad-
wick, 1964; Turner and Chadwick, 1972). The loca-
tion of this zone is a functon of the amount of
freshwater outflow but, generally, it is in the vicinity
between Antioch and Pittsburg. In high outflow
years, the young bass are located farther downstream
and in low outflow years farther upstream (Figure
12).

Egg and Larva Abundance

The best estimates of individual year class size
have been obtained by sampling when the population
of small bass reaches an average length of 1.5 inches
during the summer (Turner and Chadwick, 1972).
Since 1959, there has been a significant correlation
between the annual abundance of these small fish and
the amount of Delta outflow in late spring (See Fig-
ure 13).

Since outflow, the level of salinity and the propor-
tion of water diverted from the Delta all depend on
the inflow to the Delta, these parameters likewise
show a significant correlation with the abundance of
small bass. In the case of diversion (Figure 14) and
salinity, the relationship is negative, meaning that as
salinity and the proportion of inflow diverted in-
creases, the abundance of small bass decreases.

It is important to note the implications of the inter-
related nature of each of the parameters discussed
here. Under the conditions observed since 1959, it has
not been possible to examine the parameters independ-
ently for their individual impact on the survival of
small bass. Thus, although it is clear that the survival
of small fish has been related to flows, the reason
for this is not known.

The data indicate that annual summer abundance
of young bass increases rapidly as summer outflows
increase from 2,000 to 10,000 cubic feet per second
(cfs), but changes little at flows above 10,000 cfs.
The data also indicate that the greater the year class
abundance, the later the time at which the various
year classes reach a mean length of 1.5 inches (Figure
15). The principal reason for this is that spawning
occurs later due to the lag in water temperature due
to high outflow. The implications of the relationship
between abundance and flow are discussed in more
detail later in this chapter.

Young Bass from Late Summer to Spring

The opossum shrimp, Neomysis, are the most im-
portant food item of young striped bass through the
remainder of their first year of life (Heubach, Toth
and McCready, 1963; Stevens, 1966; unpublished
data). The amphipod, Corophium, is also important.
Small fish, however, become a major food item during
the winter months.
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In the fall the distribution of small bass remains
closely related to the mixing zone of fresh and salt
water, which is the same area where the Neomysis
population is concentrated. In the late fall or winter
months there is a general downstream movement
toward San Pablo Bay. It is at this time that the im-
portance of Neomysis declines and fish become a more
important part of their diet.

Juveniles

After their first year, juvenile striped bass progres-
sively increase the amount of fish in their diet, al-
though Neomysis remains important during their
second summer of life (Stevens, 1966; Thomas, 1967).
In the Delta, threadfin shad and young-of-the-year
striped bass are the primary fish fed upon.

Juvenile bass spread throughout the estuary and
its tributaries as they grow older. They are found
from San Pablo Bay to the Delta and large numbers
also move into the rivers upstream from the Delta.
Male bass mature when they are 2 to 3 years old,
while females mature at 5§ or 6 years. Once mature
they take up the adult migratory pattern described
earlier.

IMPLICATIONS OF WATER DEVELOPMENT

Cross-Delta Water Transport

Transporting water from the Sacramento River
across the Delta to the export pumps near Tracy
creates a variety of problems for striped bass. The
first and most obvious of these is the loss of eggs,
larvae and young fish in the export canals.

Fish screens at the canal intakes save many fish
which otherwise would be lost. However, the present
fish screen system is efficient only in removing fish
large enough to swim well.

Essentially, all the eggs and larvae approaching the
screens are lost from the Delta. In the early 1960s, this
loss was estimated at 15 to 30 percent of the eggs.
Without adequate facilities in the future, this loss
may increase to as much as 50 to 80 percent of all
eggs (Delta Fish and Wildlife Protection Study, 1964
and 1967).

The importance of these losses at the fish screens
is difficult to define. In fish as prolific as striped bass,
in which natural mortality rates are high for eggs,
larvae and young fish, 100 percent screen efficiency
obviously is not essential. On the other hand, we do
not have sufficient evidence to define how great a
loss is acceptable. Evidence discussed later in this re-
port indicates that such losses presently may be a
factor affecting the survival of young bass. Hence,
the loss of eggs and young in diversions must be a
major consideration in evaluating the effects of Delta
water development. The most reasonable course of
action, in our judgment, is to develop the capability
to reduce losses at diversions to a very low level, while
proceeding simultaneously with studies to define the
essential level of protection. Presently, the Department
of Fish and Game has established an objective of

saving 90 percent of all bass, % inches and longer,
approaching screening facilities. (Testimony, Water
Resources Control Board, 1969).

The eggs and young bass entering the export canals
do have a value which must be considered. Recently
a very popular fishery for striped bass has developed
in San Luis Reservoir, a storage reservoir about 60
miles downstream from the export pumps. The reser-
voir was filled in 1968 and the fish population was
derived from young fish entering through the Canal.
Since striped bass are so prolific, it is undoubtedly
possible to maintain the fishery in the estuary and still
support a valuable fishery in the canals and reservoirs
along the water delivery system.

The second effect of transporting water across the
Delta is that as the transport rate increases, the produc-
tion of food for voung bass decreases. Qur studies
show clearly that the present populations of zooplank-
ton, Neomysis, and benthic invertebrates are depressed
in Delta channels used to transport water. These losses
will increase as flow across the Delta is increased.

A third effect of the cross-Delta transfer of water
is related to the downstream migration of adults after
spawning. The export canals are far from the major
migration pathways. Small numbers of adult bass now
find their way to the trashracks across the canal in-
takes and fight the current until they die of exhaustion.
As the flows towards the pumps increase, we are con-
cerned that this loss may become serious. The extent
of the problem depends on the degree to which adult
bass depend upon the direction of flow to guide them
in their migration. This is not known.

Outflow

There is a second group of striped bass problems
related to Delta water development. These are believed
to be functions of outflow primarily so their solution
is independent of the means chosen for transporting
water to the export pumps.

One problem concerns the effect of salinity on
spawning. The location of spawning in the San Joaquin
River in the central Delta is restricted primarily by
salinity conditions. Both field and laboratory evidence
suggest that striped bass spawning in the San Joaquin
River would diminish if ocean-derived salinities greater
than 1,000 mg/1 TDS are allowed to intrude upstream
from Antioch and water quality in the main San
Joaquin River above the Delta is not improved sub-
stantially.

The most probable consequence of excessively saline
water in this area during the spawning period would
be to encourage more and more of the population to
migrate into the Sacramento River to spawn. This is
suggested by our observation of the negative behav-
ioral response of adult bass to increasing salinity levels
in the San Joaquin River on their upstream spawning
migration. In addition, tagging studies have demon-
strated that many striped bass have in fact shifted their
spawning migrations from the San Joaquin River to
the Sacramento River over the past 20 years. An ex-
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cessive shift of spawning to the Sacramento River
could result in limited distribution of young bass over
the nursery area which may reduce survival.

The second, and possibly the more important con-
sideration, concerns the effect of flow on the survival
of bass during their first summer (Figures 13 and 14).
We have tentatively identified six possible mechanisms
associated with flow which could effect the survival of
young bass (Turner and Chadwick, 1972). These me-
chanisms are: (1) effect on the distribution of young
bass; (2) the supply of detritus and nutrients; (3) the
time of spawning; (4) predation; (5) loss to diver-
sions; and (6) toxicity from effluents. None can be eli-
minated with the available evidence. The first three all
relate to the available food supply. The significance of
these mechanisms vary in their relationship to flow
parameters, so identification of the controlling mechan-
ismn is essential to decisions on water development. The
available evidence is reviewed in the following sections.

Distribution. Since the abundance of young bass
is greatest in the zone where fresh and salt water mix,
presumably, conditions for survival are better in that
zone. Massman (1963) referred to this as the “critical
zone” in estuaries, because it is the principal nursery
area for many fish.

In our estuary, at flows associated with better survi-
val, this zone is located in the Suisun Bay area. The
high proportion of shallow embayments there may
enhance productivity. In the summer of 1966 the
standing crop of phytoplankton in shallow embay-
ments was about twice the crop in the adjacent chan-
nels (California Department of Fish and Game, un-
published data). Primary productivity is greater in
the Suisun Bay region than either the upstream or
downstream areas. (Bain and McCarty, 1965).

Detritus and Nutrient Supply. A variety of evi-
dence suggests that high flows may increase estuarine
productivity by increasing the supply of detritus and
inorganic nutrients.

Detritus-feeding invertebrates are important in estu-
arine food chains (Darnell, 1967). The input of detri-
tus into the estuary is probably a direct function of
flow. Krone (1966) demonstrated that the annual input
of total suspended solids is a direct function of river
discharge, and limited evidence indicates that the per-
centage of organic material in total suspended solids
varies little with flow (USGS, unpublished data).
Therefore, the amount of organic detritus would in-
crease greatly in years of high outflow. To the extent
that detritus is retained in the estuary, it would in-
crease the production of invertebrate food organisms.
We have little direct evidence to demonstrate this.

Evidence from other estuaries suggests a positive
relationship between invertebrate production and flow
through the estuary. Heinle (1969) found evidence
that the production of Eurytemora affinis, a small
copepod in the Patuxent River estuary, increased
greatly following the addition of organic detritus to
the estuary during high spring flows. This copepod is

the principal food of striped bass less than 0.6 inch
long in the low salinity zone of the Sacramento-San
Joaquin Estuary.

Shrimp production in estuaries has often been re-
lated to rainfall or river discharge (Hildebrand and
Gunter, 1953; Thomson, 1956, Chapman, 1966). This
relationship has usually been attributed to the result-
ing amount of habitat of suitable salinity for shrimp,
but nutrient input from high inflow has also been sug-
gested as a cause (Kutkuhn, 1966).

Spawning Time. As mentioned previously, there
is a general pattern in which high outflow depresses
water temepratures, thus resulting in later spawning
and greater year class abundance. Later spawning may
coincide with a greater availability of food when the
young bass start to feed. Heubach (1969) found a ra-
pid increase in numbers of small Neomysis from March
through mid-summer. Turner (1966) and Painter
(1966) reported rapid increases in the standing crop
of crustacean zooplankton from June through mid-
summer in the estuary. There is some evidence though
to indicate the annual peak densities of Neomysis are
also delayed by high flow in the summer.

Predation. The turbidity of water in the Delta is
controlled partly by outflow and partly by tidal cur-
rents. The zone of highest turbidity is also the low
salinity zone in which the young bass are concentrated.
To the extent that flow is responsible for turbidity, it
may indirectly influence predation on and/or canni-
balism among the young bass in the Delta.

As stated previously, the annual input of total sus-
pended solids in the estuary is positively correlated
with river discharge (Krone, 1966). However, limited
measurements of light penetration in 1966 and 1967
indicate that mean light penetration was greater
throughout the estuary in 1967, a high outflow year,
than in 1966, a low outflow year (Chadwick, unpub-
lished). This suggests that it is improbable that high
outflows increase turbidity and hence, reduce preda-
tion.

Effect of Diversions. The fifth possible mechanism
is the loss of striped bass due to water diverted from
Delta channels. The primary diversions during the
period of study were the Delta-Mendota Canal, Con-
tra Costa Canal, and Delta agricultural diversions. This
could be important in determining survivial. The lou-
ver-type screen on the Delta-Mendota Canal does not
save eggs and newly hatched larvae, and only 50 to
90 percent of the fingerling and juvenile bass are sal-
vaged by the louvers, depending on their size. Also,
neither the numerous Delta agricultural diversions nor
the smaller export canals (Contra Costa and Vallejo
Canals) are screened.

The possibility that water diversions influence sur-

vival is supported by the inverse relationship between

the abundance of young bass and the percentage of the
water entering the Delta which is diverted (Figure
14).
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Even though this relationship exists, several things
suggest that water diversions are not the primary
mechanism determining survival. One is that the per-
centage of the striped bass population in the San
Joaquin Delta within the immediate influence of the
Delta-Mendota Canal intake was relatively small in
most years. In 1959 and in 1961 (dry years), it was
about 25 percent. In all other years it was less than
20 percent and in 1968, a poor year for bass survival,
it was less than 10 percent. Moreover, during the 2-
month period covered by our surveys each summer,
the geographical distribution of bass usually remains
quite constant. In those instances when the distribution
does change, there is no consistent pattern which
would suggest that the fish move toward the canal
intake. 4

Another consideration indicating that losses in water
diversions are unlikely to be the primary mechanism
controlling survival is that many bass are lost through
Carquinez Strait in high outflow years (Stevens, un-
published data). The best observations of this phenom-
enon were made in 1967, and they indicated that very
few of the young carried through the Strait survived.
This loss, in all probability, was comparable to the
loss in diversions in the driest of years yet survival
from late spawning in 1967 was so great as to be the
second best in the 11-year period.

While the distributional pattern indicates losses in
diversions are not likely to be the major factor deter-
mining survival, it does not eliminate this possibility.
The steady diversion of eggs and larvae as they move
downstream through the area influenced by the pumps
and the return of some young toward the pumps by
tidal diffusion could result in the observed distribution
pattern even though losses at the pumps were the
dominant factor determining mortality.

If losses in diversions are the cause for the observed
relationship, survival would not be a function of out-
flow, of course.

Toxicity. A final possible mechanism is toxicity.
The San Francisco Bay-Delta Water Quality Control
Board Program has concluded that toxicity from mu-
nicipal and industrial effluents is significant in the estu-
ary and that about 20 percent of the toxicity in the
system is discharged in the region where young striped
bass are most numerous (Kaiser Engineers, 1969). In
order to evaluate the effect of toxicity on survival, it
would be necessary to know the relationship between
waste dilution and outflow, to have good estimates of
toxic waste loading, and better evidence of the toxicity
of the identified wastes on young striped bass. None
of these are available.

None of the hypotheses that have been discussed
above can be eliminated with the available evidence.
It is believed, however, that the supply of available
food resulting from some combination of bass distri-
bution, detritus and nutrient supply, and spawning
time is the most probable mechanism.

It should be noted at this point that we have only
limited evidence that there is a direct relationship be-
tween the survival of small bass in their first summer
and their later abundance as adult fish.

Some evidence bearing on this relationship is that
the rate of survival of young bass between their first
mid-summer and their second winter did not differ
significantly from 1966 to 1970 despite significant dif-
ferences in initial abundance and wide differences in
environmental conditions (California Department of
Fish and Game, unpublished data). The relatively uni-
form rate of survival means that the number of fish
surviving to the end of their second winter is a func-
tion of the number surviving at the end of the first
vear.

Obviously, the primary concern in managing the
fishery is the number of adult fish and not the number
of young. Hence, the real importance of the relation-
ship between the survival of young bass and water
flow depends on whether the abundance of adult bass
is directly related to the number of young bass. At
present we have only limited evidence that this rela-
tionship exists.

An estimate of year class recruitment based on tag-
ging studies and party boat catches from 1957 to 1971
suggests there is a direct relationship between amount
of outflow during June and July of the spawning
season and the size of year class recruitment to the
fishery 3 years later (Stevens, unpublished data).

A third concern related to water flows are tempera-
ture and oxygen conditions during the summer in the
Delta. Neither are functions of water flow primarily,
but flows can influence both. Even small increases in
temperature and decreases in oxygen could be critical
to Neomysis because maximum summer temperatures
are now very close to the maximum temperatures
which this species can tolerate (Hair, 1971).

RECOMMENDED ENVIRONMENTAL
CONDITIONS

Present knowledge indicates that the striped bass
population can be protected or enhanced by:

1. Minimizing the losses of eggs, larvae and young
fish to water diversions.

2. Reducing water velocities in the river channels
in the north and south Delta in late spring and early

summer to increase production of food for young
fish.

3. Providing a positive net downstream flow
towards the ocean to guide adult fish in their migra-
tion.

4. Maintain water quality suitable for striped bass
spawning during the spring in the main San Joaquin
River and adjacent sloughs from Antioch upstream
to Venice Island at least.
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5. Providing sufficient outflow during May
through July for adequate survival of young striped
bass.

6. Maintain adequate temperature and dissolved
oxygen conditions during the summer and fall, with
requirements of Neomysis being the most critical.

It is entirely reasonable that taking these steps would
be sufficient to maintain and very likely enhance the
population. The discussion of these requirements
though pointed out areas of uncertainty as to the real
necessity and extent of some of these requirements.
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CHAPTER VI

KING SALMON
By PAUL JENSEN

INTRODUCTION

King salmon are present in the rivers and tributaries
of California’s Central Valley from Keswick Dam on
the Sacramento River near Redding to Crocker-Huff-
man Dam on the Merced River in the San Joaquin
Valley. Historically, this range extended to the upper
tributaries of the Sacramento River, such as the Mc-
Cloud and Pit Rivers, and to above the present location
of Friant Dam on the San Joaquin (Clark, 1929).
Water developments have shrunk the range to its pres-
ent size.

As individuals, salmon are seasonal occupants of
Central Valley streams. However, timing of occupancy
of the various races is such that some fish are present
during every month of the year. Three races occur in
the Central Valley. These are known as the fall, winter
and spring runs and are identified largely by their mi-
gration patterns which are described later.

Central Valley salmon support a commercial as well
as a sport fishery. The commercial fishery is restricted
to ocean waters and to troll, or hook and line, fishing.
Sport angling for salmon occurs in fresh water as well
as in the ocean.

Since 1953, commercial landings of king salmon in
California have ranged from a high of 958,000 fish in
1956 to a low of 338,000 fish in 1967 (Figure 16).
Taken together, populations of king salmon in north-
ern California streams are comparable in size to those
of the Central Valley. However, the bulk of Califor-
nia’s king salmon landings are produced in the Central
Valley (Fry and Hughes, 1951).

Marine recreational salmon landings of king salmon,
since 1953, have ranged up to 184,000 fish in 1955
(Figure 16). Again, the bulk of these fish are produced
in the Central Valley. Inland landings of Central Valley
king salmon amount to around 25,000 fish annually.
The landings are made almost exclusively in the Sac-
ramento River and its tributaries.

LIFE HISTORY
Population Size and Enumeration Studies

King salmon spawning populations (exclusive of
winter run) in the Central Valley have since 1953
ranged from a low of 120,000 fish in 1957 to a high of
612,000 in 1953 (Figure 17). While salmon populations
fluctuate naturally, those of the San Joaquin River in
particular have done so quite violently. Since 1953,
total populations in the Stanislaus, Tuolumne, and
Merced Rivers which now consist solely of fall-run
fish have ranged from a high of 70,000 in 1953 to a low
of 500 in 1963 (Menchen, 1963-1969). Identifiable di-

(44)

rect causes for some of the fluctuations in the San
Joaquin River runs are discussed later in this section.

Studies of juvenile salmon in the Delta have been
designed to measure timing of movement through the
Delta. No measures of population size of juveniles
there are available.

Adult Migrations

The estuary influences salmon populations primarily
because it is the migration route between the ocean and
inland spawning areas. There are at present three
rather distinct upstream migrations of adult salmon in
the Central Valley. Fall-run fish, which are the most
numerous and support the bulk of the ocean fishery,
pass through the Delta in late summer and. fall and
spawn in the upper rivers in fall and early winter.

Winter-run salmon, which over the past 15 years
have developed into the second most numerous group,
pass upstream through the Delta primarily in the
winter, and spawn in the upper Sacramento River dur-
ing the following summer.

The spring run, which may have numbered in the
hundreds of thousands some decades prior to construc-
tion of Shasta and Friant Dams, is now the least nu-
merous variety in the Central Valley. Spring-run
adults migrate through the Delta in the spring months,
and spawn in the upper rivers in early fall.

Spawning

Spawning occurs in upriver areas. Eggs are buried in
clean gravel where there is a moderately rapid current
(preferably 1 to 3 feet per second). Examples of down-
streamn limits of spawning are near Vina in the main
stem of the Sacramento; near the mouth of Honcut
Creek in the Feather River; and near the Watt Avenue
Bridge in the American. Sacramento salmon routinely
spawn in eastside valley tributaries such as Mill, Deer,
and Chico Creeks; less commonly in westside tributar-
ies which are in the rain shadow of the coast range
mountains.

Ideal temperatures for egg incubation range from
the mid-forties to the mid-fifties. Mortality of incubat-
ing eggs increases abruptly as temperatures exceed
57°F. Eggs incubated at 50°F hatch in approximately
50 days. The relationship between water temperature
and incubation period is inverse; as temperature in-
creases, the incubation period decreases.

Salmon hatch with the yolk sac attached to their
bodies, and the newly hatched fish work their way up
through the gravel in which they were deposited as
eggs. During this time, they assimilate nutrients con-
tained in the volk sac.
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Downstream Migration

The young emerge from the gravel over a broad
range of development, from newly hatched fish to fry
with the yolk sac almost completely assimilated. In the
initial stages, most downstream movement is the result
of fish being carried downstream by the currents
rather than deliberate downstream swimming.

Some fish start migrating downstream as soon as
they emerge, but most migration follows the spawning
period by 3 or 4 months. In the Pacific Northwest,
spring-run juveniles normally remain in fresh water
for a year and migrate to the ocean as yearlings. In
the Feather River and Butte Creek in the Sacramento
system though, juvenile outmigration of spring-run fish
is common during the first year.

Time required for downstream migration is likely to
vary with streamflow, with movement being more
rapid under conditions of high runoff. Although some
juveniles are migrating through the estuary in every
month, the peak movement occurs in April, May, and
June, with most fish being at least 3 inches long
(Figures 18 and 19) (Aplin, 1967; Ganssle, 1966; Mes-
sersmith, 1966; Sasaki, 1966). However, during periods
of high runoff, yolk sac fry have been captured in this
area in February. It is unlikely that fish of this size
would find a favorable environment in San Francisco
Bay.

The coincidence in the timing of runs in all parts of
the estuary (Figure 18) indicates a rapid rate of migra-
tion through the estuary.

Growth in the Ocean

Little is known regarding growth of Sacramento
River king salmon from the time they leave the estuary
as 3-inch outmigrants until they begin to appear in
ocean sport fishery landings as 20-inch fish in the late
summer of their second year of life.

A few 1-year-old salmon have been captured in mid-
water trawls made offshore during May and June.
These fish were 11 to 14 inches in length, several
inches longer than fish of the same age would be ex-
pected to reach if reared in our hatcheries. Also, adult
spawners resulting from hatchery releases of yearling
fish are generally smaller than those resulting from
fingerling releases. Thus, we can infer that the first
vear of growth achieved in the ocean is greater than
that produced in our hatcheries.

Growth rates achieved by adult salmon are ex-
tremely variable. Two-year-old spawning males may
vary from 16 to 26 inches in length. Three-year-old
males and females normally range from 26 to 34
inches and from 7 to 20 pounds. Four-year-olds may
vary in weight from 12 to 35 pounds, or more.

ENVIRONMENTAL INFLUENCES
AND REQUIREMENTS

Hydrology and Limnology

Flow. Upstream migrant salmon have historically
demonstrated an ability to find their way at least above

Carquinez Strait under conditions of extraordinarily
low Delta outflow. In 6 of the 13 years immediately
prior to the construction of Shasta Dam, salmon were
taken in the river fishery during August when condi-
tions of negative Delta outflow occurred (Figure 20).

Given satisfactory water quality conditions, up-
stream migrant salmon appear able to successfully
negotiate the lower San Joaquin River at flows of
500 cfs at Stockton (Hallock, Elwell, and Fry, 1970).
Additional water may be required, however, to pro-
vide optimum passage.

Because sufficient water has been available in the
Sacramento River, flows necessary for adult passage
have yet to be determined; they are likely to exceed
those required in the San Joaquin.

Delta outflow during the spring is likely to be most
critical in providing incentive and orientation for out-
migrating juveniles. No way of determining the
amount of outflow required in this regard exists short
of observing outmigration under a variety of reduced
outflows.

Salinity Gradient. Throughout their range along
the Pacific Coast, king salmon demonstrate an ability
to pass through a variety of salinity changes, from a
very gradual one as is found in the Delta to an abrupt
change from fresh to sea water, such as exists in most
smaller coastal streams lacking estuaries. This is true
of both adult and juvenile fish, although not all juve-
niles are prepared to make the transition at the same
time.

It is possible that once a tolerance for salt water has
been developed, a salinity gradient may act as a guide
in outmigration, providing direction to fish which
may be seeking increasingly saline water. Under all
plans for cross-Delta water transfer except a physical
barrier, a salinity gradient will exist such as to present
no problems to either adult or juvenile salmonids.

It should be noted at this point that king salmon
have suffered mortality from the bacterial disease,
Vibriosis. The causative organism is of the same genus
as that responsible for cholera in humans. Although
Vibriosis presents no human health hazards, losses
among salmon being penraised in saltwater in the
Pacific Northwest have exceeded 80%.

Salmon, apparently, first become susceptible as
downstream migrants entering salt water, and continue
to be susceptible for at least the first year of marine
existence.

Vibriosis has not been observed in salmon in Cali-
fornia. Its recent occurrence in the Pacific Northwest
though indicates that it should be given consideration
in evaluating requirements of salmon migrating from
fresh to salt water.

Water Quality. High water temperatures and low
dissolved oxygen content are the two water quality
factors which have had an observable adverse effect
on salmon in the Delta. In the San Joaquin River near
Stockton in the fall, salmon are reluctant to ascend
the river when water temperatures exceed 70°F
and dissolved oxygen drops below 5 mg/l (Hal-
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lock, et al, 1970). Because the conditions of elevated
temperature and depressed oxygen content coincide,
it has been difficult to distinguish their relative effect
on migration. It has been fairly well established that
dissolved oxygen must be maintained at at least 5§
mg/l, but temperature requirements are less apparent.
In 1971, salmon negotiated the lower river at tempera-
tures around 70°F, once satisfactory dissolved oxygen
conditions had been established (DF&G office report).

In recent years, suitable conditions for migration
have been achieved by having the Department of
Water Resources construct a barrier at the head of
Old River to divert more flow past Stockton and
sometimes by having the Bureau of Reclamation aug-
ment flows in the river.

Cross-Delta Water Transport

In the absence of a closed system for transporting
water from the northern Delta to the pumps in the
south, difficulty can be anticipated in maintaining con-
ditions adequate for upstream migrants in the San
Joaquin River. Since almost all the water to be
pumped originates in the Sacramento River, this water
must intercept the flow of the San Joaquin on its
way to the pumps. Under conditions of low San
Joaquin outflow and high pumping rates, essentially
all of the San Joaquin flow is delivered to the pumps;
little gets past the cross flow of Sacramento River
water and into the western Delta.

In the fall months of the early 1960s, this combina-
tion of conditions resulted in reversed flow in the
San Joaquin River; the net movement of water was
upstream toward the pumps rather than downstream
to the ocean (Ganssle and Kelley, 1963). During this
period, spawning populations declined to record lows,
numbering only several hundred fish in the entire San
Joaquin system. The steps described above have been
taken to assure a positive downstream flow in the San
Joaquin for the present, but with increased water
export from the Delta, the flow situation for fall
spawners in the San Joaquin River will become more
critical. The best (and possibly the only) permanent
solution to this problem would be a cross-Delta water
transfer system isolated from existing Delta channels.

Juveniles migrating down the San Joaquin now are
drawn to the pumps. Existing screens at the pumping
sites do a fairly good job of saving small salmon,
but these must then be handled and transported to the
lower Delta beyond the influence of the pumps (Hal-
lock, Iselin and Fry, 1968). Again, the most satisfac-
tory solution would be an isolated water transport
system, so that the San Joaquin would flow unim-
peded to the sea.

Pumped Diversions

At the present time we have neither a measure of
fish loss in, nor a practical method of screening the
many relatively small diversions located in the Delta.
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Sampling of diversions in the Delta proper in 1955,
although limited to four sites, indicated that down-
stream migrants were being lost; losses were much
greater at the larger gravity and pump diversions
located upstream, closer to spawning areas (Hallock
and Van Woert, 1959).

Experimental evidence has been developed which
indicates that hatchery outmigrants released in the
Delta subsequently contribute to fishery landings at
from two to three times the rate of those released at
upstream hatchery sites to migrate downstream natu-
rally (DF&G unpublished data). Accordingly, the
Department is now completing, at a cost of several
millions of dollars, a program of screening the larger
diversions above the Delta on both the Sacramento
and San Joaquin Rivers.

If reduced spring outflow significantly increases
the exposure of outmigrants to Delta diversions, a
program to develop and install effective fish screens
will assume a higher priority.

Salvage Activities, Plans and Alternatives

The overriding salvage problem as far as salmon
are concerned is screening of juvenile outmigrants

from export canal intakes, wherever they may be
located. This problem is discussed at greater length
elsewhere in this report.

In the event that the Peripheral Canal is con-
structed, Sacramento River-bound adults could be at-
tracted up dead-end sloughs by releases from canal
spill sites. This is potentially a greater threat to fall
than winter or spring-run fish, since fall-run fish
spawn shortly after leaving the ocean and can afford
to spend little time in the Delta.

Should upstream migrants be attracted to canal spill
sites, several potential solutions exist. These include
collection and transportation of adults, pulsing spills
to avoid attraction, or complete suspension of spills
during periods of upstream migration. Present operat-
ing concepts anticipate the latter.

Sonic tagging of adult upstream migrants in the
Delta has indicated that the source of water in vari-
ous parts of the Delta influences migration patterns.
In dry years, when reduced San Joaquin flow and
pumping at Tracy combined to draw more Sacra-
mento River water into the southern Delta, numbers

Method of trapping striped boss for tagging.



ECOLOGICAL STUDIES OF THE SACRAMENTO-SAN JOAQUIN ESTUARY 51

of Sacramento fish present at Prisoner’s Point on the
San Joaquin River were higher than in relatively wet
years. We have no measure of the effect of this dis-
tributional change on the salmon population in the
Sacramento River, but view it as an undesirable situa-
tion. The solution again is to isolate flows of Sacra-
mento River water to the export pumps from the
existing Delta channels.

Opportunities for Enhancement

A relationship has been established between spring
flow and size of spawning run in the San Joaquin
River (Resources Agency of Calif., 1965). The greater
the flow during juvenile outmigration, the greater the
spawning run 3 or 4 years later. Certainly a large part
of this relationship is determined in upstream areas of
the San Joaquin River above the influence of Delta
water diversions. To improve survival of juvenile out-
migrants in the San Joaquin system, the Department
of Fish and Game is negotiating for increased stream-
flows in San Joaquin tributaries and is providing fish
screens for major water diversions.

Survival of San Joaquin outmigrants is likely to be
further improved by additional flow and by isolating
their downstream movement from the influence of
Delta pumping. The latter condition could be achieved
through operation of the Peripheral Canal. The canal
would also provide solutions to problems faced by up-
migrants to the San Joaquin River system.

RECOMMENDED ENVIRONMENTAL
CONDITIONS

Water quality requirements for salmon in the Delta
are fairly easy to define. It has been established that
during salmon migration periods dissolved oxygen
must be maintained in excess of 5 ppm and water tem-
peratures should be below 70°F.

Outflows necessary for salmon are less simple to
establish. Given adequate water quality in the Delta,
salmon will be able to live there. However, they are
not resident in the Delta and require flows in amounts
that can be determined only by observing their migra-
tions under low flows. This has not been done because
flows during the principal salmon migration periods
have not approached the minimums being considered
for the future.

Upstream migrant salmon have negotiated the lower
San Joaquin River when flow past Stockton amounted
to 500 cubic feet per second, although this may be
below the optimum. We have no corresponding meas-
ure of minimum suitable flows in the Sacramento
River.

Perhaps flows during downstream migration are
even more critical. Only by comparing outmigration
rates under reduced flows will we be able to define
water requirements in this respect.

For these reasons, we are deferring specification of
salmon flow requirements pending examination of mi-
gration patterns under increased water export sched-
ules.
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CHAPTER ViI

OTHER FISHES IN THE ESTUARY

AMERICAN SHAD
By DONALD E. STEVENS

INTRODUCTION

About 10,000 American shad fry, Alosa sapidissima,
were transported from New York to the Sacramento
River in 1871. In 1873, 35,000 more were stocked, and
between 1876 and 1881 additional plants totaled 784,-
000 fry.

By 1879 several thousand shad appeared in the San
Francisco markets. After 1900 and until 1945 the com-
mercial catch was regularly over 1,000,000 pounds.
From 1945 until 1957 when the gill net fishery was
effectively terminated by legislation the catch gener-
ally was less than a million pounds. The roe was the
most valued part of the fish. At the end of the fishery
females were bringing 6 to 8 cents per pound while
the price for males rarely exceeded 1 cent per pound
(Skinner, 1962).

About 1950 a sport fishery developed in the upper
Sacramento River and its major tributaries. The num-
ber of anglers participating in this fishery has grown
tremendously in the last few years. “Elbow-to-elbow”
type fishing is typical in the American, Feather, and
Yuba Rivers when the shad are there. Fly rods and
light spinning gear are the normal tackle.

Another exciting method of shad fishing is “bump-
ing” which is done at night in the Sacramento, Mo-
kelume and San Joaquin Rivers. A long handled dip-
net with chicken wire mesh is held perpendicular to
the stern of a slow moving boat propelled by an out-
board motor. When the “bumper” feels a shad hit
the net he gives the net a twist and swings the fish
into the boat. Virtually all shad caught by this method
are ripe males. Similar nets are also used to catch shad
from the bank in the upper Sacramento and San Joa-
quin Rivers.

LIFE HISTORY

Population Size

We know that shad runs in the Sacramento River
and tributaries are much larger than those in the San
Joaquin; however, there are no precise estimates of the
shad population. We do have a reasonable estimate of
the striped bass population based on tagging studies
(unpublished); therefore, a crude estimate of the num-
ber of shad migrating up the Sacramento River can
be made from the ratio of shad to striped bass in traps
set at Courtland and Clarksburg to catch striped bass
for tagging.

Over a 2-year period, the numbers of shad to bass
were equal. Since the total estimate of bass using the
river was on the order of 750,000, the estimate of the
shad run would also be about 750,000 adult fish. This
js @ minimum estimate since the catches almost cer-

(52)

tainly overestimate the relative abundance of bass. Our
goal was to maximize the bass catch so we attempted
to set the traps where bass were abundant. Painter
made a crude estimate of the annual shad run based
on past commercial catch records (Kelley, 1968). His
estimate was 2 to 4 million fish.

Spawning Migration

Shad spend most of their life at sea. Three to §-year
old fish begin entering the estuary in limited numbers
on their spawning migration in the fall. They migrate
through the Delta on their way upstream principally
in April, May, and June (Stevens, 1966). Hallock,
Fry and LaFaunce (1957) found that the migration
peaked in the Sacramento River above the mouth of
the Feather River in May. Catches by anglers in the
Feather and Yuba Rivers peak in June.

Spawning

Most shad spawn in April, May and June. They
have been observed spawning throughout the length
of the Sacramento River upstream from Hood (Hat-
ton, 1940). It is likely that they spawn down to Isle-
ton, since there is little change in the river conditions
between Hood and Isleton. Spawning has also been
observed in the Feather, Yuba, and American Rivers
where the fish are most accessible to anglers. Collec-
tions of ripe, adult shad and shad eggs and larvae are
evidence of spawning in the Mokelumne River, south
Delta, and San Joaquin River (Stevens, 1966; unpub-
lished data).

Kelley (1968) analyzed reports by other biologists
and concluded that spawning shad require “fresh”
water, “current”, and water temperatures 54°F or
higher. However, the eggs are tolerant of low salini-
ties. Leim (1924) was more successful in hatching
eggs in salinities of 7.5 parts per thousand, TDS, than in
fresh water. A recent study on the Feather River indi-
cates that shad do not begin spawning until the maxi-
mum daily water temperature reaches 60°F. Spawning
peaks in this river when the water is about 70°F and
continues until 75°F, but survival from the spawn at
the higher temperatures apparently is poor (Richard
E. Painter, Cal. Fish & Game, pers. communication).

Shad spawn in small schools of up to a dozen or so
fish. The eggs are fertilized by the males as they are
released by the female. The fertilized eggs are about
V4-inch in diameter and are slightly heavier than water.
They are carried by river currents until they hatch.
Hatching time is a function of water temperature
which takes about 3 days at 74°F and up to 6 days at
57°F (Skinner, 1962).
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Between May 3 and July 11, 1969, we studied the
vertical distribution of fish eggs in the Sacramento
River at Courtland. The station depth was 25 feet and
samples were taken at the surface, mid-depth and
bottom with a helical pump. Numbers of shad eggs
increased with depth. The mean catch at the bottom
was more than twice that at mid-depth and about 10
times the catch at the surface (Figure 21).

Many, but not all, shad die after spawning. This
mortality may be related to water temperature. On
the Feather River a large number of carcasses are ob-
served after the water warms to 70°F, but few are
seen when the water is colder (Richard E. Painter,
pers. communication). On the Atlantic Coast, many
shad native to streams north of Cape Hatteras, North
Carolina, survive spawning, but almost all shad in
streams south of Cape Hatteras die after their initial
spawning run (Talbot and Sykes, 1958).

Those shad that survive spawning, migrate down-
stream to the ocean. They pass through the Delta
and Suisun Bay as late as August and September (Ste-
vens, 1966; Ganssle, 1966).

Migration of Young

Many of the young shad spawned in the rivers
above the Delta apparently travel downstream toward
the ocean immediately after hatching. There is evi-
dence from fine-mesh net catches in the Feather

River suggesting that these fish migrate primarily
from dusk to midnight. Some young remain in the riv-
ers as late as September and October and move down-
stream when they are several inches long (Richard
E. Painter, pers. communication). The bulk of the
young shad emigrate from the Delta and pass through
San Pablo Bay from September to November (Stevens,
1966; Ganssle, 1966).

A few remain in the Delta over the winter (Delta
Study, unpublished). Aplin (1967) trawled almost
every month from 1963 to 1966 in San Francisco Bay.
He usually caught some shad in each haul from No-
vember through May, but caught few in the summer
and early fall. Nothing is known about young shad
once they enter the ocean.

Growth of Young

Young shad are about 0.4 inches in length at hatch-
ing. Individuals in the Delta in July range from that
length to about 5 inches (Stevens, 1966), with the
average size about 1.2 inches (Erkkila, et al, 1950;
Stevens, 1966). The average size increases to about 3.2
inches in September and 4.5 inches in November (Ste-
vens, 1966).

Food

Young shad feed on zooplankton, primarily cladoc-
erans and copepods. Neomzysis is the principal food of
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FIGURE 21—Vertical distribution of American shad eggs in the Sacramento River at Courtland.
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adults in the Delta, although adults also consume fair
quantities of cladocerans and copepods (Stevens,
1966).

Predators

Food habits of all predatory fishes in the Delta
have been studied (Calif. Dept. Fish & Game, Fish
Bulletin No. 136). Young shad were not consumed
in quantity by any of them. On occasion, however, a
few small shad were eaten by striped bass (Stevens,
1966) and black crappie (Turner, 1966b).

Adult shad are subject to virtually no predation in
the Delta, although 2 adults were once observed in
the stomach of a large striped bass (about 40 pounds).

RECOMMENDED ENVIRONMENTAL
CONDITIONS

Although we do not know which environmental
factors have the most effect on population size, we
do know that we must maintain conditions that per-
mit adult shad to migrate upstream during the spawn-

ing run and the young to descend to the ocean. A
reverse salinity gradient, poor water quality, or lack
of flow would probably be deleterious (Kelley, 1968).
Suitable spawning conditions should also be main-
tained in the Delta and streams above the Delta dur-
ing April, May, and June. Water temperatures
between 60° and 70°F, fresh water, and good cur-
rents are probably needed for good spawning. Net
downstream flows in the summer and fall are prob-
ably helpful in guiding young shad toward the ocean.
Shad, like many other fishes, are probably most capa-
ble of performing their normal activities and surviving
environmental stress at dissolved oxygen levels near
saturation (Kelley, 1968). Neomysis should also be
maintained to provide a food supply for both young
and adult shad.

It is highly probable that satisfying the recom-
mended environmental conditions for striped bass in
the estuary would provide suitable conditions for
American shad. The principal additional requirement
is that young shad migrating down the Sacramento
River must be kept out of diversions.

WHITE STURGEON
By LEE W. MILLER

INTRODUCTION

Sturgeon are an ancient group of fishes. They are
remnants of the paleoniscoids which gave rise to
modern bony fishes (Lagler, Bardach, and Miller,
1962). All species are confined to the Northern Hem-
isphere above the 30th parallel (Magnin, 1959). The
white sturgeon, Acipenser transmontanus, is a native
of the Sacramento-San Joaquin Estuary. It ranges from
Northern California north to northwestern Alaska.
It is the largest freshwater fish in North America.
Major population concentrations are found in the
Fraser River (Semakula and Larkin, 1968), the Colum-
bia River (Craig and Hacker, 1940), and in the Sacra-
mento-San Joaquin River system (Skinner, 1962).

White sturgeon share the estuary with green stur-
geon, Acipenser medirostris, but green sturgeon are
considerably less abundant than white sturgeon and
are rarely caught by anglers.

CHARACTERISTICS OF THE FISH
AND FISHERY

Individual sturgeon vary greatly in growth rates and
the age at which they reach sexual maturity. Male
white sturgeon in the Fraser River reach sexual ma-
turity at 11 to 22 years and females from 11 to 34
years (Semakula and Larkin, op. cit.). Pycha (1956)
mentioned that females do not mature before 11 to 12
years on the Columbia but gave no reference. In the
Sacramento-San Joaquin system, we have found ripe
female sturgeon ranging from 12 to 20 years old.
These fish ranged in size from 45 to 69 inches in
length.

The interval between spawningshas not been deter-
mined with absolute certainty for any species although
numerous authors report intervals of 2 or more years.
(Nikolskii, 1961; Cuerrier, 1966; Roussow, 1957; Mag-
nin, 1966; and Bajkov, 1949). Female white sturgeon
in California probably spawn about every 5 years (un-
published data). We have no similar data for males.
Semakula and Larkin (1968) report intervals of 4 to
9 years for females in the Fraser River.

Six ripe white sturgeon from the Sacramento River
had numbers of eggs ranging from 100,000 eggs in a
49-inch fish to 190,000 in a 65-inch fish (unpublished
data). An extremely large female weighing 462 pounds
taken in the Sacramento River had an estimated
4,700,000 ripe eggs (Skinner, op. cit.).

Commercial catch figures dating from 1875 have
been recompiled by Skinner (Ibid.). From 1875 to
1884, the catch averaged 280,000 pounds. The average
was 780,000 for 1885 to 1894, and from 1895 to the
closure in 1901 the mean catch was about 200,000
pounds. Commercial fishing was allowed in 1909, and
again in 1916-17 when catches were 15,178 and 9,882
pounds respectively (1bid.).

The stocks apparently recovered during the 35-year
closure from 1918-1953. A sport fishery was initiated
in 1954 with a 40-inch size limit and a one-fish-per-
day-bag limit. The initial party boat fishery caught
many sturgeon by snagging which was subsequently
outlawed. In 1956, the size limit was raised to 50
inches, due to the observations of Pycha (op. cit.) that
spawning success was sporadic. In 1963, the size limit
was again lowered to 40 inches since the estimated
harvest rate of 2 to 10 percent was not excessive
(Chadwick, 1959).
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In 1964, shrimp were tried as bait for sturgeon and
an immediate surge in fishing success occurred (Mil-
ler, 1971). The party boat fishery since 1964 has been
relatively stable in terms of effort, numbers caught,
and mean size of fish caught. In 1969, gaffing of
undersized sturgeon was banned to minimize mortality
on undersized fish.

LIFE HISTORY

Population Size and Enumeration Studies

Historic abundance of sturgeon in the Sacramento-
San Joaquin system can only be inferred from com-
mercial catch data. The catch from 1875 to 1899
totaled 7,852,500 pounds which undoubtedly repre-
sented the rapid depletion of virgin stocks. This repre-
sented an estimated mean annual harvest of 374,000
pounds.

The present total catch for the Sacramento-San
Joaquin River system can be estimated from recent
data collected on the sport fishery. From 196769, tag
returns from party boats comprised 21 percent of the
total returns. Since the mean party boat catch was
about 1,800 fish, the mean annual catch was about
8,500 sturgeon.

The mean weight of sturgeon caught from 1964-69
was about 32 pounds, so our best estimate of the an-
nual catch in weight is on the order of 270,000 pounds
or about 70 percent of the average commercial catch
from 1875 to 1899.

The white sturgeon population in 1967 was esti-
mated to be about 115,000 with 95 percent confidence
limits of 72,000 to 212,000 (Miller, 1972a). This esti-
mate of 115,000 agrees well with an estimate of 122,-
000 which can be made independently from the esti-
mated total catch and the exploitation rate.

Migrations

White sturgeon are considered an anadromous fish
since they spend part of their life in estuaries and
spawn in fresh water. Data collected by Pycha
(1956) indicated a winter-spring migration upstream
followed by a summer downstream migration of adult
fish in the Sacramento-San Joaquin River system.

The 1954 tagging study in the Sacramento-San Joa-
quin Estuary revealed very little concerning migra-
tions. No upstream recaptures were made although
one tagged fish was recaptured in Oregon (Chadwick,
1959).

Tagging studies in 1967 and 1968 have provided the
best information to date on migrations (Miller, 1972b).
Most of the recaptures during the fall and winter were
from Suisun Bay and San Pablo Bay. A portion of the
population migrates to the lower Sacramento River
in the winter prior to spawning. From March through
June some tags were returned from upriver areas.
They apparently move downstream after spawning.
Large aggregations of sturgeon are found in San Pablo
Bay from September to November.

Spawning

The first significant evidence regarding the timing
and location of sturgeon spawning in the estuary
came from sturgeon larvae collected in 1966, 1967,
and 1968 (Stevens and Miller, 1970). The larvae were
most likely white sturgeon and were collected be-
tween mid-March and early June. There was some an-
nual variance in their occurrence. A total of 126 larvae
were collected, 100 from the Sacramento River sys-
tem, 13 from the lower San Joaquin River and 13
from Suisun Bay. All of these larvae could have orig-
inated from the Sacramento River system. One larva
was caught in the Sacramento River above the mouth
of the Feather River indicating that at least some
spawning occurs above that point. Few larvae were
caught in the Delta except in 1967 when the April
Delta outflow averaged about 50,000 cfs—more than
twice the flows in 1966 or 1968. In the Sacramento
River near Sacramento most of the larvae were ncar
the bottom. River temperatures at the time of larvae
collecting ranged from 59° to 70°F.

Nikolskii (1961) indicates that most sturgeon spawn
on gravel or rocky substrate. In the Sacramento River
this type of bottom occurs primarily from 120 to 220
miles above the mouth of the Feather River (Stevens
and Miller, 1970). In the Feather River, gravel sub-
strate occurs from 44 to 58 miles above its mouth.

In 1968, tagged adult fish were caught in the Sacra-
mento River as early as March 26 and as late as June
9 (Miller, 1972b), corroborating the long spring
spawning period inferred from larval sampling.

Egg and Larval Development

Virtually nothing is known of the very early em-
bryology of white sturgeon. The eggs are apparently
adhesive after being fertilized and stick to vegetation
and rocks (Bajkov, 1949).

Larvae collected in the Sacramento River ranged
in size from 10.3 to 17.6 mm (0.4-0.7 inches). Larvae
longer than 18.5 mm had depleted the yolk (Stevens
and Miller, 1970). Yolk sac larvae are darkly pig-
mented and the yolk sac is greyish in color. The size of
the Atlantic sturgeon, Acipenser oxyrbynchus, larvae
at hatching is about 11 mm (Mansueti and Hardy,
1967).

Morphologically, the larvae are recognizable as stur-
geon at 21 mm (0.8 inch). At 41 mm (1.8 inches) in
length, they are sufficiently differentiated meristically,
that species identification is possible.

Growth

Pycha (1956) published data on sturgeon growth in
California. Sturgeon attain a mean length of 10.4 inches
during their first year. Growth, from then until legal
size (40 inches), which is reached at about age 7,
is rapid. Subsequently, growth slows to about 2.1 to
2.5 inches per year.
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Food and Feeding

McKechnie and Fenner (1971) published a compre-
hensive analysis of adult sturgeon food habits in San
Pablo and Suisun Bays. Benthic invertebrates were the
dominant organisms. Small crabs, Rhbithropanopeus har-
risii and Cancer magister, bay shrimp; and clams,
Gemma gemma, Macoma and Tapes semidecussata,
comprised most of the diet; except in San Pablo Bay
during the winter and spring when herring eggs com-
prised 20 and 80 percent by volume of their food.
Striped bass, anchovy, midshipman, staghorn sculpin,
and herring were all eaten in small numbers.

The opossum shrimp, Neomysis awatschensis, and
the amphipod, Coropbium, make up most of the diet of
juvenile sturgeon in the Delta (Schreiber, 1960;
Radtke, 1966).

It is apparent that benthic organisms are important
in the diet of sturgeon, hence, the importance of large
shallow tidal areas for food production. The concen-
trations of sturgeon in San Pablo Bay, Suisun Bay and
south San Francisco Bay attest to the importance of
these areas.

ENVIRONMENTAL INFLUENCES
AND REQUIREMENTS

There is little knowledge of the environmental para-
meters that affect the abundance of sturgeon either in
this estuary or in the other river systems of the West
Coast. Although this species may be defined as anadro-
mous there is little indication it spends lengthly inter-
vals in the ocean. San Pablo Bay, an important feeding
area in the fall and winter, is characterized by salini-
ties ranging anywhere from 6 to 16 parts per thou-
sand, TDS, during this period, depending upon out-
flow. White sturgeon also frequent San Francisco Bay
where surface salinities may range from 11 to 31 parts
per thousand, TDS, (Aplin, 1967). The principal fea-
tures of these areas appear to be the broad mud flats
with large populations of benthic invertebrates.

Yolk-sac larvae coming down the Sacramento River
during the March to June period will be susceptible to
water diversions, particularly large export diversions.

Since yolk-sac larvae have negligible swimming capa-
bilities, measures will be necessary to prevent their di-
version with the water. Provision should be made for
efficient screens and/or pumping curtailment.

Juvenile sturgeon are found in the Delta (Radtke,
1966) and the lower bays. Their survival and growth
apparently depend upon adequate populations of
Neomysis and Corophium (Radtke, 1966; Schreiber,
1960). Therefore, conditions which are optimum for
these species, particularly Neomysis, will enhance sur-
vival and growth of both young-of-the-year and ju-
venile sturgeon. Further research on the food habits
of very small sturgeon (20-100 mm) might reveal an
importance of other zooplankton or benthic organisms
which could be affected by changes in the ecosystem.

Environmental conditions necessary for successful
migration and reproduction are unknown. Such en-
vironmental factors as photoperiod, temperature, and
the usual copious winter and spring flows could be
important stimuli for migration and spawning. Areas
utilized for spawning should be determined and ac-
tions taken to protect these areas from degradation.

RECOMMENDED ENVIRONMENTAL
CONDITIONS

Sturgeon requirements may be stated in general
terms as follows:

1. Maintenance of oxygen and temperature con-
ditions adequate for optimum populations of food
organisms, particularly Neowmzysis and Corophium in
the Delta for young-of-the-year sturgeon.

2. Maintenance of viable mud flats and bays suit-
able for optimum production of benthic organisms.

3. Adequate downstream flows should be pro-
vided in the river system and estuary for migration
to and from spawning areas and to maintain a viable,
resident population and a fishery.

4. Protection against loss of young in diversions.
The uniqueness as well as the real and potential

economic value of this ancient, native fish makes its

protection through adequate research and proper man-
agement imperative.

RESIDENT FRESHWATER FISHES OF THE DELTA
By JERRY L. TURNER

INTRODUCTION

The principal resident fishes of the Sacramento-San
Joaquin Delta are white catfish, brown bullheads,
black crappie, bluegill, largemouth bass and threadfin
shad. None of these species are native to the Delta.
All were introduced from the eastern United States
in the last quarter of the 19th Century except for
threadfin shad which were brought into California
in 1953 (Skinner, 1962). Resident fishes as discussed
here are distinguished from the migratory or anadro-

mous species such as salmon, striped bass, American
shad and sturgeon.

The resident fishes support a popular sport fishery
and some provide an important food supply for the
larger predatory fishes. Over half of the catfish caught
by anglers in the State are taken in the Delta. Most of
these are white catfish. An important sport fishery
exists for members of the centrarchid or sunfish fam-
ily such as black crappie, largemouth bass and bluegill.
Threadfin shad are an important food for such game
fish as striped bass, largemouth bass and black crap-

pie.
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CHARACTERISTICS OF THE FISH
AND FISHERY

Distribution

Most resident fish are found in the quiet sloughs off
the main channels of the Delta (Pelgen, 1954; Pelgen
and McCammon, 1955; Turner, 1966). Centrarchids
and bullheads are taken in greatest numbers in the
dead-end sloughs. Threadfin shad are also abundant in
dead-end sloughs and in the San Joaquin River near
Stockton. White catfish are found throughout the
Delta but are most abundant in quiet backwaters and
flooded islands such as Franks Tract. Channel catfish
are an exception with most living in the swifter water
in the principal channels upstream from the central
Delta.

The downstream distribution of resident species is
limited by salinity conditions in the western Delta
(Ganssle, 1966). Centrarchids rarely occur when
chlorides reach 1 to 3 parts per thousand. Adult white
catfish are more tolerant, occurring regularly in low
numbers in Suisun Bay where chlorides reach 8 to 10
parts per thousand.

Reproduction and Nesting

White catfish spawning occurs in the Delta during
June and July when the water temperature reaches
about 70°F (Turner, 1966a; Borgeson and McCam-
mon, 1967). Spawning has not been observed in the
Delta but elsewhere they construct a nest on the bot-
tom in which they deposit adhesive eggs. The eggs are
reported to hatch in 6 to 7 days at a water temperature
of 80°F. Young-of-the-year white catfish have been
taken throughout the Delta but are most common in
the southen area.

Reproductive habits of the centrarchid family in the
Delta have not been observed. It is reasonable to as-
sume from evidence gathered elsewhere that they make
nests on various types of bottoms. Black crappies and
largemouth bass spawn in the spring after the water
temperature reaches 60°F. Bluegill spawn later as the
temperature warms up and the spawning period often
extends until fall.

Threadfin shad spawn in the spring as the water
reaches 70°F. Threadfin hatched in the spring may
themselves spawn the following fall. Few survive to
spawn twice. The eggs are released in open water,
sink, and being adhesive become attached on the bot-
tom.

Food Habits

Catfish are omnivorous, feeding on whatever is
available on the bottom (Turner, 1966a). Corophium,
Neomysis, and tendipedids were the most frequent
food items for all sizes of catfish. The importance of
larger food items such as fishes and crayfish increases
as the size of the catfish increases. A comparsion of
their food habits differs by environment and available
food.

)

7

Young centrarchids feed on small crustacean zoo-
plankton. Neomysis and Corophium were the most
common food item found in all sizes of black crappie
(Turner, 1966b). As black crappie increase in size,
fishes become important in their diet. Corophium was
the major food item of bluegills. Crayfish and fish were
common food items of largemouth bass. The food

“habits of the centrarchids are similar to that reported

by workers in other areas except that here mysid
shrimp and amphipods rather than aquatic insects arz
the major invertebrates eaten.

Phytoplankton and zooplankton, particularly clado-
cerans and copecods are the major food items of
threadfin shad (Turner, 1966¢).

Growth

The growth rate of resident fishes appear to be
much slower in the Delta than for the same species in
other environment (McCammon, 1957; Turner, 1966a,-
b). White catfish and black crappie do not become as
large as they do elsewhere. Fish are also less important
as a food item for young white catfish than they are
elsewhere. The Delta being very turbid probably lim-
its the ability of predatory game fish to sight their
quarry, thereby restricting their diet and food intake
and reducing growth rates.

RECOMMENDED ENVIRONMENTAL
CONDITIONS

Problems facing the resident fish populations are not
serious compared to the anadromous fish populations.
However, several of them are quite similar. The pres-
ent transport of water from the Sacramento River
across the Delta to the export pumps at Tracy creates
problems for resident fish by affecting the abundance
of food organisms such as Neomysis and Coropbium.
Our studies show that the present populations of these
food organisms are depressed in those Delta channels
used to transport water. Elimination of the use of these
channels as conduits to transfer water would increase
the available food.

Another effect of transporting water across the
Delta is the loss of larvae and young fish via the export
pumps near Tracy. Fish screens at the canal intakes
save many fish but are efficient only in removing fish
large enough to swim well. The present loss of young
resident fish to the diversion pumps is probably kept to
a minimum because of their preference for quiet water
and their nesting habits on the bottom. These losses
will surely increase as flow across the Delta is in-
creased.

While net velocities should be reduced, they should
not be reduced too much.

Some fish food organisms, such as Neomysis for ex-

ample, have demanding temperature and oxygen re-

quirements which presently are not met in the San
Joaquin River just below Stockton in late summer
(Heubach, 1969). Numerous fish kills, suspected to be
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caused by low dissolved oxygen conditions, have been
reported in this section of the river. The river above
Stockton experiences daily fluctuations in dissolved
oxygen concentrations of 6 to 8 mg/l. These are as-
sociated with phytoplankton blooms and they are
probably detrimental even though minimum concen-
trations remain above saturation. Although neither
temperature nor oxygen are functions of water flow
primarily, flows influence both.

Salinity incursion into the western Delta would af-
fect the resident fishes in that area. The extent of the
problem would, of course, depend on the amount of
incursion. The principal species affected would be the

white catfish. Most of the present population of cen-
trarchids is found in the dead-end sloughs in the east-
ern and southern Delta.

Some consideration has been given to releasing wa-
ter from the proposed Peripheral Canal into the dead-
end sloughs to improve water quality conditions. Low
dissolved oxygen levels do frequently occur in the up-
per ends of some of these sloughs and freshwater re-
leases could raise dissolved oxygen levels (unpublished
data). However, releases of water through these
sloughs should not be excessive since this would de-
stroy the present quiet water environment and reduce
the resident fish population.

Test site in Suisun Marsh
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CHAPTER VIl

WILDLIFE RESOURCE REQUIREMENTS
WATERFOWL AND THE SUISUN MARSH
By ROLF MALL and GLENN ROLLINS

INTRODUCTION

The study of Suisun Marsh was prompted by two
considerations: (1) the Suisun Marsh plays a very im-
portant role in providing wintering habitat for water-
fowl of the Pacific Flyway, and (2) reduced outflow
would increase water salinity around the marsh and
might thereby alter the waterfowl food supply.

Consisting of almost 55,000 acres of marsh land and
another 30,000 acres of bays and sloughs (Figure 22),
the marsh comprises almost 10 percent of the remain-
ing natural wetlands in California. This habitat type
has been disappearing at an alarming rate. The Suisun
Marsh is unique, considering that it lies within 30 miles
of the San Francisco Bay megalopolis.

Peak numbers of wintering ducks and geese are
usually observed in the marsh during November and
have been as great as 1,500,000 birds. During years of
drought, the area becomes particularly important to
waterfow] by virtue of its large expanse of aquatic
habitat and the scarcity of such habitat elsewhere.
Under such conditions, up to 20 percent of the win-
tering duck population within California has been at-
tracted to and held within the Suisun Marsh. The ma-
jority of the wintering population consists of pintail,
one of the State’s most sought after species of duck.

Aside from its importance to waterfowl of the Pa-
cific Flyway, the Suisun Marsh provides critical habi-
tat for a host of other wildlife forms. Such endan-
gered, rare or unique species as the peregrin falcon,
white tailed kite, bald eagle, California clapper rail,
black rail, salt-marsh harvest mouse and Suisun shrew,
also depend on it. Some are permanent residents. The
existence of this wide variety of wildlife is due to:
(1) the relatively large expanse of unbroken native
habitat and, (2) the diversity of vegetation and aquatic
conditions that prevail in the marsh.

WATERFOWL FOODS AND HABITAT

The major factors which render the area so attrac-
tive to waterfowl are the widespread presence of water
and the abundant source of food. With respect to the
food supply, it is noteworthy that of over 180 species
of plants known to occur in the marsh, only about 20
percent regularly appear in the diet of ducks. Studies
have shown that seeds from two plant species in par-
ticular provide the bulk of the winter food supply.
These are alkali bulrush and brass buttons (Figure 23).
Alkali bulrush, by itself, is the single most important
food for ducks that spend the fall and winter in the
Suisun Marsh. On the other hand, some plant species
are more abundant than these two, yet provide little

(60)

in the way of food. These include pickleweed, salt-
grass, and cattail.

WATERFOWL FOOD PLANT REQUIREMENTS

The above mentioned plants, along with others,
compete for living space within the marsh environ-
ment. Results from our studies indicate that, in gen-
eral, there are two primary controlling factors which
determine the presence or absence of a given plant
species and its overall productivity. The first is the
length of time the soil is flooded, and the second is
the concentration of salt in the root zone of the soil.

The flooding aspect essentially divides marsh plant-
life into upper and lower groupings, the upper tolerat-
ing prolonged periods of dryness and the lower requir-
ing extensive flooding. It is from the lower flora that
most ducks derive the bulk of their sustenance. Com-
mon plants associated with long periods of flooding,
in descending order of tolerance include cattail, alkali
bulrush, brass buttons, and pickleweed (Figure 24).

The general salinity tolerance of these plants is in-
verse to their tolerance to submergence. Pickleweed
displays the greatest tolerance of the group while cat-
tail displays the least tolerance to high salt concentra-
tions. Alkali bulrush, the major duck food, is interme-
diate in its ability to grow in saline soils. Our
investigations have shown that soil salinity levels dur-
ing the spring are the principal determinant of the
amount of seed this plant will yield. The level of
salinity which permits the optimum production of seed
is centered around 9 parts per thousand of total dis-
solved solids (9 ppt TDS). Levels exceeding 16 ppt
effectively inhibit seed production (Figure 25).

MAN’'S INFLUENCE IN THE MARSH

Man is an integral part of the present marsh eco-
system and, to a significant extent, controls the two
cnvironmental factors discussed above. In the first
instance, man exerts a major influence on the floral
characteristics through water management practices in
the marsh. This capability has existed since the late
1800s when the first levees and water controls were
installed. At the present time almost all flooding ac-
tivities, in fact almost all land use, are directed toward
management of the marsh for the purposes of hunting
and/or observing waterfowl and, to a certain extent,
to reduce crop depredation by waterfowl in the Cen-
tral Valley. Besides the 10,000 acre State-owned Griz-
zley Island Wildlife Area, there are over 200 private
duck clubs devoted, in varying degrees, to these activi-
ties. Flooding of the marsh is normally initiated in late
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FIGURE 22—Map of the Suisun Marsh showing salinity data from the adjacent Sacramento River channel for the period 1963 to 1965. Salinlty
valves are parts ::;)ﬁnunnd TDS. Salinity zones shown are based on the Venice system of estuary classification. (Data from Calif. Dept. Water
Resources, 1963-1965.
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September and some continues until mid-June. Most
flooding activity, however, occurs during the period
October-January.

Man has influenced salinity in the surrounding
sloughs and bays by a variety of upstream diversions
and storage reservoirs. These works have effectively
reduced the average outflow of the Sacramento River
System into the estuary from about 30 million acre-
feet during the early 1900s to about 16 million acre-
feet at the present time. Although regulated river
flows now provide greater stability and prevent the
greater salinity intrusions into the Delta which oc-
curred historically, there has been an overall increase
in the average salinity of the waters surrounding the
Suisun Marsh. At the present time, the salinity of
waters available for application to the marsh during
the period from October through January averages 7
ppt TDS. The salinity of ocean water, for comparative
purposes, contains 35 ppt TDS.

FUTURE IMPACT OF WATER DEVELOPMENT

Future proposed reductions of outflow to the estu-
ary would increase the salinity of water surrounding
the Suisun Marsh. Our studies have demonstrated that
the anticipated increase in channel water salinity would
cause a corresponding increase of salt in the soils to
which it is applied.

Earlier predictions of conditions under the 1990 level
of development (Mall, 1969) ! indicate that under dry
or normal year outflow regimes the lower limit of
polyhaline waters (18 ppt TDS) would move up the
river as far as Honker Bay (Figure 26). Comparison
of future with present conditions reveals that over 75
percent of the marsh would experience salt concen-
trations that are now dctected only briefly during late
summer at the far western end of the area (Figures 22

1 Current planning by the tomeRmmdnmth.t
what is termed the 1990 level of mlopmznt here would not be
reached until after 1990 (DWR Bulletin 160-70).

wé

FIGURE 23—The relative food use (vertical axis) and food selection (horizontal axis) of six Suisun Marsh plants for ducks during fall and early

winter.
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and 26). Water applied to the marsh during the period
from October through January would average about
20 ppt TDS and 17 ppt TDS, respectively, under dry
and normal outflow conditions as compared with 7
ppt TDS currently. Outflow during wet years under
future (1990) conditions would result in salinity pat-
terns which approximate those now associated with
normal outflow. But, such conditions would occur
about 20 percent of the time at most. Hence, high fall
and early winter salinities in excess of 18 ppt TDS
could be expected to occur in the vicinity of Honker
Bay approximately 80 percent of the time in the
future (1990).

A two-year investigation designed to determine the
interrelationship between soil salinity and the salinity
of applied water was conducted under the Delta Fish
and Wildlife Protection Study. This study placed
emphasis on observing the changes in soil salinity from
the application of saline water similar to that which
would occur under future conditions.

Simulated spring flooding with water of the quality
predicted for 1990 produced substantial increases in
soil salt. Following all such tests, the resulting soil
salinity either equaled or exceeded the salinity of the
water applied (Figure 27). Presently, low salinity
water is generally available and when applied reduces
the salinity of the soil. Under existing marsh manage-
ment practices and capabilities the anticipated increase
in spring soil salinities projected for the future can be
expected to result in an overall yearly increase in soil
salinities throughout the marsh.
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The predicted salinity increases would adversely
affect important waterfowl food plants by lowering
or eliminating their seed production and by increasing
the competitive advantage of marsh plants of inferior
value to waterfowl. Based on comparisons with other
local salt marshes dominated by these inferior food
plants, the capacity of Suisun Marsh to attract and
hold waterfowl would be reduced from a current den-
sity of 5 ducks per acre to about 1 duck per acre. A
reduction of this magnitude projected to the total
marsh results in an estimated loss in carrying capacity
of one-quarter million ducks, a significant proportion
of the wintering population of waterfowl in the Pa-
cific Flyway.

RECOMMENDED ENVIRONMENTAL
CONDITIONS AND PROTECTIVE MEASURES

Protective measures must be developed and imple-
mented in order to maintain the quality of habitat that
makes the Suisun Marsh one of California’s most valu-
able areas for wintering waterfowl. These protective
measures fall into four categories: (1) establishment
of environmental criteria, (2) improvement of present
water management practices, including drainage and
other water control facilities, (3) provisions for sup-
plemental water supplies to assure their availability
when needed and, (4) development and implementa-
tion of plans and policies to protect the marsh from
development or invasion by excessive human use.
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FIGURE 24—Schematic representation of plant distribution in the Suisun Marsh in relation to two kinds of water management: (a) maintenance of

pond water into early summer and (b) early spring water removal.
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BENICIA PORT CHICAGO COLLINSVILLE

FIGURE 26—Predicted seasonal changes (1990 water project conditions) in salinity for the Suisun Bay system for various water conditions. Salinity
zones shown are based on the Venice system of estuary classification. Figures are in parts per thousand total dissolved solids.
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Environmental Criteria

Studies conducted by the California Department of
Fish and Game have established some baseline criteria
for the production of valuable waterfowl food plants.
More specifically, these criteria are aimed at optimiz-
ing conditions for alkali bulrush and, in part, were
recommended to the State Water Resources Control
Board to protect the Suisun Marsh until more perma-
nent measures can be established. These recommenda-
tions are that there should be available by February 1
of each year, water sufficient in quantity and quality
so as to produce under reasonable management prac-
tices, between April 15 and June 1 of each year, an
average' salinity of 9,000 mg/1 TDS (9 ppt) in the
first 12 inches of soil. Further, that the mean monthly
salinity of the natural channels and the bay surround-
ing and adjacent to the marsh should not exceed
18,000 mg/1 TDS until a suitable alternative water
supply is provided.

Water Management

Waterfowl food production in the marsh can and
is being increased substantially under present condi-
tions by the improvement of water control and water
management practices. The Department of Fish and
Game, in cooperation with the U. S. Soil Conservation
Service, is currently engaged in an intensive program
to encourage duck club owners and operators to im-

prove their facilities and adopt sound management
practices designed to optimize conditions for alkali
bulrush.

Such practices as the drainage of shooting ponds
immediately following the waterfowl season in Janu-
ary and not reflooding them again until late September
must be discouraged or utilized only when necessary.
This procedure produces soil salinities during the
spring and summer that effectively discourage the
growth of desirable food plants. It has been demon-
strated that leaching the shooting ponds with the rela-
tively fresh water (2 to 3 ppt TDS) presently avail-
able in the winter and spring results in a substantial
reduction of soil salt in the root zone. Each successive
leaching cycle removes additional salt. Obviously, the
limit of salt reduction by this method, even under
ideal conditions, will be reached when the soil salinity
equals the salinity of the applied water. Soil salinity
cannot be reduced below that of the water applied to
1t.

The following water management schedule has been
formulated as a guide to marsh management under
existing water qualities:

Early October. Flood in October as rapidly as pos-
sible to achieve the desired shooting level by the first
day of the waterfowl season. Care should be taken to
be sure that flooding time and procedures are consis-
tent with mosquito abatement regulations.

25
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FIGURE 27—Waeekly mean soil and surface water salinities of test plots flooded with water containing 20 ports per thousand of total dissolved
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Mid October through mid January. Inlet gates
should be set to allow maximum water flow through
the ponds during the waterfowl season, while main-
taining the water at shooting level.

Mid January. Post season draining should begin by
mid January or even before the last day of the hunting
season. Close all inlets and remove all flash boards to
allow ponds to drain as rapidly as possible.

Late February. Reflood as soon as the ponds have
drained, even if a few hard to drain areas still contain
water. Open all inlets and allow the water to rise
quickly to about shooting depth.

Early March through late March. When the pond
level approaches shooting depth, drain and reflood to
the same level. This flood and drain cycle should be
repeated at least twice to leach salt from the soil.
Leaching is far more effective than continuous circu-
lation for removing soil salt.

April 1. The leaching cycles should be so timed
that by no later than the first of April water levels are
stabilized at one-half shooting depth. This will comply
with mosquito abatement regulations.

April through May. Circulate water by setting the
inlet gates and flashboards to allow maximum flow
through the ponds without increasing water depth.
Extreme care must be taken to eliminate fluctuations in
pond levels which would favor the propagation of
mosquitoes.

Early June through late September. Drain the
ponds about the first week in June, or when the ma-
jority of alkali bulrush and other waterfowl food
plants have set seed. Close inlets, remove flashboards
and allow complete drainage.

It is important to note that this management pro-
gram is not always appropriate. It is recommended
primarily: (1) when pond areas consist of large, dense
stands of pickleweed or salt grass or, (2) when spring
channel salinities exceed 7 ppt TDS and the salt con-
centration in the root zone of pond areas is in excess
of 14 ppt TDS. Leaching with water more saline than
14 ppt would not achieve soil salinities within the de-
sired range for optimum production of alkali bulrush
seed. When spring channel salinities are less than 7 ppt
TDS repeated leaching is not necessary.

Just as it is possible to produce too much salt in the
soil, it is also possible to freshen the soil to the extent of
providing conditions which favor the invasion of un-
desirable plants such as cattail, tules, Baltic rush (wire-
grass) and Olney bulrush. The invasion of these less
desirable plants may be averted by modifying the rec-
ommended schedule. This may be done by either
drying the ponds sooner or modifying the leaching
process or both.

Supplemental Water

Finally, consideration must be given to that point
in time when upstream diversions result in channel
salinities which exceed the capability of water man-
agement alone to maintain the established criteria. It
will then be necessary to develop alternate water sup-

plies. This points to the need for a feasibility study
with the following objectives: (1) preparation of a
water supply plan or plans, (2) determination of the
cost or costs and any associated benefits along with
an initial definition of the allocation of the costs
among the various interested groups and, (3) recom-
mendation of procedures for implementing the plan
selected. The U. S. Bureau of Reclamation has been
assigned primary responsibility for administering the
feasibility study, with development and conduct of
the program receiving the full participation of the
U. S. Bureau of Sport Fisheries and Wildlife, the Cali-
fornia Department of Water Resources, and the Cali-
fornia Department of Fish and Game.

Plans and Policies

In view of the scope of development in the Bay
area, it is not difficult to foresee inroads into the marsh
in the near future in the form of residential, commer-
cial or industrial developments. The protective meas-
ures described above will be of little benefit if the
marsh is subjected to such development. Consequently,
if the goals of preserving the marsh are to include
preservation of its waterfowl holding capacity and re-
tention of the diversity of its fauna, it is imperative
that plans and policies be formulated to implement
these goals. Such plans and policies should be designed
to accomplish the following:

Preserve the integrity of the marsh. Perhaps the
greatest asset of the marsh, in terms of its ability to
attract and hold waterfowl], is its large size and un-
broken character. Division of the marsh or intrusion
by developments of one kind or another would almost
certainly result in impairing its wildlife value far be-
yond their obvious effects. The fundamental basis for
this statement is, of course, that far ranging wildlife
forms such as eagles and falcons are essentially incom-
patible with such developments. In addition, develop-
ments have a habit of growing, and bringing along
with them all sorts of related or secondary develop-
ments such as roads, service stations, stores, restaurants
and supplier or service agencies. Lastly, development
in almost any area or segment of the marsh would re-
duce its attractiveness to waterfowl and hence impair
its value to private duck clubs. As a consequence, clubs
so affected would undoubtedly sell their holdings
eventually and thus encourage further development.

Assure continued wildlife use of the Suisun Marsh.
Continuation of the present or improved wildlife man-
agement programs in the marsh, to a large extent, de-
pends on favorable economic conditions. More spe-
cifically, lands in the marsh should not be vulnerable
to sale in the highly competitive market for commer-
cial and industrial site development. Private holdings
in the marsh, however, must be regarded in this light
at the present time. It is essential therefore, that con-
sideration be given to programs and policies that
would assure retention of the existing large tracts of
private land in the marsh for waterfowl and wildlife
use.
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Possibilities to accomplish this goal include: (1)
state or federal acquisition, (2) favorable tax incen-
tives to duck club owners, (3) direct government
subsidy similar to the land bank program or agricul-
tural subsidies, and (4) assistance by way of prefer-
ential treatment in providing improvements such as
water supplies and control structures and drainage
facilities in return for owner guarantees that their
properties will continue to be used for wildlife pur-
poses.

Another approach to achieving this objective in-
volves establishing zoning ordinances.

OTHER WILDLIFE
INTRODUCTION

While maintenance of suitable conditions for water-
fowl in Suisun Marsh has been the primary concern
related to wildlife, the requirements of other wildlife
species have been evaluated during the Delta Fish and
Wildlife Protection Study. These are reviewed in this
section. This review is restricted to requirements
bearing some relationship to water development plans.

The species of wildlife involved vary tremendously
in their nature and requirements. They include water-
fowl using parts of the estuary other than Suisun
Marsh and a variety of other aquatic or semiaquatic
birds. The latter includes shorebirds, herons, cranes,
rails and gallinules. There are also several species of
semiaquatic mammals including muskrats, beaver and
otter. The wildlife of concern also includes non-
aquatic forms such as pheasants, mourning doves, rab-
bits, raccoons and a host of other small birds and
animals.

Requirements pertaining to these species, and which
are related to water development, largely involve
maintaining certain types of habitat. These habitats
are typically used by many species for a diversity of
purposes, so the discussion is organized around habitat
types rather than species.

LEVEES

Levee vegetation provides cover, nesting sites, and
food for many species of wildlife. The importance of
this habitat varies seasonally. For pheasants it is prob-
ably particularly important during late winter when
most cultivated fields in the Delta are either barren or

flooded for leaching. Levee maintenance programs
which maintain substantial cover varying in nature
from trees to annual plants will increase the number
and diversity of wildlife in the Delta.

MARSH REMNANTS IN THE DELTA

Only small remnants of original tidal marsh remain
in the Delta. These are either “tule berms” along the
edges of levees or small unreclaimed islands. They are
the principal habitat of river otters and beaver, as well
as being important to many more ubiquitous birds and
animals. They provide important cover for pheasants
particularly during the hunting season and in winter
when fields are barren.

The contribution of these marsh remnants to the
total production of fish and wildlife in the Delta is
limited because this type of habitat is scarce. The high
density of wildlife in these remnants and their esthetic
value warrants placing high priority on maintaining
them.

THE BAYS AS WATERFOWL HABITAT

The entire open-water area of the bays from Suisun
Bay to the Golden Gate is an important habitat for
diving ducks during the winter. It is especially impor-
tant for canvasbacks, since over 50 percent of the
Pacific Flyway population of this species utilize it
(U. S. Fish and Wildlife Service, 1961).

Besides open-water area, habitat preservation must
include suitable conditions for benthic invertebrates.
A variety of these invertebrates are the major food of
many diving ducks. Some pertinent requirements
were discussed in Chapter IV.

WINTERING SANDHILL CRANES

About 2,000 sandhill cranes, a reladively rare species,
winter along the northern part of the alignment of the
Peripheral Canal. This crane’s large size and striking
beauty give it great esthetic value.

These cranes generally require low, open wetlands
for roosting. The irrigated pasture of duck clubs in
the Hog Slough area are the only source of this type
of habitat in early fall. It is essential that either this
habitat be maintained and protected from excessive
human use or similar substitute habitat be provided.

This subject is discussed in more detail in Delta
Study Annual Reports 4 and 5.
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CHAPTER IX
CONCEPT AND OPERATION OF THE PERIPHERAL CANAL

By California Department of Water Resources

Environmental changes in the Delta resulting from
water development have occurred in the past and will,
undoubtedly, occur in the future due to continued
increases in population, agriculture, and industry
throughout California. Demands for water will be met
first, through local water development for use within
the Central Valley; second, through local water proj-
ects that divert from the Central Valley, such as the
City of San Francisco’s Hetch Hetchy Project, and
East Bay Municipal Utility District’s existing Mokel-
umne River Aqueduct and proposed American River
Aqueduct; and third, through the construction and
operation of both the federal Central Valley Project
and the State Water Project.

ROLE OF THE DELTA

Releases of water from the Central Valley Project
and the State Water Project reservoirs in the Sacra-
mento Basin augment river flows entering the Delta
from the north. Delta channels now serve as conduits
for conveying this water across the Delta for diversion
into aqueducts of the federal Central Valley Project
(CVP) and the State Water Project (SWP). Water
transported by these aqueducts is supplied to a myriad
of water service agencies to the west and south of the
Delta, which in turn, furnish the water to meet the
domestic, agricultural, municipal, industrial, and rec-
reational water needs within their boundaries.

Use of Delta channels as conduits for conveying
project water began in 1940 with completion of the
Contra Costa Canal, the first unit of the CVP. During
1970, over 2.3 million acre-feet of water was conveyed
through Delta channels for the CVP and SWP. An-
nual water transfer across the Delta by these projects
will increase to about 5.0 million acre-feet by 1980,
and beyond the year 2000 to 8.5 million acre-feet
(4.1 million acre-feet for the CVP and 4.4 million
acre-feet for the SWP). The general service area and
annual amount of water to be conveyed across the
Delta for delivery by the existing and authorized units
of these projects is shown in the following tabulation
(Table 2).

Until corrective action is taken, environmental prob-
lems associated with conveying project water through
Delta channels can be expected to worsen with time
as the amount of water pumped increases. These prob-
lems are discussed elsewhere in this report.

THE PERIPHERAL CANAL

The Peripheral Canal has been adopted as the Delta
water transfer facility of the State Water Project and
is recommended for the federal Central Valley Project.
This action was taken on the basis of: (1) recommen-

(69)

dations by the Department of Fish and Game follow-
ing the first 3 years of the Delta Fish and Wildlife
Protection Study; (2) studies and recommendations
by the Interagency Delta Committee; (3) the favor-
able reaction to the plan expressed at public hearings
before the California Water Commission (1964); and
(4) the independent studies and review of the plan by
the California Department of Water Resources and
the U. S. Bureau of Reclamation. All concluded that
the Peripheral Canal was the only plan that could pro-
tect the fish and aquatic resources of the Delta, and
also provide opportunities for their enhancement,
while meeting the Delta water transfer requirements
of the state and federal projects.

Under the 1959 California Water Resources De-
velopment Bond Act, the Department of Water Re-
sources has authority to construct the Canal alone or
by joint venture. The Bureau of Reclamation has com-
pleted a feasibility report on the Peripheral Canal;*
the State has reviewed that report and recommended
the joint venture. ®* The State review included a pub-
lic hearing by the Senate Committee on Water Re-
sources and the Assembly Water Committee. Now,
authorization by Congress is needed for the Bureau
to participate in the joint project.

Description

The principal features of the Peripheral Canal Plan
are shown on Figure 28. The Canal will be 43 miles
long, about 30 feet deep, and over 400 feet wide. It

‘Peri'?heral Canal Unit, Central
easibility of Water Su{ply Devel p ) .

8 Letter from Norman B. Livermore, Jr., Secretary for Resources, The
Resources Agency of California, to Honorable Walter J. Hickel
Secretary of the Interior, U. S artment of the Interior, dated
April 28, 1970.

Valley Project—A Report on The
ber, 1968

TABLE 2—PROJECTED EXPORTS OF WATER FROM
SACRAMENTO-SAN JOAQUIN DELTA

Annual Amount,
General Service Area Acre-Feet
State Water Project!
South Bay. ... icccmeiceieaaas] 188,000
San Joaquin Valley 1,355,000
Cen | I, 82,700
Southern California. ... 2,497,500
Unavoidable Losses. . . ..o ooooeoemaaaans 293,652
Total, State Water Project. .. o cececoaaaacon.. 4,415,852
Federal Central Valley Project?
Contra Costa C: 5 400,0009
Delta-Mendota (including exch 1,506,000
San Luis Unit i 1,625,000
San Felipe Division. ... 273,300
Unavoidable Losses. _ . .. ieeaaa.. 282,700
Total, Central Valley Project.. ... .. cocoormmmmaaoao . 4,087,000
Total el 8,503,852

1 Table B-6, DWR Bulletin No. 132-68, .

2 Page 46, USBR Feasibility Report on Peripheral Canal. Does not include water for the
yet to be authorized East Side Canal, planned to be conveyed through the enlarged
section of the first 254 miles of the Peripheral L | i

3 Amount over 195,000 acre-feet eontmTent on authorisation of Kellogg Unit and future
yield capability of federal Central Valley Project.
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will be an unlined canal, similar to existing Delta chan-
nels, but hydraulically isolated from all of the Delta
channels except for the intake from the Sacramento
River at Hood, 20 miles below Sacramento. From
Hood, it will be routed to the west of Stockton and
continue southwesterly across the southern Delta to
the project pumps near Tracy.

The Canal will be siphoned under the four major
stream crossings—the Mokelumne, San Joaquin, and
Old Rivers, and Disappointment Slough—to allow for
flood passage, fish migration, and navigation. On the
west side of Old River, the Canal will divide into two
branches—the south branch, terminating at the Bu-
reau’s Tracy Pumping Plant intake canal, and the west
branch, terminating at the State’s Clifton Court Fore-
bay to the Delta Pumping Plant of the California
Aqueduct.

The planned capacity of the headworks will be
26,800 cfs, which includes 5,000 cubic feet per second
(cfs) for freshwater releases back into the Delta chan-
nels and also 5,000 cfs in the first 2% miles for the
Hood-Clay Pump connection of the proposed Eastside
Canal of the CVP. The terminal capacity of the Canal
will be 16,800 cfs (10,300 cfs for the SWP and 6,500
cfs for the CVP).

The alignment of the Canal and the lower reaches
of the floodway for the proposed Morrison Creek
Flood Control Project in Sacramento County may be
combined, thus providing for acceptance of floodflows
into the Canal. Right-of-way acquisition for the Canal
is being coordinated with construction of the West
Side Freeway (Interstate 5) in San Joaquin and Sacra-
mento Counties so that excess earth from the Canal
excavations can be used as fill material for the freeway.
Coordination of the Peripheral Canal with the freeway
project would result in 400 fewer acres of agricultural
land being taken out of production and save up to 16.8
million dollars in public funds.

Fish protective facilities will be installed near the
Peripheral Canal headworks, and a fish screen bypass
will return salvaged fish to the Sacramento River. Just
below the diversion works and fish facilities, a pump-
ing plant will lift the water 10 feet. From that point
the water will flow by gravity to the state and federal
pumps near Tracy. Turnout gates or pumps, shown by
arrows on Figure 28 will be installed at the major
rivers and sloughs where the Canal crosses. High-qual-
ity water will be released at these points for irrigation,
water quality control, and aquatic life.

Development of recreation facilities along the Canal
will include campsites, picnic areas, swimming areas
and boat launching facilities. The Canal will be avail-
able to the public for boating, water skiing, and fish-
ing. These new recreation opportunities will help meet
the large increase in demand projected for the Delta
area.

Concept of Operation

The joint use Peripheral Canal will be operated in
conjunction with the reservoirs of the CVP and SWP

to meet the diversion requirements for federal and
state service areas and local Delta uses, including water
quality criteria established by negotiation and by the
state and federal control agencies.

The Peripheral Canal will neither add new service
areas, nor increase the authorized amounts of water
slated for delivery by these projects.

Providing water for salinity control, i.e., Delta out-
flow in summer and fall, is independent of operation
of the Peripheral Canal. This is now accomplished by
the release of water from upstream storage reservoirs.
Such releases have been provided from reservoirs of
the CVP since 1944, and more recently, the SWP. In
fact, of the many water projects that divert Central
Valley water supplies, only the CVP-SWP system pro-
vides water expressly for salinity control. Through
the coordinated operation of these projects, high win-
ter and spring runoff is controlled and the low flows
of summer and fall are augmented. The continuation
and future level of salinity control will be governed
largely by laws and policies pertaining to operation of
these reservoirs.

The proposed Peripheral Canal is simply a needed
conveyance facility of the CVP-SWP system. It can,
however, make the most efficient use of water allo-
cated for Delta outflow in managing the aquatic en-
vironment of the Delta. The Canal would have the
capability to deliver high quality water to the interior
and eastern Delta and correct existing flow problems
;.l;:at are detrimental to the Delta environment and fish
ife.

The basic premise for the Peripheral Canal concept
is that a portion of the Delta water requirements, both
consumptive and inchannel, would be served through
operation of the Canal each year. The remaining por-
tion of the Delta requirements would continue to be
met from precipitation and from water flowing into
the Delta via the Sacramento and San Joaquin Rivers
and other tributaries. Each hydrologic year is differ-
ent; hence, the exact amount and timing of releases
from the Canal to provide the desired environmental
conditions in the Delta will differ from year to year,
month to month, and day to day. Final operational
criteria can best be established from a period of trial
operation and monitoring following completion of the
Canal. Such a trial period will provide the experience
required to achieve the desired results.

The concept upon which operation of the Peripheral
Canal is based involves distribution of the total amount
of fresh water needed in the Delta in a manner that
will best achieve a balance among agricultural and en-
vironmental uses and water quality control. The fol-
lowing example illustrates the flexibility that would
be provided by this operational concept.

During the winter months, when flows in the Sac-
ramento River are normally high, the leaching of salts
from Delta agricultural lands constitutes the primary
use of water and would govern operation of the
Peripheral Canal. Even though water is not required
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for consumptive use in the winter, good-quality Sac-
ramento River water would be conveyed through the
Canal and released to upgrade the quality of San Joa-
quin River water.

During the spring months when striped bass spawn,
water would be released from the Peripheral Canal to
improve water quality in the Old, Middle, and Mokel-
umne River systems to encourage striped bass to move
into them and spawn.

During the spawning period (approximately 5
weeks), diversions into the Canal would be minimized
to permit the free-floating eggs and larvac in the Sacra-
mento River to drift past the intake into the central
and western Delta, thus, permitting them to hatch and
grow away from the influence of the export facilities.

In early summer, after striped bass spawning is
completed, Canal releases would be adjusted to reduce
velocity and allow moderate increases in the concen-
tratdion of dissolved minerals and nutrients in Delta
channels. The slower velocities and moderately in-
creased nutrients would stimulate growth of zooplank-
ton, and thereby increase the supply of fish food for
the newly hatched bass and resident fishes. By using
the Peripheral Canal rather than the natural channels
for conveyance of export water, scour, erosion and
the shifting sands of channel sides and bottoms will be
reduced and should also result in increased production
of benthic organisms (Figure 29).

About mid-July, young striped bass usually change
their food supply from zooplankton to Neomysis,
which are most abundant in the western Delta. In-
creased releases would be made from the Canal to
meet the high consumptive use and water quality re-
quirements in the eastern and southern Delta. These
increased releases would assure positive downstream
flows in most Delta channels to prevent the excessive
buildup of salts, and would provide irrigators with
good quality water throughout the remainder of the
summer (Figure 30). '

As fall approaches and the king salmon spawning
migration begins, releases of Sacramento River water
from the Canal would be reduced, consistent with
maintenance of adequate levels of dissolved oxygen, to
assure a high proportion of homestream water in the
various migration channels.

Scheduling

The Peripheral Canal must be built soon—not later
than 1980 if possible. The Delta environment and
fishery resources need it now. Operation studies con-
ducted by the Department of Water Resources show
that the state and federal projects will need it by 1980
to prevent risk of water quality degradation or short-
age in water deliveries. Since it is unlikely that con-
gressional authorization, design, and construction
could be accomplished before 1980, the present target
date for completion of the Canal is 1980.

Setting a gillnet to sample larger fishes in the Delta.
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CHAPTER X

EVALUATION OF WATER PLANS IN RELATION
TO FISH AND WILDLIFE
By JOHN E. SKINNER

The process of establishing the environmental re-
quirements of the resources in relation to Delta water
plans must be based on firm knowledge, yet must be
flexible enough to permit changes as new information
is developed regarding either the resources or water
plans.

Earlier annual reports of the Delta Study presented
an assessment of the problems and impact of water de-
velopment and established the nature and direction of
the study program. This chapter is an evaluation of the
present status of water plan concepts in relation to en-
vironmental considerations involving the fish and wild-
life resources of the estuary. The evaluation will con-
sider first the broader effects of water development
and then review the specific effects of various Delta
water transfer plans.

ENVIRONMENTAL IMPACT OF
WATER DEVELOPMENT

It was seen in Chapter II that the diversion and
storage of water has been a continuing process since
1850. Up until 1940 most development was by private
and local public agencies. After 1940 the federal Cen-
tral Valley Project became a major factor, and since
1964 when Oroville Dam first began to store water,
the State Water Project has been an influential con-
stituent affecting water management in the estuary.
The analysis presented here considers the effects of all
developments.

Following is a general summary of the environ-
mental impact of water development on the Delta:

Regulation. Whether influenced by absolute in-
creases or reductions, or by seasonal regulation, the
quantity of water allowed to enter and pass through
the Delta can have a substantial impact on the living
resources. For example, there must be adequate flow
to maintain appropriate water quality conditions and
turbidity, guide or carry outmigrant fish to the ocean,
provide the recruitment of nutrients and flush the
estuary. On the other hand, releases which augment
the low summer and fall flows appear desirable to pre-
vent excessive salinity intrusion, and thus maintain low
salinity conditions in the Delta for Neomysis, an im-
portant constituent in the diet of young striped bass
and other fishes.

Direction of Flow. Most water users have little
concern about the direction water flows. To migratory
fishes, however, whether moving upstream to their
spawning grounds or their progeny moving down-
stream to the ocean, direction of flow appears to be
critical (Harden Jones, 1968). It is important, there-
fore, that there be positive downstream flows in all
major channels of the Delta.

()

Water Velocity. Excessive water velocity causes a
reduction of the biota in the water transfer channels.
High velocities also scour channel banks and bottoms,
thereby impairing the growth of animals which live
on these media. Consequently, water development
plans for the Delta should include provisions to opti-
mize velocity conditions for phytoplankton, zooplank-
ton and benthic animals.

Water Quality. Water quality in the Delta, partic-
ularly that associated with salinity, is largely a func-
tion of the volume of water flowing through the
Delta. Hence, the amount of water passing through the
system can be critical in terms of providing proper
conditions for the spawning and migration of anadro-
mous fish as well as a healthy environment for growth
and development of resident animals.

Foreign Water. It is well known that salmon de-
pend on their olfactory senses to reach their home-
stream, Harden Jones, 1968; Hasler, 1966). It is be-
lieved the effect of transferring large quantities of Sac-
ramento River water into the San Joaquin portion of
the Delta on the way to the pumps near Tracy and
Byron creates conditions adverse to the expedient pas-
sage of adult salmon to their spawning grounds.

Sacramento River salmon are attracted into the
central Delta when Sacramento water is abundant in
the San Joaquin system, thus delaying their movement
up the Sacramento River. San Joaquin fish on the
other hand must negotiate the barrier of Sacramento
water to reach their native water in the San Joaquin
River drainage.

Similar reasoning suggests that the mixing of waters
from the two drainages is inherenty adverse to down-
stream migrant salmon and steelhead.

Temperature. The rate of flow affects water tem-
perature by influencing the time which water tempera-
ture has to reach equilibrium with air temperature. At
least in some seasons this affects temperatures in the
estuary. For example, mean June water temperatures
at Antioch are about 3°F cooler at a mean Delta out-
flow of 40,000 cfs than at 3,000 cfs (unpublished
data). Hence regulation of flow and manipulations of
water movement throughout the entire system, from
storage reservoirs to pumping plants and the ocean,
probably affects the temperature of the water in the
Delta. The extent to which storage and regulation has
affected temperature is probably small.

Even small changes may be important though, since
summer temperatures appear to be reaching the crit-
ical level for Neomysis (Heubach, 1969, Hair, 1971)
and for the upstream migration of salmon in the San
Joaquin system (Hallock, Elwell and Fry, 1970).
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ASSESSMENT OF DELTA WATER
TRANSFER ALTERNATIVES

Over the years a great many concepts and plans
have been devised to use the Delta and even the
downstream bays for salinity control and to salvage
and store water for transfer to areas of deficiency.
Although the impact of such plans on fisheries was
recognized in 1931 (Division of Water Resources
Bulletin No. 2) it was not until the federal Central
Valley Project was authorized that fish and wildlife
became a significant consideration in water develop-
ment plans. In the case of the Delta-Mendota Canal
the principal concern was the prevention of fish losses
through the Tracy pumps into the canal (U. S. Fish
and Wildlife Service, 1950).

In the early 1950s as the California Water Plan
(including the State Water Project) evolved, fish and
wildlife received increased attention because the Delta
was an integral part of all concepts for getting water
from Northern to Southern California (Pelgen,
1955). Some of the concepts for implementing the
California Water Plan, even on gross examination,
would have had catastrophic consequences on the
Delta’s fishery resources. Others were recognized as
being amenable to modification or operational changes
to minimize or eliminate adverse impact on the re-
sources.

By 1963, as a result of a comprehensive effort by
State and Federal water development agencies, all but
four concepts were eliminated from consideration
with respect to further implementation of the State
Water Project and the Central Valley Project. The
remaining four were studied intensively in 1963 and
1964 to ascertain their relative merits in terms of cost,
water project objectives, protection and enhancement
of fish and wildlife, navigation and commerce, flood
control, water quality and recreation. The four con-
cepts reviewed were: (1) The Hydraulic Barrier;
(2) Chipps Island Physical Barrier; (3) The Delta
Waterway Control Plan; and (4) The Peripheral
Canal (See Figures 28 and 31).

The Peripheral Canal was the plan of development
ultimately selected by the Interagency Delta Study
Task Force in consultation with economists, biologists
and recreation specialists after intensive study of the
four concepts. The report of the Task Force (Sep-
tember, 1964) and the Delta Fish and Wildlife Pro-
tection Study Annual Report No. 3 (1964), review
the studies and bases for the selection. Key resource
considerations in relation to each concept are sum-
marized in Table 3.

From a fish and wildlife point of view, each of the
four concepts may be summarized as follows based on
our current understanding:

Hydraulic Barrier Concept. Under this concept
surplus natural runoff and releases from storage are
pumped from the south Delta, via the state and federal
pumping plants on Old River. The quality of water at

the pumps and in the Delta is maintained by natural
outflow during high runoff and releases from storage
during periods of low outflow. This outflow forms a
hydraulic barrier in the western Delta which prevents
the intrusion of salt water from the ocean.

Evaluation. The process of drawing water across
the Delta creates several problems:

1. The lack of residence time of water being
transferred across the Delta depresses the standing
crops of phytoplankton and zooplankton in the
water. In addition, it causes channel scouring, ero-
sion and shifting of bottom sands thus reducing ben-
thic organisms.

2. Cross-Delta water transfer actually reverses the
net direction of water movement in the principal
transfer channels during periods of low flow or high
pumping. In effect, the net flow in Old, Middle and
the San Joaquin Rivers is upstream under such con-
ditions. These flow reversals are believed to inter-
fere with the migration of both adult and juvenile
anadromous fishes, especially salmon (Hallock, et
al., 1970).

3. Tremendous numbers of eggs, larvae and juve-
nile fish are drawn toward the pumps where a sub-
stantial percentage is lost to the Delta. (Many fish
passing through the fish screens survive to support
fishing in project canals, forebays or storage reser-
VOIrs. )

Physical Barrier Concept. This plan would result
in a large, low level dam or barrier at or near Chipps
Island with appropriate locks for navigation and fish-
ways. It would in effect, create a huge freshwater lake
from which water would be diverted for both local
and export purposes.

Evaluation. The physical barrier would create in-
surmountable fishery problems:

1. An adequate salinity gradient is essential as
anadromous fish migrate between fresh water and
salt water. These fish undergo profound physiologi-
cal changes in their osmoregulatory systems and
hence must have both adequate time and a suitable
salinity gradient to adapt to the change. It is doubt-
ful that the physical barrier could provide adequate
conditions for all sizes and species of fish affected.

2. The freshwater lake would lack tidal move-
ment and adequate oceanward currents. Hence,
striped bass eggs and larvae spawned upstream
would either settle to the bottom and die or be
carried to the export pumps.

3. Assuming provisions could be made to provide
passage for anadromous fish such as salmon over or
through the barrier;

a. It would probably be difficult for migrant
fish to find their way either upstream or down-
stream through such a large relatively static body
of water, and;

b. It is probable that a substantial proportion
of these fish would be drawn to the pumps with
the flow.
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4. Part of the Delta’s productivity and the food
supply for small fish is attributed to the physical
reactions that occur along the extensive natural salt-
water-freshwater interface. This area would largely
be eliminated.

5. The absence of tidal conditions and a salinity
gradient in the reservoir behind the barrier would
probably result in a substantial if not total loss of
Neomysis awatschensis (See Chapter IV).

Staged Waterway Control Plan. Under this con-
cept a series of 10 to 13 barriers and control structures
would be constructed in the natural channels of the
Delta to create a meandering waterway across the
Delta. The structural works would provide for water
release facilities, navigation locks, and a siphon under
the San Joaquin River. Implementation of this concept
would occur in several stages implemented over 29 or
more years timed to meet water export requirements.

Evaluation. The Waterway Control Plan has both
advantages and disadvantages:

1. By siphoning under the San Joaquin River the
loss of eggs, larvae and juvenile fish from the San
Joaquin system would ultimately be reduced. On
the other hand, losses of fish from the Sacramento
system would be greater unless adequate screens
were constructed at the point of diversion from
the Sacramento River.

2. The zooplankton and benthic fauna should im-
prove in some areas, but would be even more de-
pressed in the channels used for water transport.

3. Eventually, the flow reversal problem could be
eliminated except for the channels used for water
transport where the problem would be even more
intense and prolonged.

4. Eventually, there would be a loss of tidal cur-
rents in the water transfer channels.

5. The barriers and control structures would in-
hibit recreational navigation including sport fishing
traffic.

This plan then has the inherent disadvantage of
greatly reducing the contribution of the water trans-
fer channels to the system’s productivity, and because
of its probable staged implementation, it would result
in considerable other adverse effects in the immediate
future.

Peripheral Canal Concept. The proposed Periph-
eral Canal would, as the name implies, be a large canal
that would skirt the eastern periphery of the Delta. It
would be hydraulically isolated from the natural chan-
nels, and would be siphoned under the Mokelumne,
San Joaquin and OIld Rivers and Disappointment
Slough. Large, low head pumps would divert water
from the Sacramento River near Hood. The volume
of water diverted would depend on the capacity and
specific projects included, but the canal would be
sized to a capacity of 22,000 to 26,800 cfs. The intake
would include a sediment basin, trash rack and fish
protective facilities. At selected points along the

Canal, facilities would be provided to release water to
maintain Delta water requirements for agriculture and
for fish and wildlife.

Overriding considerations in the selection of the
Peripheral Canal were:

1. Compliance with the water quality and trans-
fer objective as set by the Interagency Delta Com-
mittee which was stated as follows:

“To provide a means for meeting projected
Delta export demands taking into account the fol-
lowing elements: (1) requirements for meeting
the Central Valley Project’s contractual quality
limits at the Tracy and Contra Costa Canal diver-
sions; (2) requirements for meeting the State’s
contractual quality objectives at the Italian Slough
and Lindsey Slough diversions; and (3) require-
ments for providing and maintaining protection
from ocean salinity intrusion and degradation by
waste discharge in channels where such protection
is economically justified and consistent with the
beneficial use of water.”
~ “In determining the extent of protection to be
provided, the following factors were considered:
(1) quality requirements for local agricultural and
urban users; (2) quality requirements for fish and
wildlife resources; and (3) quality requirements
for water pollution and public health, as related
to recreation use.”

2. The inherent potential of the concept to pro-
tect and enhance the fish and wildlife resources of
the Delta as provided in the following planning ob-
jective adopted by the IDC:

“To protect, and where possible, enhance the
fish and wildlife resources of the Delta by assur-
ing that the environmental requirements of the
important Delta animals are provided for in the
construction of Delta water facilities.”

Evaluation. In operational concept the Peripheral
Canal and Delta Waterway Control Plan are some-
what similar. Being isolated from the Delta, however,
the Peripheral Canal would not physically interfere
with the natural channels nor the resources dependent
on them. Plans call for it to be constructed as a sin-
gle unit over a relatively brief time span. Hence, it
has the potential advantages of the Waterway Control
Plan without the disadvantages of that plan. Hydro-
logically, it would return the Delta to a semblance of
pre-Central Valley Project conditions by eliminating
the direct effect of the pumps.

In brief, the Peripheral Canal, properly operated,
could eliminate or minimize virtually all of the serious
problems that exist now and that are associated with
each of the other concepts. However, it will be neces-
sary to incorporate certain essential features into the
design and operation of the project in the interest of
compatibility with fish and wildlife resources. These
are:

1. First and foremost, as in the other plans, pro-
vision must be made for proper operation of the
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project to assure adequate flows and water quality

conditions for the maintenance of the fishery re-

sources.

2. The Peripheral Canal will need to be provided
with appropriate facilities and measures to minimize
the loss of fish by direct diversion and prevent pro-
longed delays or losses of upstream migrant salmon.
Both of these needs would exist regardless of which
Delta water transfer alternative is selected.

The most recent Delta water plan is the so-called
Modified Folsom-South Project. In concept, this plan
would divert some of the export water near Hood,
transport it to an enlarged Folsom-South Canal (now
under construction by the Bureau of Reclamation),
and provide for releases of water down the Mokel-
umne, Calaveras and Stanislaus Rivers. In preliminary
form the project design includes: (1) deliveries to the
state and federal pumps; (2) large releases down the
Stanislaus River to freshen the southeastern Delta and;
(3) positive downstream flows in the San Joaquin
River for fish preservation. It has not evolved beyond
the conceptual stage, but from a fish and wildlife
point of view, it does not overcome some of the most
serious objections to the present system. Specifically,
under this proposal, large amounts of water would
still be transferred across the Delta and the releases
of Sacramento water into the eastern tributaries would
continue to create problems for migrant salmon which
may be insoluble.

The principal considerations described in the fore-
going analysis were described almost 10 years ago.
Much has been learned since then about fish and wild-
life requirements, but none of the new knowledge
would lead to a different conclusion as to the relative
merits of the four water transfer alternatives consid-
ered then. Neither has any better water transfer plan
been proposed, nor is it reasonable to expect that any
better plan could be proposed if one accepts the re-
quirement that water being transferred to the export
pumps should be isolated from the Delta for the pro-
tection of fishery resources.

Following adoption of the Peripheral Canal concept
as the recommended plan of development, the Delta
Study Program was reoriented largely in line with the
resources needs identified with this concept, including
operating criteria. Nevertheless, much effort has been

devoted to obtaining fundamental knowledge about
the environmental requirements of the resources, rec-
ognizing the application of such knowledge to any
plan of water development or transfer. Many of the
specific requirements described in Chapters III through
VII result from these studies and are pertinent to de-
fining Canal operating criteria. It can be expected
though, that a period of testing will be required after
the Canal is completed to prescribe definitive criteria.

The criteria should involve the following:

1. A highly efficient screening system or curtail-
ment of diversions during peak downstream migra-
tions of young fish.

2. Maintenance of flows adequate for striped bass
spawning and the survival of young striped bass.

3. Maintenance of flows sufficient for Neomysis.

4. Provision for net downstream flows in all ma-
jor channels.

5. A predominance of San Joaquin River water
in the southeastern Delta during upstream salmon
migrations.

6. Releases from the Canal sufficient in timing and
amount to maintain good water quality in the Delta
without suppressing productivity or attracting up-
stream migrant salmon to the release points.

7. Establishment of a management system and
water supply suitable to maintain appropriate soil
salinities and waterfowl foods and habitat in Suisun
Marsh.

8. Regulation of diversions so that turbidity is
not reduced significantly.

9. Maintenance of adequate flow rates for the up-
stream and downstream migrations of salmon.

Most of these criteria are operational in character
and can be achieved by the adoption and implementa-
tion of objectives designed around resource require-
ments.

The most severe technical challenge associated with
the Peripheral Canal concerns the development of a
system to prevent the diversion of fish, eggs and larvae.
Although we are optimistic that a screen concept will
be developed, pumping curtailment is a viable alterna-
tive. The Interagency Delta Study Task Force (1964)
stated that curtailment would be feasible 80 per cent
of the years.
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CHAPTER XI

FISH PROTECTIVE FACILITIES
By JOHN E. SKINNER

INTRODUCTION

The term fish protective facilities embraces a wide
range of mechanical or structural devices designed to
prevent or minimize the loss or damage to fish. In the
Delta we are concerned primarily with systems which
will: (1) minimize the diversion of fish; (2) effec-
tively separate (screen) fish, eggs, and larvae from
water diversions; and (3) safely return those which
are salvaged to the river to continue their life cycle.

In discussing fish protective facilities, it is conven-
ient to separate them into those which are now in
existence and operating and those that are relevant to
future Delta water plans.

EXISTING DELTA FISH FACILITIES

There are now two major fish salvage facilities in
operation in the Delta. These are the federal Tracy
Fish Collecting Facility which is located at the Old
River intake to the federal Delta-Mendota Canal, and
the State’s Delta Fish Protective Facility at the intake
to the California Aqueduct. Water for the latter facil-
ity is also diverted from Old River. However, instead
of pumping the water directly from the river as the
federal operation does, the water must first enter the
2,300 surface acre Clifton Court Forebay. Radial gates
at the forebay intake are opened on floodtide to allow
water to enter and are closed before the tide begins to
ebb so that the water is retained in the forebay. It is
then pumped from the intake channel which opens
directly to the forebay. The Delta Fish Protective
Facility is located on the intake channel between the
forebay and the pumps.

System Concept

Both facilities employ essentially the same fish sal-
vage and return systems, although the state facility,
being of more recent origin, incorporates several more
recent design concepts that were intended to increase
its effectiveness (Figure 32). The fish “screen” con-
cept employed is the so-called louver system. The
concept was originally developed in the early 1950s
to salvage fish at the Tracy Fish Collecting Facility
from water being pumped into the Delta-Mendota
Canal (U. S. Dept. Interior, 1957). It consists of a row
of vertical metal slats running on an angle across the
channel. It may be compared to a venetian blind
placed on its side. The metal slats are spaced an inch
apart and are perpendicular to the flow of water.

The theory behind the concept is that it allows
water to pass between the slats, but fish which ap-
proach the slats will react to avoid going through
them. In so doing, the fish swim in a direction some-

(80)

what perpendicular to the row of slats and are thereby
guided or deflected along the line of louvers until they
reach a bypass which they enter either voluntarily or
as a result of the higher velocities entering the bypass.
From the bypasses the fish are carried into another
louver and bypass array called the secondary system
where they are further concentrated and the volume
of water reduced by the same process. From the by-
pass of the secondary system the fish are conveyed to
large cylindrical collecting or holding tanks. Here the
fish are held until a sufficient number is collected to be
hauled away in specially designed trucks, and returned
to the Delta away from the influence of the intakes.

Fish Salvage

In excess of 30 species of fish are collected at these
facilities. Striped bass are the most abundant followed
by threadfin shad, catfish and smelt. The numbers of
salmon salvaged are not high in relation to the above
named species but are significant in terms of their
contribution to the salmon runs of the Central Valley.

The numbers of fish salvaged at the federal facility
have ranged from about 3.5 million during the first
2 years of operation in 1957 and 1958 to over 44 mil-
lion during the dry year of 1966 when pumping was
high. The average numbers salvaged annually are
about 18 million striped bass, 2.3 million catfish and
112,000 salmon. In excess of 400,000 salmon were
salvaged in both 1970 and 1971.

The state facility has been operating only since
early 1968. It rarely has been operated at anywhere
near its peak capacity. Hence, the numbers of fish
salvaged are low in comparison to those at the federal
facility. Through 1970 the state facility has salvaged
an average of 6.4 million striped bass, 1.3 million cat-
fish and 42,000 salmon annually.

Salvage Efficiency

Both facilities have been evaluated in recent years,
the federal facility in 1966 and 1967 (Hallock, et al.,
1968) and the state facility in 1970 and 1971 (MS.).
In addition, the Department of Water Resources
(1967a and 1967b) conducted tests at the Tracy facil-
ity to assess louver slat spacing and bypass tests. Sev-
eral factors including the high runoff of 1967 com-
bined to limit the usefulness of results at the federal
facility. The tests conducted at the state facility, how-
ever, provide a measure of the gross effectiveness of
both installations.

The testing programs at both installations demon-
strated that several variables affect the efficiency of
the fish salvage operation. The most significant factor
was the size of the fish, which is correlated with
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swimming ability and hence, potential to be deflected
by the louvers and guided to a bypass. Other factors
affecting efficiency include the velocity of the water,
the bypass and screened water velocities, size of the
bypass, presence or absence of guiding walls, and
the side fish enter the secondary channel. The latter
is a factor because fish entering on one side have less
time to orient themselves before reaching the louvers
and must traverse more of the louver than fish enter-
ing on the other side.

It is difficult to generalize about efficiency because
of interaction among the variables. However, at the
state facility for the complete range of test conditions,
the overall efficiency (combined primary and second-
ary systems) for striped bass was about 50 percent for
1-inch fish and over 80 percent for the largest fish.
Fish less than one-half inch long have very limited
ability to be louvered. These tests involved over 1.3
million bass up to 4 inches in length.

The tests showed that salmon, which normally
range in size from 2 to 4 inches when they reach the
facility, are louvered at an efficiency of about 80 per-
cent overall. The efficiency for salmon less than 2
inches in length is 60 to 70 percent. These results
compare favorably with the results of Ruggles and
Ryan (1964) who obtained efficiencies of 65 to 75
percent for a single line of louvers.

Louvers are much less effective in salvaging small
catfish. Overall, only 16 percent were successfully by-
passed to the holding tanks. Size was the most impor-
tant factor affecting efficiency. Of more than 87,000
catfish involved in the tests, 67 percent were greater
than 1 inch. The modal length was between 1Y% and
1Y inches. Efficiency ranged from about 5 percent
for fish less than 3/5 inch to 90 percent for fish over
3 inches.

Tests by Hallock, et al., (op. cit.), of the primary
louvers at the federal facility demonstrated similar
results for striped bass. His results were inconclusive
for salmon and catfish.

Bates and Logan (1960) reported efficiencies of 90
percent or better in the secondary system of the Tracy
Facility for fish over 1 inch in length. They did not
test the primary system. Using the same efficiencies in
the primary that they obtained in the secondary would
produce overall efficiencies similar to those obtained
at the state facility for most fish over an inch in length.
Bates and Logan, however, reported much greater
efficiencies for white catfish than were obtained during
tests at the state facility.

Prognosis

Based on the foregoing, it is apparent that overall,
the existing facilities are capable of salvaging at least
80 percent of the salmon, 50 percent of the striped
bass and 15 percent or more of the catfish entering
them. Fish over 2 inches in length are screened con-
sistently at an efficiency of 80 to 90 percent.

Based on the average numbers of bass, catfish and
salmon actually salvaged and the overall efficiencies

indicated above, fish losses at the two facilities have
probably averaged about 19 million bass, 19 million or
fewer catfish and 39 thousand salmon annually. Al-
though projected water exports are 3 to 5 times the
present rate it is improbable that fish losses under
future conditions will increase proportionately. Much
of the water exported will be pumped in the winter
and early spring when fish abundance is generally low.
The critical period will be from March through June
for salmon, May through July for striped bass and
July and August for catfish. Fish losses will probably
increase directly with the increase in pumping during
these periods.

More important than the numbers lost, however, is
the impact on the resource. It is conceivable that
striped bass losses of the anticipated magnitude will
not deplete the resource. (This is discussed at length
in Chapter V.) On the other hand, it is probable that
the potential increase in salmon losses from the San
Joaquin system would, over a number of years,
seriously impair that resource. Obviously, losses can-
not continue to escalate without becoming harmful at
some point. Recent declines in striped bass and salmon
suggest that past losses may have adversely affected
resource levels. Hence, we must be pessimistic about
the effect of such large losses until evidence is obtained
to the contrary. It is imperative, therefore, that these
facilities be operated to achieve the maximum effi-
ciency practicable.

As long as the diversion of export water occurs in
the south Delta, there is little promise of reducing the
loss of fish substantially. The present salvage facilities
can both be operated and modified to improve effi-
ciency moderately, but any changes to offset the ex-
pected increase in fish losses due to increased water
exports would need to be very substantial and costly.

Curtailment of pumping is possible but this cannot be
done as a practical matter for long enough periods to be
effective for salmon. In the case of striped bass the
effectiveness of curtailment is limited because a good
share of the fish will remain within the influence of
the pumps. Even those salvaged, and returned to the
river near Antioch, could conceivably be drawn back
toward the pumps under future conditions.

Up to the present time these facilities have attracted
few adult fish. There is a possibility, however, that the
accentuated and prolonged period of flow from the
Sacramento River to the pumps could attract increas-
ing numbers of adult fish. This would create a vir-
tually insoluble problem, since no system is present to
salvage adults.

FISH FACILITIES IN RELATION TO FUTURE
DELTA WATER PLANS

Except for the Peripheral Canal, the proposed water
transfer plans entail fish salvage considerations similar
to those discussed above for the present water transfer
operation. They vary, however, in terms of their po-
tential impact on the resources (Table 3), their amen-
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FIGURE 32—Schematic diagram of Delta Fish Protective Facility
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ity to modification and the degree of protection pos-
sible.

All things considered, the Peripheral Canal offers
the most discrete and best long-term solution to fish
losses as well as to other ecological considerations re-
lated to the cross-Delta transfer of export water. Con-
sequently, the Peripheral Canal concept has been
studied intensively with respect to protection of the
fish resources and the facilities essential to this pur-
pose.

The magnitude of the resources that could be af-
fected by the Peripheral Canal is not precisely known
but a reasonably good judgment is possible from exist-
ing data. Estimates of the adult striped bass population
(fish over 16 inches in length) indicate that about
750,000 adults migrate up the Sacramento River (un-
published data). In addition about 250,000 juvenile
and subadult (8-16 inches) bass probably are at or
above the Peripheral Canal intake site.

In addition to striped bass it is assumed that 90 per-
cent or more of the American shad and steelhead
spawn above the Canal, adding perhaps another 750,-
000 or more fish to the number of large fish susceptible
to the Peripheral Canal diversion.

It is not practical at this time to try to establish
estimates of the actual numbers of eggs, larvae and
juvenile fish suscepible to diversion. Striped bass are
prolific spawners. The total number of eggs spawned
are astronomical. Salmon and shad are less prolific but
tens of millions of eggs and small fish are involved.
Since natural mortality at the egg and larval stage is
very high, it is almost meaningless to discuss numerical
estimates for striped bass and shad. Hence, to put the

problem into perspective it is convenient and perhaps

more meaningful to simply allude to the proportion
of the annual reproduction of each species that must
pass the diversion site. This amounts to 90 percent or
more of the annual reproduction of the king salmon,
steelhead, white sturgeon and American shad from the
Central Valley and two-thirds of the striped bass. In
general, it is assumed that without adequate fish facili-
ties, eggs, larvae and small fish would be diverted in
proportion to the fraction of water diverted from the
Sacramento River.

Considering the total scope of the Canal and its ap-
purtenances, five primary considerations emerge re-
garding the design and operation of fish facilities.
These are:

1. The design and operation of the facility to
minimize the delay or interference with downstream
migrant adult fish, especially striped bass, American
shad, white sturgeon and steelhead trout.

2. Development of a screen concept to salvage
the eggs, larvae and small fish that pass the intake
site.

3. Development of a system to return salvaged
eggs, larvae and fish safely to the river.

4. Operation of the facility to minimize the delay
of upstream migrant salmon at canal water release
sites.

5. Development of operational plans and assur-
ances for fish protective facilities.

The potential of the Peripheral Canal with respect
to these considerations will be discussed in relation
to the physical features of the Peripheral Canal.

Intake System

The following elements of the intake system could
affect the normal passage of fish and their survival.

Location and Design of the Intake

The location and design of integral features of the
intake are important considerations in successfully
bypassing adult fish in the river and salvaging small
fish from the Canal. Adult anadromous fish, with the
exception of salmon, migrate downstream after spawn-
ing. Eggs and larval fish are simply carried with the
currents.

Water movement is an important mechanism in
guiding the downstream passage of these fish. Since
the Peripheral Canal will divert large volumes of wa-
ter from the Sacramento River, it is logical to antici-
pate that large numbers of eggs and fish will be
diverted with the flow.

The two principal concerns involving the intake
facilities are: (1) the entrapment and delay of down-
stream migrant adult fish; and (2) the diversion of
eggs, larval, and juvenile fish.

Downstream Migrant Adult Fish. The location and
design of the intake could have a profound effect with
respect to its potential to entrap fish or deter them
from entering the intake system. This problem is not
unique to the Peripheral Canal although it is likely
that a much greater number of adult fish would be
affected than with other Delta water transfer plans.
However, with the Peripheral Canal, the alternatives
to minimize or prevent adverse effects are far more
practical and desirable. Fish drawn to intake facilities
in the south Delta are dead-ended and if salvaged
would probably need to be hauled away by truck.
In contrast, at the Peripheral Canal, the downstream
flow of water past the intake would allow many fish
to bypass the intake entirely. Fish which are drawn
into the facility can be guided to facilities and re-
turned to the river below the intake to continue their
migration. Since the problem is affected by tidal flow
at the intake site, physical model studies appear desir-
able to improve our knowledge of hydraulic patterns
at the intake site to aid in the design of appropriate
facilities and their operation.

Potential solutions to minimize the entrapment and
delay of downstream migrant adult fish, therefore,
should involve the following considerations:

1. Model studies to determine the hydraulic con-
ditions that will prevail at the entrance to the in-
take.

2. Studies to determine the routes and conditions
under which adult fish migrate in the river near the
intake site.
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3. An intake design that will deter entry into the
Peripheral Canal.

4. A system to guide and collect adult fish and
return them to the river below the intake beyond
the influence of the pumps.

5. A study of pumping operations under project
conditions to determine the feasibility of pumping
curtailment to assist in bypassing fish.

Eggs, Larvae and Juvenile Fish. The most appar-
ent approach to preventing the loss of eggs and small
fish would be a device to screen them from the flow
in the Canal and a system to return them to the river.
Because of the large volume of water that will be di-
verted and the extremely small size of the fish and
eggs, this is a difficult challenge. Striped bass eggs and
newly hatched larvae are about % of an inch in di-
ameter and length respectively.

Since virtually all striped bass spawned above the
Peripheral Canal will reach the intake site either as
eggs or newly hatched larvae, louvers will not salvage
them. Most American shad and sturgeon will probably
not be of louverable size as they pass the intake site.
Hence, if these fish are to be salvaged by screening
at the canal intake another screening concept will be
necessary.

Most salmon on the other hand will be 40 mm or
larger as they pass the site so 65 to 76 percent could
be salvaged with louvers.

Alternatives
Potential alternatives are:

1. Development of a New Screening Concept.
Presently developed screening concepts in the
United States and Canada have been considered care-
fully but show little promise. A great deal of prog-
ress has been made toward development of the so-
called horizontal traveling or matching velocity
screen. This concept appears to offer substantial po-
tential for salvaging striped bass, American shad
and sturgeon at the diversion site. Considerable bio-
logical and engineering research will be necessary,
however, before the concept can be recommended
for the Peripheral Canal.

A more recent development, involves the princi-
ple of greatly increasing the surface area of the di-
version, so that the velocity at any point will be
much less than that of the water flowing past. This
concept appears worthy of much more intensive in-
vestigation. In the event such a proposal proves to be
engineeringly feasible, it would conceivably solve
not only the screening problem but also negate the
need for facilities to return the fish to the river and
solve the adult fish problem as well.

Louvers should continue to be considered in com-
bination with any new concept that may be devel-
oped. Since eggs, larvae and small fish occur only
during the late winter, spring, and early summer, the
louver concept might be adequate most of the year.

2. Timed Curtailment or Suspension of Periph-
eral Canal Pumping. As an alternative to or in

conjunction with screening, pumping could be cur-
tailed or suspended to allow eggs, larvae and small
fish to move downstream past the intake when they
are most abundant. This solution was anticipated by
the Interagency Delta Committee when it recom-
mended the Peripheral Canal in 1964. Data for the
years 1963-67 indicate that it would be necessary to
suspend pumping between 25 and 40 days to allow
90 percent of the striped bass eggs and larvae to pass
the intake site. Median dates to allow 90 percent to
pass the intake would run from May 11 through
June 12.

The Peripheral Canal has a very definite advan-
tage over the other transfer concepts in terms of the
effectiveness of diversion curtailment. Namely, once
the eggs, larvae, and small fish pass the Peripheral
Canal intake site, they will continue downstream
into the Delta and will no longer be susceptible to
export diversions. One of the major concerns of the
present system of transferring water across the Delta
is that the small fish are susceptible to the pumps in
the south Delta at all times.

Return System

Once fish are salvaged they must be returned to the
river far enough downstream that they are not carried
back to the intake by either the tide or the draft of
the pumps. The number and small size of the fish vir-
tually precludes transporting them by truck. Handling
and circulation in the trucks would cause substantial
mortality of eggs and larval fish and the capital and
operational costs would appear prohibitive.

A tentative solution would involve a collection sys-
tem, pumps, and a closed conduit to return the fish
directly to the river several miles below the intake. It
has been demonstrated that pumps can be used to pass
larger fish without excessive damage or mortality.
However, before this concept can be implemented it
may be necessary to assess the effects on eggs and
larval fish from: (1) pressure, (2) conveyance in the
conduit, and (3) mechanical injury from pumps.

Canal Appurtenances

Evidence from existing pumping operation in the
Delta and elsewhere indicate that the Periperal Canal
pumps may kill some fish passing through them but
such losses would not be significant.

Thirteen turnouts are presently planned along the
Canal to provide consumptive water requirements in
the Delta and to maintain water quality standards. The
water released into the Delta from these turnouts will
be of Sacramento River origin and will be released in
greatest quantity in the south and east portions of the
Delta where under historical conditions the water was
of San Joaquin River origin. Such conditions will
probably attract Sacramento salmon into the central
Delta and away from their normal migration routes
and constitute a barrier of foreign water to upstream
migrant San Joaquin salmon. It is essential, therefore,
that the sytem be operated to assure a preponderance
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of San Joaquin River water in the southeastern Delta
during the fall period.

PROGRESS OF FISH FACILITY RESEARCH
AND DEVELOPMENT

After the Peripheral Canal concept had been
adopted, an assessment was made of its implications to
the fishery resources and a research program was ini-
tiated to resolve the most apparent problems.

Following an intensive search of the literature, stu-
dies were undertaken to determine the best means of
guiding fish in the hope of developing a system by
which they could be prevented from entering the
Canal. Most conventional systems were thoroughly in-
vestigated and substantial work was done on the use
of electrical and sonic devices. Up to 1966 it was gen-
erally concluded that the louver concept was the most
effective system for large diversions and for a wide
range of fish sizes and species. None of the sytems or
concepts investigated, however, were capable of sal-
vaging eggs and larval fish. Consequently, curtailment
of Peripheral Canal diversions was considered as the
primary means of preventing the loss of eggs and
larvae.

In mid-1965, the horizontal traveling screen concept
emerged, partly as a result of these studies. The con-
cept has been under development by the U. S. Na-
tional Marine Fisheries Service since that time. This
concept seemed to offer the most promise and has
been given the greatest effort up to now.

Presently, a low velocity or sieve-type system is
being considered. In concept, this system would in-
volve distributing the diversion over a very large
surface area of porous material or fine-meshed screen.

The early work of the program also entailed studies
of concepts to return salvaged fish to the river. These
studies involved the investigation of pumps capable of
passing fish without excessive mortality and field tests
to assess the effects of pressure. These tests were
undertaken when it was concluded that the most prac-

tical system would involve pumping the fish into a
closed conduit under pressure and allowing them to
return to the river by gravity several miles below the
intake works. Results indicate that pressures, within
the range anticipated in the system, may not cause
excessive mortality.

Recognizing that the discharge of enormous num-
bers of small fish at a particular location might attract
large numbers of predatory fish, studies were under-
taken to assess this potential problem. Field studies
involved netting fish at the sites where fish are released
after being salvaged at the Tracy Fish Collecting Fa-
cility. These studies showed that substantial predation
does in fact occur. Subadult striped bass were heavy
but, by virtue of their migratory behavior, sporadic
predators. Black crappie were considered more detri-
mental since they remain in the vicinity of the release
sites. Stomach analyses of black crappie taken at the
sites frequently revealed large numbers of small fish,

usually in direct proportion to the species released

from the trucks. As a result, facilities were con-
structed in the Delta which minimize this problem and
plans are under consideration to provide for the inter-
mittent use of multiple release sites in deep water for
the Peripheral Canal System.

Substantial progress has been made in developing
biological criteria for the design of a fish screen. In
particular, the swimming capabilities of larval and
juvenile fish have been fairly well determined as well as
their tolerance to 1mp1ngement Consequently, we are
or soon will be in a position to determine the biologi-
cal feasibility of many of the various mechanical
screening devices that have been suggested. More im-
portant, the data developed will permit us to specify
the hydraulic characteristics of fish salvage facilities
with reasonable assurance of their effectiveness. Fu-
ture research will involve the extension of our present
knowledge of fish response to water velocities and
other hydraulic characteristics to experiment with
various devices in a model flume to assess their capa-
bility for deflecting or guiding small fish.
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CHAPTER Xii

FUTURE ENVIRONMENTAL EVALUATIONS
By HAROLD K. CHADWICK

There is good reason to believe that resources in the
estuary can be protected from potential adverse effects,
since both federal and state laws and policies require
protection as a responsibility of development projects.
However, a prerequisite to achieving protection is doc-
umentation of resource requirements.

The environmental evaluations completed in the
estuary indicate that the Peripheral Canal needs to be
built to correct some existing problems, and they also
indicate the general and some specific operating criteria
for the Canal. Establishment of definitive operating
criteria for the Canal though will require monitoring
and evaluation from now through a testing period after
the Canal is completed.

The Department of Fish and Game, the California
Department of Water Resources, the U.S. Bureau of
Reclamation and the U.S. Bureau of Sport Fisheries
and Wildlife have entered into a cooperative agree-
ment to guide the conduct of future evaluations. This
agreement defines principles governing the need for
evaluations and the responsibility and procedures for
implementing them. It also describes evaluations neces-
sary in the immediate future and provides for their
funding.

The evaluations defined in the agreement will all con-
tribute to ecological understanding necessary to evalu-
ate water development projects, but several also have a
major bearing on other management functions of the
Department of Fish and Game. The latter will be
funded and carried out by the Department of Fish and
Game, while the others will be funded by the develop-
ment agencies and carried out cooperatively.

Briefly, the evaluations needed immediately are:

1. Survival of Young and Juvenile Striped Bass.
Objective: To determine the factors controlling the
survival of young and juvenile striped bass and iden-
tify management options which will increase survi-
val. Primary emphasis will be placed on increasing
understanding of the factors controlling the rela-
tionship between water flows in late spring and early
summer and the survival of young striped bass.

2. Adult Striped Bass. Objective: To provide a
continuing assessment of population size and mor-
tality rates to establish a basis for evaluating angling
regulations and managemental actions related to envi-
ronmental protection.

3. Salmon Adult Population Inventory and Man-
agement Research. Objective: To inventory
salmon resources throughout the Central Valley so
management actions can be evaluated and to under-
take specific management evaluation investigations.

4. Water Supply for Upstream Migration of
Salmon. Objective: To determine how the Periph-
eral Canal and San Joaquin Valley water develop-
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ment projects can be operated to provide suitable
conditions for salmon to migrate upstream through
the Delta.

5. Factors Controlling Phytoplankton Growth in
the Western Estuary. Objective: To ascertain how
changes in hydraulic conditions and waste loadings
may affect phytoplankton populations in the west-
ern estuary and to evaluate management options for
preventing adverse conditions.

6. Turbidity. Objective: To predict how turbid-
ity will change in the estuary as a result of changes
in hydrology, so that the biological effects of any
changes in turbidity can be evaluated.

7. Peripheral Canal Fish Facilities. Objective:
To plan and develop the facilities necessary to pre-
vent unacceptable losses of fish at the intake of the
Peripheral Canal and at the release points from the
Canal into the Delta if operation studies indicate
that this is likely to be a problem.

8. Suisun Marsh Water Supply and Management
Study. Objective: To complete a feasibility study
of alternative means of providing suitable freshwater
supplies to the Marsh.

Each of these evaluations is being implemented dur-
ing the 1971-72 fiscal year. They will all take a num-
ber of years to complete, and the agreement provides
for continuing evaluation and adjustment of the stu-
dies to keep them responsive to study results and
changing needs.

The agreement also provides for the determination
of the magnitude of water flows through the Delta
required to facilitate the upstream and downstream
migration of salmon. This study is to start 3 years
before Peripheral Canal construction.

As well as can be anticipated at this time, these
studies will provide a reasonable basis for anticipating
and preventing any adverse effects of water develop-
ment on fish and wildlife resources in the estuary. The
studies obviously are not exhaustive and development
plans change from time to time, so the studies must
be reviewed frequently to keep them responsive to
current needs.

One aspect of particular concern is the effects of
large reductions in winter flows. Other than possible
reductions in both turbidity and the annual flushing of
pollutants, no effects having probable adverse conse-
quences have been identified. However, the biological
consequences of such a change cannot be predicted
with a high degree of confidence from either theored-
cal considerations or experience, as comparable situa-
tions have not been studied. Hence, the reasonable
course of action is to observe effects as changes are
implemented gradually.
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APPENDIX

PUBLICATIONS CONCERNING DELTA FISH AND WILDLIFE 1961-1971

The decade encompassed by this report has pro-
duced considerable knowledge about the ecosystem. A
good deal of this knowledge has been published by the
Delta Fish and Wildlife Protection Study in scientific
journals, annual reports and informally as administra-
tive or letter reports.

In addition, other functional units of the Depart-
ment of Fish and Game have also been engaged in stu-
dies within or having a bearing on the Delta and its
resources.

Since the purpose of this report is to assemble the
existing knowledge in summary form, it is appropriate
to include all relevant publications of the Department

which either emanated from the Delta Study or which
contributed to this report. The publications listed be-
low are restricted to those involving Department per-
sonnel since the Delta Fish and Wildlife Protection
Study was initiated in 1961:
1. Formal Publications of Delta Fish and Wildlife Protec-
tion Study.
I1. Informal Publications of Delta Fish and Wildlife Pro-
tion Study.
II1. Formal Publications of Other Units of Department of
Fish and Game.

IV. Informal Publications of Other Units of Department of
Fish and Game.

I. Formal Publications of Delta Fish and Wildlife Protection Study

Bailey, T., D. Ganssle, C. Seeley, and W. Silvey. 1965. A
study of dissolved oxygen dynamics in the Sacramento-San
Joaquin Delta. Ann. Rep. (1964-65) Delta Fish and Wildlife
Protection Study (4): Append. B. 21 p.

Blunt, C. E., Jr. 1962. Striped bass. Ann. Rep. (1961-62)
Delta Fish and Wildlife Protection Study (1): 61-86.

California Departments of Fish and Game and Water Re-
sources. 1964. The effect of water development on the
Delta environment. Ann. Rep. (1963-64) Delta Fish and
Wildlife Protection Study (3): 33 p.

California Departments of Fish and Game and Water Re-
sources. 1967. Water development and the Delta environ-
ment. Summary Prog. Rep. Delta Fish and Wildlife Protec-
tion Study (7): 30 p.

California Department of Water Resources, Delta Branch.
1962. Changes in the environment. Ann. Rep. (1961-62)
Delta Fish and Wildlife Protection Study (1): 27-38.

California Departments of Water Resources and Fish and
Game. 1970. A report on Phase [I—Development of a pre-
liminary plan and program for a study of toxicity and bio-
stimulation in San Francisco Bay-Delta waters. Calif. Res.
Agency. 64 p.

Chadwick, Harold K. 1968. Eutrophication and its potential
effects on dissolved oxygen in the Sacramento-San Joaquin
Estuary. In: Fish and wildlife resources of San Francisco Bay
and Delta. Description, environmental requirements, problems,
opportunities and the future. Calif. Dep. Fish and Game. p.
269-285.

Chadwick, Harold K. 1969a. An evaluation of striped bass
angling regulations based on an equilibrium yield model.
Calif. Fish Game 55(1): 12-19.

Chadwick, Harold K. 1969b. Striped bass, sturgeon and
American shad. In: Report to the State Water Resources
Control Board on the impact of water development on the
fish and wildlife resources of the Sacramento-San Joaquin
Delta and Suisun Marsh. Calif. Dep. Fish and Game. Chap. 2.

Chadwick, Harold K. 1971. Striped bass and water develop-
ment in the Sacramento-San Joaquin Estuary In: A sym-
posium on the biological significance of estuaries. Sport
Fishing Institute. p. §8-68.

Chadwick, H. K., D. Juliano, C. Seeley and W. Silvey. 1967.
Progress report on the study of dissolved oxygen in the Sac-
ramento-San Joaquin Estuary. Ann. Rep. (1966-67) Delta
Fish and Wildlife Protection Study (6):69-120.

Daniel, Dick A., and Harold K. Chadwick. 1971. Effects of
selected waste discharges on benthic invertebrate communi-
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ties. Volume VII of a study of toxicity and biostimulation in
San Francisco Bay-Delta waters. Calif. Dep. Fish and Game.
77 p.

Farley, Timothy C. 1966. Striped bass, Roccus saxatilis,
spawning in the Sacramento-San Joaquin River systems dur-
ing 1963 and 1964. In: Jerry L. Turner and D. W. Kelley
(compilers), Ecological studies of the Sacramento-San Joa-
quin Delta. Part Il. Calif. Dep. Fish and Game, Fish Bull.
(136):28-43.

Ganssle, David. 1962. King salmon, silver salmon and steel-
head trout. Ann. Rep. (1961-62) Delta Fish and Wildlife
Protection Study (1): 39-60.

Ganssle, David. 1966. Fishes and decapods of San Pablo and
Suisun bays. In: D. W. Kelley (compiler), Ecological studies
of the Sacramento-San Joaquin Estuary. Part 1. Calif. Dep.
Fish and Game, Fish Bull. (133):64-94.

Ganssle, David, and D. W. Kelley. 1963. The effect of flow
reversal on salmon. Ann. Rep. (1962-63) Delta Fish and
Wildlife Protection Study (2): Append. A, 15 p.

Griffith, William H,, Jr. 1962. Wildlife. Ann. Rep. (1961-
62) Delta Fish and Wildlife Protection Study (1):141-162.

Griffith, William H. 1963a. Salt as a possible limiting factor
to the Suisun Marsh pheasant population. Ann. Rep. (1962-
63) Delta Fish and Wildlife Protection Study (2): Append.
B, 6 p.

Griffith, William H. 1963b. Levee vegetation and pheasants,
Ann. Rep. (1962-63) Delta Fish and Wildlife Protection
Study (2): Append. C, 7 p.

Hazel, Charles R., and D. W. Kelley. 1966. Zoobenthos of
the Sacramento-San Joaquin Delta. In: D. W. Kelley (com-
piler), Ecological studies of the Sacramento-San Joaquin
Estuary, Part 1. Calif. Dep. Fish and Game, Fish Bull. (133):
113-133.

Heubach, William. 1967. Environmental requirements of the
opossum shrimp (Neomysis awatschensis). Ann. Rep. (1966—
67) Delta Fish and Wildlife Protection Study (6): 1-13.

Heubach, William. 1969. Neomysis awatschensis in the Sacra-
mento San Joaquin River Estuary. Limnol. and Oceanog.
14(4): 533-546.

Kelley, D. W. 1963. Progress of biological investigations.
Ann. Rep. (1962-63) Delta Fish and Wildlife Protection
Study (2):19-29.

Kelley, D. W. 1966. Description of the Sacramento-San Joa-
quin Estuary. In: D. W. Kelley (compiler), Ecological studies
of the Sacramento-San Joaquin Estuary. Part I. Calif. Dep.
Fish and Game, Fish Bull. (133):8-17.
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I. Formal Publications of Delta Fish and Wildlife Protection Study—Continued

Kelley, D. W. 1967. Identification of Corophium from the
Sacramento-San Joaquin Delta. Calif. Fish Game 53 (4): 295-
296.

Kelley, D. W., and Jerry L. Turner. 1966. Fisheries protec-
tion and enhancement with water development of the Sacra-
mento-San Joaquin estuary. In: A symposium on estuarine
fishes. Amer. Fish. Soc. Spec. Publ. (3):78-82.

Lollock, Donald L. 1962. Plankton and benthos. Ann. Rep.
(1961-62) Delta Fish and Wildlife Protection Study (1):163-
177.

Mall, Rolf E. 1962. Waterfowl. Ann. Rep. (1961-62) Delta
Fish and Wildl. Protection Study (1):125-140.

Mall, Rolf E. 1969a. Soil-water-salt relationships of waterfowl
food plants in the Suisun Marsh of California. Calif. Dep.
Fish and Game Wildl. Bull. (1):59 p.
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