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INFLUENCES OF FRESHWATER INFLOW ON CHINOOK SALMON "

(ONCORHYNCHUS TSHAWYTSCHA)
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INTRODUCTION

Freshwater inflow is a dominant
factor that influences the char-
acter of estuaries and in turn their
ability to provide for the life his-
tory needs of anadromous salmon1ds
‘that use these systems for’ mlgrat1on
and rearing.

Chinook salmon. and steelhead
trout (Salmo gairdneri) are the prin-
cipal salmonids utilizing the Sacra-
‘mento-San. Joaqu1n Estuary. On a
price-per-pound basis, chinook are
the most valuable af the Pacific sal-
mon, and only the- Columbia River sys-
tem produces more than California's.
Central Valley rivers (Cal1forn1a De-
partment of Fish and "Game 1976) v
These . California rivers supply about
75 percent of the state's ocean com-
mercial catch of over 500,000 chinook
and probably contribute a similar
fraction to both the ocean and inland
sport fishery harvest of more than




125,000 fish annually (Ganssle 1962,

Callforn1a Department of Fish and
Game 1976)
Spec1f1c '1nformat1on document. -

1ng the importance of freshwater in-

flow ;| to chinook salmon while in-
habiting the . estuary "has  been
limited. Recent studies, des1gned to’

:-def1ne the impacts of water develop-
ment on the estuary's fish and wild-
life resources, have provided new
1nformatlon regardlng the importance
of freshwater flows to- salmon. More
‘ 1ntormatlon, however, is needed to
develop a :sound management program
that best meets salmon life history
needs. = These stud1es have concen-
Lrated on the upper- (Sacramento-San
VJoaquxn Qelta) ‘portion of the. estu-
‘ary (Flgure 1). Only recently, 1980,

“has data “specific to salmon been
collected from the lower (San Fran-
cisco- San‘ Pablo bays) portion of
-1the system '

The purpose of th1s paper: is
(1) to summarize our present knowl-
edge  of the influences of fresh-
water' inflow to chinook salmon in
the Sacramento-San Joaquin Estuary,
(2) to describe the methods utilized
to obtain this knowledge, and (3)
to summarize our present estuarine
research  activities with . chinook

- salmon.

Most  of the information dis-
cussed  within this paper
upon studies- completed and planned
as part of the cooperative (Four
"Agency) Ecological Study Program
. for the Sacramento-San Joaquin Es-
“tuary between the California De-
partment of Fish and Game (CFG),
Calidornia Department of Water Re-

“sources, United States Fish and
“Wildlvte - Service and  the United
States  Water and DPower Resources
Servive.  While our paper is specif-
I to s hinook] satmou/flow relation-
\hhlpH, M more general review of

~ tishery. resources in the Sacramento-

is based

-season ' in

'~ San Joaquin System™ is provided . by

Herrgesell et al. (1981) in the pro-
ceedings of this symposium.

LIFE HISTORY OF CHINOOK SALMON

anadromous
in fresh water and-

Chinook salmon are
fish, spawning

_ spend1ng much of their life in salt-

water. Eggs are buried in stream,
gravel associated with rapid current.
Depending on water temperature, eggs
hatch after approximately 50 to 60
days incubation, and the fry move up
through and ‘emerge from the gravel’
in about 30 days. There is consider-
able variation as to the time of
downstream movement with some fish.
initiating migration as soon as they'
emerge while others remain upstream
for more than a year.

Residence time in the estuary
prior to their movement to sea also
is variable with some fish using it

“for rearing while others pass through

quickly. Chinook generally remain in
the ocean from one to four years.
Following maturation, salmon move up-
stream through the estuary and spawn,
usually in the same drainage system
from which they hatched as young.
Chinook adults die following Spawning
(for futher review see Heubach 1968,
Jensen 1972, and California Fish and
Game 1976). :

Over 90 percent of the Central
Valley's chinook are produced in the

-Sacramento River system (California. -

Department of Fish and Game 1976).
Four major runs (fall, late fall,
w1nter, and spring) 1dent1f1ed by the
which upmlgratxon and

spawning occurs, spawn -in the Sacra-

-mento system (Hallock and Fry 1967).

Figure 2 provides a description of
the timing of migration for the fall,
winter, and spring runs. Whilé¢ less
well understood, the late tall cun
appears to follow & similar pat-
tern to that of the fall run, hut
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'numbers

_tentral Valley throughout the year:

'1arge

30 large,

“upstream limit of the delta.
delta

is approximately a month later. The
Sacramento fall run - is largest in
(140,000 to 300,000 between
1964 and 1977).

Q‘r systems supports only a fall run.
“Numbers -
710,000 fish.

.1973 ‘were  less than
(Hoopaugh

‘The’ assemblage"of runs re-

sxnce

1979)

_sults in salmon inhabiting both the

estuary and river habitats in. the

STUDY AREA

The Sacramento ~-San Joaquln Estu-

o ary is formed by the Sacramento and

San Joaqu1n;R1vers joining and flow-

ing through a series of embayments to

the Pacific Dcean. These rivers com-
prise: the’ tqo maJor drainage systems
of California's Central Valley. The
fowland area formed by the
junction ot these two rivers is known
as the Sacramento-San Joaquin' Delta.

The delta is triangular in shape and
is bounded . by Sacramento on ‘the

“north, Pittsburg on the west and the
easternmost point of the San Joaquin

R1ver as shown in Flgure 1.

The delta is composed of 298,660

- hectdrvs (738,000 acres) of land and

water. There are 1, 130 kilometers
(700 miles) of nav1gab1e channels and

leveed below-sea-level is-
f]dal action occurs to the
- Some
channels are edged by narrow
stretches of - intertidal =marsh but
them have steep banks of mud
Delta levees are covered

lands.

mont of
aud vaprap.

and Knutson

- The San Joaquin Riv- f.v
' .Callfornla have caused major changes.

WATER DEVELOPMERNT

Water development projects in
in the flow patterns within the estu-
ary and the amount of flow entering
the oceéan. One result of upstream
development is that the average an-
nual freshwater - flow to the ocean

- from the Sacramento-San Joaquin sys-

by saiparian  vegetation. = Detailed
deeoriptions . of  both - the  upper
Stdelta) and Tover. (bays) -portions of
the estnary ave provided by Kelley
(it Skinner - (1962)° and Conomos -
(1979} as well as by Herrgesell et
0 1981 and other authors in the.
Coproceedongy ot this symposium,

a9

tem has been halved since the 1800's.
Most of the water in the San Joaquin
system is captured and utilized in
upstream areas, while development on
the Sacramento . has been designed for
both upstream use and the transport

. of water through the delta to more

southern parts of California. Ninety
percent of the freshwater inflow to
the estuary is from the Sacramento

'Rlver

Presently, water is éxported to

. the south by pumping plants in the

southern delta (Figure 1) operated
by the Central Valley Project (CVP)

of the Federal Water and Power Re-

sources Service and the State Water
Project (SWP) of the California De-

partment of Water Resources. Typlcal,
export rates substantially exceed.
the flow of the San Joaquin River,

hence most of the San Joaquin flow
goes to the pumps. Remaining export

needs are met by diversions from the

Sacramento River. A part of the
flow from the Sacramento crosses the
delta through channels upstream from
the mouth of the San Joaquin. The
dimensions of these channels are too
small. to carry larger flows, so at
higher export rates water is drawn up
the San Joaquin from its junction
with the Sacramento. Such net - up-
stream flows (reverse flows) in the
San Joaquin are typical in ‘the
spring, except in wet years, and in
the summer and fall of all years
(Chadwick et al. 1977). '



Future water development plans,

as authorized under recent State
legislation (Senate Bill 200, signed

July, 1980), include construction of

additional upstream storage
voirs -and a peripheral 'canal.

reser-
The

. Peripheral Canal Project“is designed"
to divert water a 'é'maximum'ofjap--
~proximately 650 m”/s (23,000 ft’/s)

from the Sacramento River at Hood
‘and transport it around the eastern

-edge of the delta to the pumps in the
southern delta (Figure 1). More de-
tailed discussion of 'water develop-
ment .in the estuary is provided by

the California Department of “Water

‘Resources (1978).

'Such-wéter develmeeht has al-~

‘tered and will continue to alter the
- character of freshwater inflow to the
‘SacramkﬂtQ?SahiJoaquin Estuary. These
"alterations have  the potential to
change’ the survival of chinook salmon
and may. affect the adult population
size.,  Water development impacts on
salmon in more upstream waters have
been more obvious, particularly those
relating to dam construction where
large amounts of spawning and rear-
ing habitat have simply been 1lost.
The operations of delta water devel-
opment 'facilities influence estuarine
-migrations of young and adults as
well as estuarine rearing by juve-
niles. :

;RESULTS AND FUTURE STUDIES

Our knowledge concerning the in-
“tiluence of freshwater inflow on chi-
ook salwon populations in the Cen-
tral Valley has been obtained through
observations of Lhe annual and sea-
sonal variation in salmon abundance,

agraton and survival as the magni-
tade,  histerhution  and quality of
ceoor bhov s dluctuated.  Changes

freshwater inflow
both variation in

b Lhe chavadter of
s the desule ot

.ects.
influenced by natural weather pat- .

‘quirements

bl 4

natural weather patterns 'and opera-
tions of water development projects
in upstream and estuarine waters, An-
nual and spring variation in the
quantity of freshwater inflow to the
estuary is primarily idfluenced by
annual weather patterns. Summer - in-

reservoir releases.

flow is ‘influenced most by project

However, a pe-

‘ripheral canal and additional up-
stream’ '

~‘storage reservoirs would
temper both the annual and seasonal -
inflow variation comsiderably. The
distribution of flow in the various
channels of the delta is. presently
altered by the design and operation
of the State and Federal water proj-
The quality of inflow

terns' and water project operations
through their impact on flow magni-
tude which affects dilution of munic-
ipal, agricultural and industrial
discharges, particularly in the San
Joaquin drainage. -

The major goals of our salmon
studies are: (1) to define the im- -
pacts of water development upon es-
tuarine salmon population and (2)
to document the water quality re-
(including flow stan-
dards) that salmon need to both sus-
tain and enhance their populations.
Past experience with striped bass
has emphasized that only though
long-term efforts can we expect to
achieve such goals (Chadwick 1977).
Present delta water 'quality stan-
dards, set by the State Water Re-
sources Control Board (Johns
provide some protection for salmon,
but are limited by our incomplete -
knowledge. ‘ -

VARIATION IN THE QUANTITY OF FLGW
Fry Migration to the Estuary
Spring -seine  surveys n o the

delta and the resulting weekly abun-
dance index based on the mean number

1981) .



. in the 1ndex
" salmon

of fish per haul,

indicate that peak

catches of salmon fry often follow

flow increases associated with storm
runcff (Figure 3). This information

- suggests that flow surges 1nf1uence_

‘the numbers of fry that migrate from
:upper river spawning grounds into the
_estuary. Hence, increased flow velo-
cities associated with high runoff
?apparently increase the rate of mi-
.grat1on for fry

Regres51on 'analy51s indicated

that there was a significant rela-

“tion between -the mean monthly in-
- dex of fry abundance and mean month-
ly inflow to the ‘delta. However,

“flow only accounted for 30 percent of

" the varlat1on in_ the abundance index.

_Data from 1980 appear biased downward
since, although it was an extremely-

h1gh flow lyear, salmon were observed
in San Francisco and San Pablo Bays
- but these numbers are not reflected
Hence, the number of
in/ the estuary might be more
closely related to flow than indi-
- cated: by the regression. Neverthe-
less, the total number of fry that

potentially migrate to the estuary '

and rear there pr10r to their en-
trance to the sea appears to be in-
fluenced by a variety of factors.

Many of these factors appear to
be associated with the rivers above
the estuary. The number of fry
available for estuarine rearing may
be influenced by the number of fall
spawners ~ (Painter et al. 1977),
spawning and incubation flows (Stev-

ens and Miller, CFG unpublished MS), .

and the numbers of fish already using
- upper river rearing habitat as new

fry emerge (Reimers 1968). The low
nupbers of try in the delta during
the drought of 1977 and moderate num-
bers in 1978 (Figure 3) may be pri-

aarly due
thcabat ron
tall ot

to the poor spawning and
tlows that existed in the

970 aud 1977, respectively.

. Fish- are marked with

small as 45 mm.

~—

Our present and flture mark-
recapture studies, and seining and
trawling surveys emphasize study of
the effects of freshwater inflow on
fry migrations and comparions between

. the survival of estuarine-. and river-

reared fry. The latter will help es-
tablish the importance of estuarine
rearing .to adult stock abundance.
adipose fin
clips and 1mplanted with coded wire
nose tags (CWT) (Jeffers et al. 1963;
Opdycke and Zajac 1980), which have
been successfully used with fry as
-Clipping the adipose
fin allows for identification later.
Releases. are being made in the upper
river and estuary., Marked juveniles
are recovered during our routine-
seine and trawl surveys in the estu-
ary, and adults by sampling in the
ocean fishery and at hatcheries.

Additional studies have been
initiated in San Pablo and San Fran-
cisco Bays to document the freshwater
requirements in the lower estuary.
We know that salmon use the bays as
a migration route, but the extent of
rearing there is unknown. As noted
earlier, salmon fry were observed in
the central part of San Francisco Bay
following large river flows during
January and February 1980. Salini-
ties were up to 26 ppt. A release
of 50,000 fry, marked with CWTs, was
made - in the €entral Bay during this

period. Four of these fish were re-
covered in the bay several - weeks
later. Survival estimates of these

fish will be made from data on ocean
recoveries beginning in 1981. A por-
tion of the future field work in 1981
by the Four Agency's San Francisco
Bay Study Program (see Herrgesell et
al. 1981, for details) is designed to
document the distribution and rela-
tive abundance of salmon in the bay
via surface trawl and beach seine
surveys on a year round basis.
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Jnvenile Abundance in the Delta

Flows in the upper Sacramento
and San Joaquln rivers during spawn-
ing and nursery periods apparently
influence the numbers
" chinook surviving to m1grate to the
delta. This conclusion ' is based
first on correlatlons between annual

,abundance indices for chinook and in-

‘flow to the delta (Stevens and Mil-
ler, CFG unpublished MS). December
and January appeared to be the most
important months. The abundance
- indices are based upon catches at the
_-State/Federal fish screens
south delta from April to June and
from an annual delta midwater trawl
survey (September to.December)

Secondly,

and 1973
chinook spawners are’ 1nf1uenced by
the amount of river flow during the
‘nursery and downstream m1grat10n pe-
~riod (March to June) 2.5 years earli-
er (Figure 4). Thus, it appears that
flow affects juvenile survival which
in . turn affects adult
_Several factors may cause this rela-

tion between abundance and flow. Dams:

and diversions have reduced flows to
near minimum levels in most years in
the San Joaquin drainage and the high
water temperatures that occur concur-

~rently kill many juvenile salmon
(California Department of Fish and
Game 1976). Hence, the earlier these

downstream migrants leave the spawn-
ing grounds the better their chance
reaching the estuary.
entering the estuary early in their
development may also
tional growth before
salt water which suggests that con-

~ditions in  the estuary may be im-
purtant for at least part of the San
Joaquoan dowostream  migrants, One
wmijor  tactor in the delta may be
pimpaig by the State and Federal wa-

ter juojects.  Probably a high frac-

of juvenile .

in the -

X observat1ons made in
= the San Joaqu1n system between: 1957
indicate ‘that numbers - of -

“abundance.

Juveniles

require addi--
‘migrating to ~

04

- 5).

.other
from the delta in Suisun Bay (Figure

“our

tion of the San Joaquin “downstream
migrants are exposed to the pumping
plant screening systems (see later
section entitled Juvenile Migration)

‘as most -of the San Joaquln flow is

diverted durlng peak outmigration in
most years.  Poor water quality due
to agrlcultural return flows in the
San Joaquin in the fall also may in--
fluence the survival of returning
adults which may contribute to vari-

~ation in the numbers of downstream‘
- migrants (F1gure 4).

Juﬁenile Survival in the Delta

A regression of estimated juve-
nile survival rate against river flow
suggests that river flow influences
chinook survival  during downstream
migration through the delta (Figure
Survival was estimated during
1969, 1970, and 1971 by  comparing
ocean return rates from fish marked
and released as juveniles in the
upper and lower delta (California De-
partment of Fish and Game 1976). ‘Es-
timates for the other years are based
on recoveries of juveniles released
above the delta and recaptured by
trawling at stations in both the
upper and lower delta. Some of these
fish were marked with spray dye
(1976-1977), while others were marked
by the CWT technlque (1978 1980)

Verification of our initial—ESf.
timates of survival based on trawling

recoveries from 1978 to 1980 will be

made by comparing ocean catches of
fish from the same releases and an- .
“"control" release downstream

1). Preliminary ocean recoveries. ob-
tained from the sport and commercial
fisheries in 1979 and 1980 confirmed:
initial estimate of survival,

close to O percent in 1978 (Pngu:(
5). Interestingly the 1979 and 1980
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vival of the control group released
in Suisun Bay in 1978 was at least
100 times that of the fish released
Jjust above the delta (R.. Menchen, CFG
personal communication). Hence, con-
ditions in - theé delta probably were
‘more limiting: to juvenile ' survival
than cdnd;tionsfin‘the,lower_eStuaty;
~We plan to continue to estimate juve-
“nile. survival. rates using  the .CWT
technique. o o

FRESHWATER FLOW

Juvenile Migration
The most direct evidence of al-

versely impacting chinook salmon is
the occurrence of young salmon at the
State/Federal pumping plant ' figh
screens. 'Records of salmon observed
at_thercréégs and respective spring
export rates indicate that as exports
increase . more downstream migrating

fore the State project began export-
- ing water,  mean monthly exports by

the Federal project (CvP) (1959 to

1967), for April through June were
8y m7/s (2,870 ft”/s) with the mean
total catch of salmon for the three
- months  combined, about 113,000 fish.
. From 1968 to 1979 when both projects

Cexports and _Salmog collections _in-

creased to 132 m'/s- (4,670 ft7/s)

- and 194,000 fish, repectively. The
o humber of salmon. observed at the fish

T h percent of the total downstream mi-

Rration  in the- system (California
"“l)up._n‘l.ul,unl ot Fish and Game -1976),
Lt . a much larger fraction probably
S out ol their normal mi=
ot path s will be discussed
bebon Whtte  wany  salmon  are ob-

sovvasdb o and ot ed a4t the fish SCreen

ocean CWI recoveries indicate sur-

ALTERATIONS ~IN ‘THE DISTRIBUTION - OF

rations in delta flow patterns ad-

almon are drawn to the screens. Be-

(CVP and . SWP) were diverting, water.

sgreen probably represents less than

[ o3

collection facility, an additional 10
to 35 percent (dependent on size) are
lost through the screens (Skinner
1974). Based on four yearly mark-
recapture experiments, an average of

- 58 percent also are lost due to han-

dling during the screen salvage pro-

cess -that returns fish to the lower
delta out of the influence of the
pumps . (R. Menchen, CFG personal com-

munication). In addition, mark-re-.
capture studies indicated that ap-
proximately 9& percent of the juve-~

-nile salmon released in the forebay

located just in front of the State
project screen (Figure 1) are lost

to predation (Hall 1980)..

_Additional, but poorly quan-
tified, losses exist in the numerous
agric@ltural,;induStrial and munici-
pal diversions in the delta and up-
stream. Most of these are unscreened
and together cause appreciable losses
of salmon (Hallock and Van Woert
1959).

Fish screen studies in the Four
Agency program include continued as-
sessment of fish salvaged at the
pumping plants in the south delta and
a major effort td.develop biological
and engineering information required
to plan, design, construct, operate
and. evaluate the Peripheral Canal in-

. take diversion structure and asso-

ciated fish screen facilities at Hood
S0 as to result in the protection of
fisheries exposed to that new diver-

sion.. _

The alterations in flow distri-
bution caused by drafting increased
volumes of water across the delta to
the pumps appatently increases mor-<

tality of salmon that do not’ -ever’

reach the fish screens. In 1976,
marked juvenile salmon were relegstL
in three areas in the northern delta

"to determine how survival of juve-
niles would be affected by the cross



delta flow pattern. Recoveries were
made by trawling in the western delta
near Pittsburg. Results - indicate
that ‘the hlghest survival (based on
percent recovery) occured for fish
released in the Sacramento River and
Steamboat Slough system (Figure 6).
These two channels represent. thé most
dxrect route through the

1ng ‘Fish released in- the South Fork
of the Mokelumne River (the eastern
most route) had the lowest survival
and least ‘direct route through the
delta and,
in the North Fork of ‘the Mokelumne

a direct path to the pumping plants.
Recover1es< were greater for. the
, ]arger f1sh of a g1ven release group
suggest1ng‘ that
-regses as the mlgrant size increases
‘regardless of the path of mlgrat1on.

Adult Migration
T T

Adult migration through “the
estuary also has been affected by al-
~ teration of the delta flow patterns
- due to south delta pumping opera-
~o+ tions. Adult salmon are guided to

. their spawn1ng grounds by olfactory
~ perception - of "homestream" water
(Hasler 1960). Impacts on San Joa-
quin stocks were quantified by sonic
tagging studies from 1964 to 1967
(Hallock et al. 1970). This work in-
dicated that San Joaquin River spawn-
ers were prevented from using some
channels normally used for migration
~due to flow reversals caused by water
plO]ﬂ(t pumplng in the south delta

ALTERATIONS IN THE QUALITY OF
©PRESHVATER 1 Lok

Pamtted cntongatien is available

idy ,lln.( Sac i ans nla=Sad .lO“qulﬂ Es'tuary

delta ﬁﬁﬁﬁwf

along with those released

“ River and- Georg1anna Slough were on’

surV1val rate in<

‘quality,

[
to document water quality related im-
pacts on salmon that are associated
with freshwater flow. High water
temperature and low dissolved oxygen
have been ‘shown to adversely influ-
ence adult migrations in the San Joa-

quin near Stockton in the fall (Hal-

lock et al. 1970). Salmon are reluc-
tant to ascend the San Joaqu1n River
near Stockton (Figure 1) when tem-'
perature exceeds 19°C (66°F) and are
virtually stopped when dissolved oxy=~
gen drops below 5 mg/l. Generally

" the problem is relieved when_inflow

to the delta increases in late Oc-
tober or November. The low dissolved
oxygen is due to high biological oxy-
gen demand  (BOD) most 11ke1y caused -
by high levels of organic materials
from suspended organics in the river,

sewage treatment ' plants, effluent
discharges and agriculture return
- flows. g

SUMMARY

This paper has provided a review
of our current understanding of the
influence of river inflow on chinook

salmon in the Sacramento-San Joaquin -

River Estuary. As part of our dis-
cussion, we have described the meth-
ods used to gain this knowledge and
developed hypotheses that link inflow
to the survival, abundance, mlgratxon'
and rearing of salmon. . We have pre-
sented evidence that the quantity,
distribution and timing of
freshwater inflow in this estuary are
potential factors that determine ‘the
survival of chinook in the Sacramen-
to-San Joaqu1n River system.

Many of the present and poten-
tial flow-related problems for salmon
are largely attributed to water de-
velopment operations both -upstréam
and within the estuary. - Management
plans have been designed -to correct
some of these problems.
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" flow standards
‘with other water management goals and

One plan, the Peripheral Canal
with associated fish screen fac111ty,
would potentially overcome present
problems for  salmon resulting from
alterations '1n the distribution of
“ flow. Conversely, there are unknown
risks- associated with the Perlpheral
Canal and related . upstream storage
reserv01rs that may impact salmon ad-
-versely.n Future management act1ons
will attempt to understand these
" risks and. take appropriate meastres
to lessen the impact on’ salmon.-

Another management plan is to
-develop and ut1112e ‘well. documented
and com ehens1ve flow standards that

see an’ 1ncrease in fry and Juven11e
abundance ‘and’ juvenile survival, we
do not -know what this means for adult
stocks. ’ Unfortunately, the demand
for water exceeds the supply. Hence,
for salmon compete

they must be well documented.

- Our . approach to increase know-
'led&e ~of  salmon flow needs in the
estuary intludes (1) mark-recapture
studies using coded wire nose tags to
~document effects of varied conditions
‘on salmon survival and to define the
‘relative  importance of estuarine
rearing and (2) .plans for long-term
monitoring - throughout the estuary
since flow standards need to be based
on replicate data sets collected over
varied flow conditions. Continuous
“monitoring also. is ‘needed to- ver1fy

. present know]edge -and - to develop new
Cidinfurmation  so

that flow standards
environmental
populations

" can be
~comditions . and
_l_'ll.lll};t'.

-improved as
salmon

Ca11forn1a Department of
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