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ABSTRACT

A multiple regression model is describaed that predi{cts fall-run chinook
salmon smolt survival through the Sacramento River Delta between Sacramento
and Chipps Tsland (near Pittsburg, CA). The model uses water temperature at
Freeport, CA, the fraction of water diverted from the Sacramento River at
Walnut Grove, CA, and total exports of the State Water and Central Valley
Projects in the south delta. Each of these three factors is negatively
related to smolt survival. Survival indices were based on coded wire tagged
(CWT) smolts released at several delta sites and subsequently recovered at
Chipps Island. CWT smolts were released under various environmental
conditicons. Correlation and regression analyses were used to choose those
factors that explained a significant part (p=0.95) of the variation in smolt
mortality. The model predicts the survival of smolts migrating from
Sacramento to Chipps Island via tﬁe Sacramento River, and through the central
delta via the Mokelumne and lower Sam Joaquin River systems. The greatest
mortality was cbserved for smolts diverted into the central delta, indicating
that keeping smolts out of that region would be highly beneficial {o salnmon

on. Sizulations of survival under . varying temperature, fractions

b

product

diverted and exports are provided to quantify the berfitz ¢f alternative

-

salmon protactive measures.



A NModel for Eatimating Mortality and Survival of
Fall-Run Chinook Salmon Smolty in the Sacramanto

River Delta batween Sacramento and Chipps Island

by M. Kjelson, 5. Graane and P, Brandes

INTRODUCTION

During Phase I of the California State Water Resources Control Board
(CSWRCB) Bay/Delta Proceedings of 1987, the United States Fish and Wildlife
Service (USFWS) presented testimony which described the relationships between
survival of salmeon smolts and streamflow, éiversions and water temperature as
smolits migraﬁe do;nstr;hm from Sacramento to Chipps Island (Figura 1). The
relationship between sgrvival and flow was used to represent the response of
smolts to changei in ;ibw,.water t;;peratura and diversion.

The USFWg noted that they had been unable to separate the indepeadent
effects of these thfeé faét;rs, but noted that smolt survival increased with
increased river flows, decreases in the fractjon diverted off the Sacramento
River at Walnut Grove, and decreased water temperatures.

The inability to separate the effects of these physica. factors was due
to the fact that experimental coded wire tagged (CWT) smolts had most
frequently been released at high water temperatures, high diversion fractions
and low flows, or at low water temperatureé, low diversion fractions and high

flows. Thesge two sets of conditinns reflect how the State Water Project (SWP)

and Central Vailey Project {CVP) have operated in racent year:s, and the fact
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that water temparatures naturally increase as flows decrease as the pring

progressas. Survival was not moasured when both flowa and temperstures wars
low, when lower temperatures could have incressed survival. The abova
condltions resulted in the three physical factors being intercorre ated
{(termed colinolfity). Hence, as notad i{n our 1987 testimony, survival may
have been underestimated during cooler, low flow periods using the
flow:survival relationship,.

During the spring of 1988 and 1989, management of the delta and upstream
reservoir system allowed us to estimate the effects of the three factors
independently. In these years CWT smolts were released in early Ha} at
relatively low flows and low temperatures and in June at low flows and higher
temperatures. Diversion fractions were both high and low during both the May
and June releases in 1988. These additional data enabled us to batter

- N . . .
separate the effects o: flow, diversion and water temperaturs, and to develop
a model that quan;ifies the smolt survival resconse to changes in several
environmental parame;g;;‘in the Sacramento River Delta.

The data u¥sed to develop the model has some limitations. (1) Survival
measurements were not made over a broad range of conditions, (2) sample
variability or potential error is present in both sample and environmental
measurements, (3) some colinearity remains-between factors, (4) there is a
lack of survival measurements for specific reachas in the delita.

We have developed a multiple regression model that relies on the use of
those environmental variablegs that account for a statistically significant
fraction.of the variation in survival. The model is conservative in that the

environmental variables chosen were individually significant in each equation

at the 951 level, and each regression equation was significant at 95%. This



approach, along with the data lim{tations described, may have prevonted us
from {ncluding certsin factors at this tlme {n the model that iInflusnca smolt
survival. Further analysis with add{tional data may allow us to improve tha
model in the future,

Our geoal was to develup a model that aexplains a large degree of the
vartation in observed survival, that uses factors which are statistically
significant in the equation, and appears ecoleogically sound. The model will
be used to help quantify the benefits of varied salmon protective measures in
the Sacramentc River portion of the delta.

The purpose of this report is to summarize the methods used to develop
the smolt survival model, describe the model, present model simulations that
help quantify the relative benefits of decreased water temperature and varied
operational measures.

This .report reflects efforts and review comments by members, staff and
consultants cf the Delta Salmon Team under the Five Agency Saimon Management
Group. The Five Agency Group was established to evaluate relative benefits
and costs of both operatiomal and structural protective measﬁres to improve
salmon prcductién in the Central Valley and Bay/Delta Estuary. Primary
support and guidance is through the Fisheries/Water Quality Committee of the

Interagency Ecclogical Study Program.
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METHODS

Sources of Smolt Survival and Mortality Indices

Survival dndices were based entiraely on trawl recoveries at Chipps
Island from the y?ars.i978 through 198§ (USFWS, 1987). All indices were
adjusted by.divid;ngrby 1.3 to bring those indices greater than I into the
range of 0 to 1, iz order to maintain biolegically meaningful survival rates.
This adjustment procedure ;ssumes consistent, not skewed, errcr in the raw
survival rates. To support the adjustment an examination of the frequency
distribution plot of the survival indices indicated an approximately normal
distribution with a median near 1.0 and a maximum near !.8. Adjusted

Zurvivals were converted to adjusted mortalities by subtracting from 1.0.



Sources of Environmantal and Phys!{cal Data

Flow eatimates, dalta axports for tha SWP and CVP were obtained from tha
Callifornia Department of Watar Resources (CDWR) - Central District DAYFLOW
model, Toemperature data ware obtained from the United States Geoclogical
Survey (USG5} or CDWR continuous recorders, and CDFG and USFUS grab-samples
taken at the time of CWT releases. Fish sizes, definad as the pumber smolts
per pound smolts (smaller values indicate a larger mean size of individual
smolts), were cbtained from CDFG and USFWS hatchary truck planting receipts.

ide phase at Martinez was estimated using a USGS tide predictor program,
modified by CDWR, and Natiecnal Cceanographic and Atmospheric Administration
(NOAA) records. The effect of tide velocity at Walnut Grove was estimated by
lagging the tide phase at Martinez three hours. The tide velocity effect was

assigned a value between 1 (estimated strongest ebb) to 8 (estimated strongest

flood) to facilitate regression analysis.

Estimatinege Mortality in each of Three Reaches

The Sacramento River portion of the delta was divided into three

-

reaches. Reach | extended from Sacramgnto to Walnut Grove; Reach 2, from
Walnut Grove to Chipps Island, via the Mockelumne and lower San Joaquin River
systems (the certral delta}; Reach 3, from Walnut Grove to Chipps Island, via
the Sacramento River system below Walnut Grove (Figure 1).

Using equations described below, mortality in each reach was estimated
from mortalify indices ¢f CWT smolts released at Sacramento, just below the
mouth of Steamboat Slough ("Courtland® site), and at Ryde (Figure 1}. The
mortaiity indices of CWT smolts released at Sacramento represent M;, tha total

mertality frem Sacraments to Chipps Island. The mortality indices of CWT



amolts relessad at the "Courtland” site reprasent N,,, the combined mortality
{n Raaches 2 and ); and the mortality indicea of CVT smolts released at Ryde

reprasant M,, mortality in Reach 3,

Mortality in Reach | was treated saquentially with the mortality balow

Reach i, the combinad mortality in Reaches 2 and 3. In our model, smolts

which survived in Reach | weras subsequently subjected to mortality in either

Reaches 2 or 3, depanding in their migration route.

Rickar (1975) developed an approach to describe the combined effect of
two independent sources of mortality (e.g. fishing and patural). We adapted
Ricker's approach to mertality occuring sequentially over two distinct time
periods in order to apply it to the popula?ion of smolts migrating firs£
through Reach ] and second through Reaches 2 or 3. Ricker's equation states
that the coybined mortality due to two separate sources equals tﬁe sums of the
mortalities mipus the pro&uc£ of the mortalities, or | |

My = M, + My - (H*M,).
Applying this equation to the Sacramento River portion of the aeiia, we get,

My = My + My - (M,%M,,), A Eq. 1
where M, = total mortélity from Sacramento to Chipps Islgnd, M, = mortality
from Sacramento to Walnut Grove, and M,;, = combined mortality in ﬁoaches 2 and
3, the central delta and the Sacramento River below Walnut Grove to Chipps
Island. Since My and M,, were measured, we solved Eq. 1 for M, to get

My = Mys + [(M;, % (1 - M)

My - Mgy = M, % (1 « M,5)

My o= (My - Myy) [/ (1 = M,3) Egq. 2

We assumed negligible mortality from the "Courtland” site to Walnut Grove, a

distance of about 3.5 miles.



Mortality in Reach I, tha central delta, waa treated in parallel, and
isolated from mortality In Reach 3, the Sacramanto River balow Walmut Grove to
Chippa Island. At the downstream boundary oy Resch 1, the proportion of the
smolts entering Reach 2 was defined by the fraction of the Sacramanto River
flow diverted into the central delta via the Deita Cross Channel and Georglana
Slough. The properticn of smolts entering Reach 3 is defined by the fraction
of Sacramento River flow remaining in the Sacramento River below Walnut Grove.
The fraction diverted was not included as an independent variable in the
regression analyses, because it entered the model mechanistically, but still
influenced the predicted survival through the delta by determining the
porportion of smolts diverted into the central delta. 1In previous versions of
the model, the fraction diverted was the most highly correlated parameter with
the mortality, M;s, of CWT smolts released at the "Courtland” site {(r = Q.34).

Applfing a proportionality equation to the Sacramento River portion of
the delta beléw Walnut Grove, we get

Mys = MiAP, + My*P,, £q. 3
where M; = mortality from Walnut Grove to Chipps Island via the cemtral dalta,
P; = proportion of Sacramento River flow diverted in the cantral delta, My =
mortélity from Walnut Grove to Chipps Island via the Sacrazento River, and P,
= propoertion of Sacramento River flow remaining in the Sacramentc River below

Walnut Grove., Since M,y and M, were measured, we solved Eguation 3 for M, to

get
Mp*Py = My - My#E,

My o= (My; - My%E,) [ By : Eq. 4

Vi



Morta' v In Reach 3, the Sacramento River below Walnut Grov to -‘hipps

Island, was treated in parallel, and isolated from, mortality in Reach 2. N,

was measured directly, therafore no computations wore ! volved,

Wa assumed negligible mortality between Walnut Grove and Ryde, a
distance of about 3 miles.

In cases where the appllcation of our aquations to lsoclate the estimatad
mortality Iin Reaches 1 and 2 produced mortality values less than 0 or greater
than |, mortality was truncated to 0.0 and 1.0 respectively. We truncated
estimated mortalities to maintain biologically meanirgful mertality wvalues,
and to remain consistent with the subsequent use of this model in a Salmon

Population Model (Mitchell, 198%9). We were aware that truncating reduced the

variation in the non-truncated data,

-

Migration Rate/Time Intervals

We estimated the migraticn rates and time intervals, irc days, of CWT
smolts as they emigrated through each of the three reaches. The migration
rates enabled u; to caleﬁlate how long the smolts were exposed to the
environmental conditions in a specific reach_during a specific time interval.
The minimum and maximum migration rates of CWT smolts releazed at Ryde were
estimated by dividing the total distance of Reach 3 by the time interval
between smclt release at Ryde and recapture at Chipps Island. Assuming smolts
migrated at the same rate throughout Reach 3, the minizum and maximum
migration time intervals in several subsections of Reach 3 were calculated by
multiplying the mininum and maximum migration rates by the subsec-icn

distance,

19



The minimum and maximum migration time intervals in Reach 2 using CWT
amolta released at the "Courtland” site were determined by the time {ntervala
betwean amolt release at tha "Courtland® site and recapture at Chippa Ialand.
Wa realized this approach may have underestimated the minimum migration time
interval In Reach 2 bacause soma of the smolts released at the "Courtland”
site migrated via the Sacramento River, considered a shortar migration route.

The migration time intervals in Reach | using CWT smolts released at
Sacramentc from 1978 to 1982 were based on existing information on smolt
migration and estimated water velocity through Reach l. For detaliled
discussion, refer to Dettman, 19389.

By estimating the migration time interval ana dates of smolts in a given
reach we estimated the envircnmental conditions to which they were exposed
(Appendix 2). To provide the reader with a general knowledge of migration
time intervals for smolts passing from Sacramento to Chipps Island, we

developed thne following :

REACH ' TIME PERIOD
Sacramento to Walnut Grove Two days

Walnut Grove to Chipps Island
via the central delta Tenldays
wWairut Grove to Chipps Island
via the Sacramento River’ Seven days

Sacramento to Chipps Island Twelve days

1l



Correlation #+d Regresszion

We comparad our mortality estimates to the anvirenmental ¢ aitions at
the time the fish were migrating using correlation and interact/ multiple
linear ragression techniques to determine how the varisd enviror ital
parametars affected mortality by reach {Snedecor and Cochran, ¢ )., Thase
analyses justified our selaction of the environmental parametsrs sed in the
model.

We analyzed correlations between smolt mortality and several flow
parameters, export ratess and water temperatures as marked smolts pass through

the Sacramento River portion of the delta. We also evaluated the potential

influance of smolt size and tide phase at the time of release to assess how
variation in these experimental conditions might effect survival. Naither
size nor tide phase were considered as a model pafamater since they vere nbt
factors that could be managed for increased smolt survival.

We performed multiple linear regression analysas between Qstimattd smolt
mortality and the individual factors described above for each of the th:ei
reaches., Whereds correlation analysis allowed us to examine the relationships
between mortality and individual parameters, multiple regression analysis
enabled us to evaluate the effects of multiple fgﬁtors in combination with
each other oan mortality. F-test values were used to determine the order in
which factors were incorporated into the regression squation. An additional
factor was incorporated only if the combination of parameters yielded a better
r-squared value and 2 significant F-test value, and all factors wers
individually significant in the regression equation at 951 based on their

t-statistic. Only those parameters whose t-test values were significant at

952 or greater were included in the regression equationm.

i2



RESULYTS AND DISCUSSION

Egt imated Mortality in Reach 3 (Walnut Grove to Chipps Island)

We used our survival indices from smolts releases at Rvde to estimate
the mortality in Reach 3. These data were obtained from 1983 through 1989
(Table I, Appendix l). Releases were made with the Delta Cross Channel gates

both open and clesed. Adjusted mortalitites averaged 0.56 and ranged from

0.29 to 0.91.

Environmental Influences in Reach 3

We correlated estimated mortality in Reach 3 to a variety of factors
that appeared to have an ececlogical basis to influence swolt mortality in that
reach {Table 2).

A siénificant positive correlation was found between mortality and both
instantaneous.water temperature at release site and average daily water
temperature at Freeport {Table 2);7 Water temperature affects smolts both
directly through acute (lethal) effects and indirectly through chromic
(sublethal) effects. Laboratory experiments have demonstrated that juvenile
chinook salmon all die at about 78°*F (Brett, 1952). Chronic temperature
effects are more difficult to quantify, but are those related to physiological
stress, predator and smclt metabolic demands, disease, growth, and other

factors whose effects on smolt survival have been shown to increase with a
rise in temperature {Hanson, 1989).

There has been scme concern that the linear nature of the

temprrature:mortality relationship depicted In Figure 2 may be unrealistic due

13
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to potential blases asaociated with the use of CWT hatchery smolts, and the
bellaf that the chronlc (sublethal) tomparature sffoects doscribad above are
unlikely to have much influence on survival at the lower temperaturas (~60 to
63°F). We have not answared these concerns fully and uncertainty remains.
For instance, there is limited data to suggest that the survival of naturaliy
produced smolts also is negatively correlated with tempersture in a linear
manner, and there is also other CWT data not used in modeling that indicates
survival can be relatively high at high temperatures. Refer to discussion in

Hanson, 1989 and USFWS, 1989,

The only other significant correlation was between estimated mortality
in Reach 3 and the tide phase index (Table 2.). Smolts released at Ryde on a
flood tide may be carried upstream and intoc the Delta Cross Channel and
Georgiana Slough and therefore exposed to mortality in Reach 2. This suggests
that our estimate of mortality in Reach 3 may be biased high for releases made
when the tide was flooding.

There was no significant correlation between mortality and flow. It has
been hypothesized that increased flows would reduce smolt mortality through
increased migration rate, and thus lessened exposure times to any adverse
conditions. We have not, however, demonstrated a correlatiocn between smolt
migration rate and flow in the delta presumably due to the ceomplexity of smolt
migration benavier in tidal waters. Higher flow could prcvide dilution of
contaminants, and is typically accompanied by higher turbidity which may
reduce cmolt mortalities caused by sight feeding predators.

The la~k ¢f a significant correlation with exports I3 not unexpected

gince zmolts released at Ryde, while vulnerable to diversizn into the lower

17



San Joagquin via Threemile biough, ars less likely t§ be carriad {nto the
southern delta than, for lnastance, smolts released at the "Courtland” site.
The negatlve correlation between astimatad smolt mortality and the
number of smolts per pound was opposite to what we expacted and suggests
mortality decreases as smolt size decreases., It is counter to population
biology and data from fry, smolt and yearling CWIT releases that Indlcate

nmortality typlcally increases as size decreases. It has been hypothesized

that net avoldance by the larger CWT smolts may have caused the above
relationship between size and mortality. However, for the relatively narrow
range of smolt sizes we used and the high turbidity'seen at Chipps Island

which should hinder avoidance by smolts of all sizes, we doubt that the net

avoidance hypothesis is supportable. Thus, we believe the correlation is

spurious.

-

Qur interactive multiple regression analysis indicated that average
daily temperature at Freeport on release day by itself accounted for 635X of
the variation in smolt ﬁortality in Raach 3 (Table 3). We chose water
temperature at Freeport, rather than at the relsase site, since we have an
historic record of water temperature at Freeport and it is highly correlated
with the temperature at Ryde (r = 0.94).

Tide phase index was the conly other parameter individually significant
at 95%. By itself, it explained 54X of the variation, however, incorperating
it into the equation with water temperature severely reduced the significance
of both coefficients in the equation based on the t-statistic. In other
words, tide phase did not aceount for a significant porticn of the residual
variation in mortality after the mortality due to water temperature was

removed. Qur tide phase Iindex was crude and It is not surprising that it

L3



Table 3. Linear regression between estimated mortality using CWT chinock salmon smolts released
Island (M,) and average daily

in the Sacramento River at Ryde and recovered at Chlpps
water temperature at Freeport on release day.

Regression Standard
Variable Coafficlent Error T-Statistic
Intercept -1.766 ; 0.5136 ~3,440
Average Daily
Water Temp *F
@ Freeport on ' -
Releass Day 0103A89 ~ 0.007672 . 4.547

R-Squared ~ 0.6527 -
F-teat: ¥ ratio - 20,68 ' e
Standard error or regression - 0.121]

61

Partial
Correlation

Curulative
Percent
Variation
Explained

o~ o

65.3



reduced algniflcance in the aquation., We are still intarested in designing a

better eatimate of tide Influence at release smite,
The equation predicting amolt mortality through Reach 3 is aa followvs :

My = -1.766 + (0.03489 % ave water temparaturs °F at Fresport, CA)

Mortality in Reach 2 (Walnut Grove to Chipps Island vis the central delta)

Table 4 lists estimates of M, for each release mada at the "Courtland®
site since 1983. Adjusted mortalities in Reach 2 are the highest of all thrae

reaches, averaging 0.85 and ranging from 0.63 to 1.00 (Table &4, Appendix 1).

Environmental Influencas in Reach 2

We correlated the estimated mortality in Reach 2 to the factors listed
in Table 4.. The environmental factors chosen for Reach 2 analyses were those
believed most “applicable to that reach, hence flow in the Sacramento River,

used on Reach 3 analysis, was omitted.

Our.water tempdrature parameter used.in Reach 2 was, again, measured at
Fresaport due to’the availability of historic data and the fac; that there was
a reasonable correlation between water temperature at Freeport and the
"Courtland" site (r = 0.97), and between water temperature at Freeport and in
the Mokelumne River system (r = 0.92). Temperaturs data.far the delta porticn
of the Mokelumne River were only available for the spring of 1989.

Results of our correlation analysis (Table 5) indicated mortality in
Reach 2 was positively correlated to water temperaturs at Freeport (r = 0.73,
p = 0.99) and water temperature at the release site. Wsaker negative

correlations were seen betwesen mortality and net delta outflow (QOUT) at

Chipps Island (r « -0.53, p = 0.90) and flow at Jersey Point (QWEST) (r =
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-0.47, p = 0.90). The net delta outflow correlation probably reflects
colinearlity with water temperature. As outflow {acreases wea typically see a
decrease in water temperature at the same time. Ws daliave revarse (negativa)
flows at Jersey Point in the lower San Joaquin (QWEST) may increase smolt
mortality, again, by increasing sxposure timas, or causing the smolts to
migrate toward the southern delta pumping plants rather than toward the ocean.
It is probable that the DAYFLOW estimates of net flow at Jersey Point in the
western San Joaquin River are somewhat inaccurate due to the lack of
appropriate tidal influence in the calculation of that flow parameter which
could lessen our ability to demonstrate a correlation between mortality and
QWEST should one exist.

Multiple regression analysis indicated that the combination of water
temperature at Freeport and total SWP plus CVP exports explained 66X of the
variation in mortality in Reach 2 (Table 6). Temperature alone explained 481
of the variati;n, and exports alone explained 171 of the variation. Combining
wvater temperature and exports incréased the significance of both water
temperature and exports regression coefficients (t-statistic) to 99.5% and
95%, respectively and iscreased r-squared to 661 (Appemdix 3). The mortality
as related to water temperature is shown in Figure 3, and_the rasidual
mortality f{that remaining after the mortality explained by water temperature
alcne is removed) as related to total exports is shown in Figure 4.

Total exports is considered an index parameter to reflect the influence
cf drawing water and smolts toward the southern delta pumping plants from the
central delta. Mortalities were greater for CWT smolts released {n the lower
portion éf 0ld River in the néuthern delta when compared to those released in

the central! and northers delta (USFWS, 1987}, Higher smolt mortality in the

23
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southern deltsa may reflact the warmer watcf there than in the Sacramento
River, losses of smmoits expossd to the intakes of the CVP and SWP, aand a
longer travel route which increases the chance of loms to predation and other
negatlve factors, such as contaminants.

The combination of water temparaturs and total exports explained the
graatest portion of smolt mortality in Reach 2. It is important to raalize
that while water temperature and exports explained 46% of the variation in
mortality thera is still a great deal of mortality at the low tempsrature of
60*F and relatively low export (~-3000 cfs). This indicates that whils low
temperatures and exports will lessen snmolt moftality there are other factors
that are not included in the model that influence smolt survival. Further
efforts will be ma@e to better define these factors.

The egquation used to predict mortality in Reach 2 is :

¥, » -0.5809 + (0.01793 % ave water temp ‘F at Freeport) +

"(0.0000418 * mean SWP plus CVP export pumping rate)

Mortality in Reach ! (Sacramento to Walnut Grove)

Cne objective of the 1988 and 1989 experiments was to estimata the
mortality in Reach l, using mortality indices from concurrent releases at

Sacramento and the "Courtland” site. Equation 2 was used to isclate the

mortality in Reach |},

My = (M - My) /(1 - M) Eq. 2
This is important because we wanted to know how much of the overall mortality
between Sacramento and Chipps Izland was due to coanditions in Reach | alone.

Unfortunately, while we did estimate mortality in Reach ! in 1988 and 1989,

there were no concurrent releases below Courtland from 1978 through 1982 from
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which to estimate mortality in Reach l. H: ce, while mortality estimates
based on mortality indices from concurrent releasas wvould have bean

preferabdle, reconstructed mortality astimates for Reach | ware used aa

describad In the next section.

Reconstruction of Mortalitv Estimatas for Reach |1

We reconstructed mortality estimates during years wvhen total survival
was measured between Sacramento and Chipps Island. To do this we
reconstructed estimated mertality in Reaches 2 and 3 based on the resapective
regression equations for those two reaches discussed sarlier. Then we applied
the Ricker's and proporticnality equations (Eq. 2 and BRq. 3, respectively) to
reconstruct estimated mortality in Reach 1. Beginning with Eq. 2,

My = QHT - Myy) /(1 - My, Eq. 2
and substituting Eq. 3 for M,,,

May = My*P, + M *B,, - ) Egq. 3
we get,

M, = [M; - (M,;*B, + My*Py)] / [L - “(M:*Pz + My*E;) ]

My = (My - Mp%P, - My*2,) [ (1 - Mp%B, - M;*B;) . Eq. 5

The data set used to estimate mortality in R;;ch ltis provided in Table
7. It is based on:

My as a function of water temperature at Freeport {Table 3).

M; as a function of water temperature at Freeport and total

SWP and CVP export pumping rates (Table 6). |

M; ‘based on trawl mortality indices, 1978-82 plus 1988 and 1989 (Table

7).
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TASLE 7. Trimw) survival indexes, mortality indexes and environmental data using CWT chinook salmon sacits relaased at

Sacremento from 1878 theough 1982, 1088 and 1889.

Average «-Mean Daily Flow(CF3) at:--
Reconst Inst Water Dally Water Size
Yrawl Mort Temp ‘F & Temp “F @ Freeport on Fresport - Ko S~olta
Cet Releass Survy Indax Rolesss Site Fresport On  Releass Date {Sac tov Court) par Pound
Number Yoar Index (M.}' (Sacramanto) Releane Date (OSAC)' (QSAC)’ Iecits
65202 1878 0.00 1.00 : 73 69.8 13200 11400 53
56205 1879 0.42 .00 B3 68.8 11880 12650 53
5208 1980 0.37 0.48 82 . 8.9 13400 13387 61
£5211 1830 0.35 0.37 B2 66.2 13350 12840 57
BE214 1981 0o.msg 0.94 78 72.4 10850 10170 £2
BE8217 1881 0.00 1.60 . 78 74.2 869¢ 8435 53
€6220 1882 1.48 0.00 59.5 58.5 45200 44500 95
86218 1982 1.54 0.0a 50.4 53.3 43800 42650 71
656223 1982 D.64 0,20 - 88 82.7 32400 31800 . a3
§61408/7 1088 0.65 D.00 82 63.5 9670 11123 £3
6526172 1988 0.08 0.17 74 74.2 12600 12800 55
530 1989 0.18 0.64 ar 67.5 13604 13318 L4
E3115/7 198% a.21 0. 40 88.5 70.0 12748 12748 Bi.3

' . Recovstructad mortslity reflects adjusted, truncatad mortality.
, - Mean of the mean daily Sacramento Rive:r flows at Jacramento on the day{s) smolts were relassed.
Hean of the mean daily Sacramento Rivar flows at Frespurt on the day{s) smolts passed from Secrenmentso o “Courtlanc”



Our reconstructad mortalities for Reach | ranged from 0.00 to 1.00 and
averaged 0.41 (Tabla 7, Appendix 1). With the sxception of 1978 and 198],

astimated mortalitlies for Reach | are guite low,

Structural Limitations in Raach |

It is important teo clarify that our eatimatas of mortality in Reach |
were not restricted to the stretch of Sacramento River between Sacramento and
Chipps Island. Smolts passing the city of Sacramento can follow not only the
Sacramento River but alsoc travel via Sutter and Steamboat Sloughs (Figure 1).
The latter sloughs divert about 20 to 30X of the Sacramento River flow which
reenters the Sacramento just abovﬁ Rio Vista. Hence our reconstructed
estimates of mortality in Reach-l are actually the pet results of mortality
through several potential routes and we nésume they represent mortality
between Sacramentc and Chiﬁps Island not attributable to Reaches i and 3.
Ideally, Reach 1 should be replaced by sevaral new reaches of the Sacramento
River and geparate reaches fo;ifhe ﬁwo #léﬁgh#. We do not have sufficient
data to construct such a model.. CWT Qmolts wafe only released in Steamboat
Slough in 1988 and 1989. The raw survival index was 0.38 in 1588 and 0.9 in
1989. The only release made in Suttér Slough was in 1989 the raw survival
index was very high (l1.11). The sparse data from Steambea: and Sutter Slcughs
suggest that survival in these sloughs can be relatively high which could

explain the relatively low mortalities we often see in Reach 1 (Table 7).
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Environmental Influences In Reach |

We examined relatjonships betwean the reconstructed estimates of
mortality {n Resach | and tha factors shown in Table 7,

Water temperature at release sita and abL Fresport wars tha only
significant environmental factors with a correlation coefficient of 0.69 and
0.63 (Table 8, Figure 5). The corralation coefficient for size of smolts was
significant, but the sign indicated, again, that mortality increased as size
increased which is contrary to population biology. Streamflows were not
significantly correlated with mortality (Table 8).

We used multiple regression analysis to determine whather combinations
of the environmental factors account for more variation thaﬁ témpernture, and
tc make sure that the temperature correlation was not masking the importance
of streamflow. After the temperature factor was incorporatad into the
regression éﬁuation, streamflow did not account for any significant variation

A

in the residual mortalities.

Water temperature at Freeport on release day accounted for 40X of the
variation in mortality in Reach 1 (Tabl; 9, Figure 5). The equation used to

predict mortality through Reach ! Is :

M, = -2.858 + {0.0485] * ave water temperature °¥ at Freeport, CA).

3
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SIMULATIONS OF SURVIVAL BETWEEN SACRAMENTG AND CHIPPS ISLAND

Figures 6 and 7, and Table (0 {llustrate simulations of ovarall
predicted aurvival at varied water temperatures at Freaport, fractlons
diverted at Walnut Grove, and SWP plus SVP axport pumping rates in the
southern delta. Total mortallty was calculated using Equations | and 3,

My = My + My = (M,*M,,) and Egq. |

Mzy = M;*P, + M,*P,. Eg. 3
Substituting Equation 2 into Equation ! gives,

My = M, + (My*P; + My%B,) - [M*(M,#P; + M;*P,)]

My = M, + My*P,; + My*P; - M %M, %P, — M, *M,*P, Eq. 6
Total survival was calculated using the equation,

Sy = (1- Hy) Bq. 7
Survival values for environmental conditions not shown here can be calculated
using Equations 6 and 7 and the three regression equations (Table 11),

The examples provided in the text below are meant to reflect some of the
survival changes predicted by the model az the three parameters vary through
cenditions often seen in the delta.

The reader ig cautionmed in use of this model cutput. While specific
values of survival are given, by necessity, for each environmental condition,
it is wise to emphasize general trends and the relative magnitude of change in
survival as conditions change., While changes in the absolute magnitude of
survival often appear small with a given change in an environmental parameter,
the relative magnitude of change 13 often great and will be reflected directly

by increases in adult production. Since we used sll available mortality

indinns in the regression analyses, we had no means to develcp meaningful
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PREDICTED SMOLT SURVIVAL

PREDICTED SMOLT SURVIVAL

3
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FIGURE 6. PREDICTED SMOLT SURVIVAL AT A SERIES
OF WATER TEMPERATURES AND FRACTIONS
CIVERTED AND SWP PLUS CVP EXPORT RATES 34



PREDICTED SMOLT SURVIVAL

PREDICTED SMOLT SURVIVAL
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Table 10. Knvironmental parameters of the Sacramento River delta and
corresponding total amolt survival through tha three reaches,
TFREK = water tamparatu:re at Fresport, °*F; DIV = Fraction of
water divertad at Walnut Grove; EXPCRTS =~ total SWF and CVE
axporta from the southern delta; SURV1I2} = total survival of
chimook salmon smolts batween Sacramento and Chipps Island.

TFREE DIV EXPORTS SURV123 TFREE DIV EXPORTS SURVI3
60. 0. 2000. 0.64 70 0. 2000. 0.15
60. 0. 3000. C.64 70 0. 3000. 0.15
60. 0. 4000 0. 64 70 0. 4000. 0.15
60, 0. 5000. 0.64 70 0. 5000 0.15
60. 0. 6000 0.64 70 a. 6000. 0.15
60. 0. 7000 0.64 70 0. 7000. 0.15
60. 0. 8000. 0.64 70 0. 8000. 0.15
60. 0. 9000, 0.64 70 Q. 9003 0.15
60. 0.3 2000 0.57 70 0.3 2000. 0.14
60. 0.3 3000, 0.55 70 0.3 3000. 0.13
50. 0.3 4000 0.54 70 8.3 4000. 0.13
60. 0.3 5000, 0.53 70 0.3 5000. 0.12
60. 0.3 6000. 0.52 70. 0.3 6000 0.11
60. 0.3 7000 0.51 70. 0.3 7000. 0.1
60. 0.3 8000. 0.49 70 0.3 8000. 0.1
60. 0.3 9000 0.48 70 0.3 9000. 0.1
60. 0.5 2000. 0.52 70 c.s 2000. 0.132
60. 0.5 3000. 0.5 70 0.5 3000. c.12
60. 0.5 4000 0.48 70 0.5 4000. 0.11
6C. 0.5 5000. 0.46 70 0.5 5000. 0.1
60. 0.5 6000 0.44 70 0.5 6000. 0.09
60. 0.5 7000. C.42 70 0.3 7000. 0.08
60. 0.5 8000. 0.4 70 0.5 80G0 0.07
60. 0.5 9000. 0.38 70 2.5 9000 0.07
60. 0.7 2000. 0.47 70 0.7 2000. 0.12
60. 0.7 3000 0.44 70 0.7 3000. 0.11
60. 0.7 4000 0.42 70 0.7 4000. 0.1t
60. 0.7 5000. 0.39 70 0.7 5600. 0.08
60. Q.7 6000. 0.36 70 g.7 €000. 0.07
60. 0.7 7000. 0.33 70. 0.7 7000. 0.05
60. 0.7 8000. 0.3 70. 0.7 8060 0.04
60. 0.7 9000. 0.28 - 70, 0.7 9000. 0.04



(Table 10 cont)

DIV TFREE EXPORTS SURV!2) DIV TFREX XXPORTS SURVI23
0. 66 2000 0.3 0.3 t8 6000 0.17
0. 66 3000, 0.3 0.3 68 7000 G.16
0. 68 4000 0.3 0.3 68 8000 0.16
0. 66 5000 0.3 0.3 68 $000 0.15
0. 66 6000 0.3 0.3 70 2000 0.14
0. 66 7000 0.3 0.3 70 3000 0.13
0. 66 8000 0.3 0.3 70 4000 0.13
0, 66 9000 0.3 0.3 70 5090 0.12
0. 68 2000 0.22 0.3 70 6000 0,11
0. 68 3000 0.22 8.3 70 3000 0.11
0. 68 4000 0.22 0.3 70 8000 0.1
0. 68 5000 0.22 0.3 70 9000. 0.1
g. 68 6000 0.22 0.7 66 2000. 0.23
0. 68 7000 0.22 0.7 66 3000. 0.22
c. 68 8000 0.22 0.7 66 4000. 8.2
0. 68 9000 0.22 0.7 66 5000. 0.18
o. 76 2000 0.15 0.7 66 6000. 0.16
0. 70 3000 0.15 0.7 66 7000. 0.14
0. 70 4000 0.15 0.7 66 8000. 0.12
0. 70 5000 0.15 0.7 66 9000. 0.1
0. 70 6000 .15 8.7 68 2000 0.18
a, 70 7000 0.15 0.7 68 ~ 3000 0.16
0. " 70. 8000 0.15 0.7 68. 4000 .14
0. 70 9000 6.15 0.7 68. 5000 0.12
.3 66 2000 0.27 0.7 68 6000 0.11
.3 66 3000 0.27. 0.7 68. 7000. 0.09
.3 66 4000 0.26 0.7 68. 8000. 0.08
.3 66 5000 0.25 0.7 68, 3000 0.07
.3 66, 6000 0.24 0.7 70. 2000. Q.12
.3 66 7000 0.23 0.7 70. 3000. 0.11
.3 66 8000 £.22 0.7 70. 4000. 0.1
.3 66 9000 0.22 0.7 70, 5000. 0.08
.3 68 2000. 0.2 0.7 70. 6000. 0.07
.3 68. 3000. 0.19 0.7 70. 7000. 0.05
.3 68. 4000, .18 0.7 70. 8000. 0.04
3 68, 5000. 5.18 0.7 70. 9000. 0.04



Table 11,

Summary of equations and factors used to construct the modela for simulating the survi.al of

chinook salmon smolts between Sacramento and Chipps Island.

Sacramento
to Walnut Grove

Walnut Grove
to Chippa Is
via Mokelumne
River System

Walnut Grove
to Chipps 1Ia
via Sacramento
Rivar Syasten

oy

Factors Used To
Estimate Mortality

——

_Average Dalily

Water Temp °F
at Freaport on
Relcase Day

Average Dally
Water Temp °F
at Freaport on
Relaase Day

Average Dally
Water Temp *F
at Fresport on
Releaase Day

Equation Used To Eatimate Mortality For Reach

o Tt 8 e Ll o e A o 8 et e B T o S e ot et

M, = {(~2.858) + (0.04851 * Ave Water Temp,°F, at Freeport, CA)}

M, = [(~-0.5809) + (0.01793 #* Ave Water Temp,'F, at Freeport, CA) +
{0.0000418 * SWP+CVP Exports)]

M, = ((-1.766) + (0.03489 * Ave Water Temp,°F, at Frasport, CA)}



sarror astimates beyond counsldering the standard erro ¢f the regreaslons

{Tables 3, 6 and 9),

Effects of Traction Diverted

We chose a range of diversion fractions that closely represented
conditions with the Pelta Cross Channel gates cpen (0.70) versus closed
(0.30).

Survivals increased as the fraction of water diverted at Walnut Grove
decreased (Figure 7). The greatest survival benefit from a Jdecrease in
fraction diverted intc the central delta {from about 0.3 to 0.5 survival) is
at low water temperatures (60°F). At water temperatures of about 70°F,
however, even a major reducticn in the fraction diverted, from 0.70 to (.30,
rasults in a rather minor effect on survival,

Although there is no present means tq eliminate diversions into the
central delta, we also estimated the survival when the fraction diverted was
zero, This eliminated any mortali£y in Reach 2 and the model predicted total
survival between Sacramente and Chipps Island to be 0.64 at a temperature of
$C*F., This can be compared to a medel prediction of survival of (.47 at 60°T
when the fracticn diverted was 0.70 and exports were low at 2000 cfs. When rno

% walnut Greve and the temperature is 70°F, the model

4
A

ater is divertzd &
sredicted a survival ¢f 0.15. This, in turn, could be compared to a model
survival aof §.12 at 70*F, again, with exports at 2000 cfs and fraction

diverted at 5.70. The above exzzple infers that a relatively large increase
in survival rsar te galined at lower water temperatures by eliminating high

iewnls of diversion at Walnut Grove, but relatively very iitlie can be gained

adt higher water Somoeratuyres,



Bffect of Watar Temperature

Survival increasas as vatar tesmperature decreases and model results

indicate rather large {ncreases in survival over a 10°F decrease in-

temperatura when the other two factors are held constant (Filgure 7). Managing

for such a large drop in toemperature, however, is not practical. A lowering
of temperature of from two to four degrees.at 66°F to 70°T providasz a
measurabla increase in survival (from about 0.05 to 0.10 survival units)

(Figure 8). The survival benefits of a temperature decrease appear slightly

better when the fraction divertad at Walnut Grove is less.

Effect of Exports

Survival increases as total SWP and CVP export pumping rate decreases.
The greatest relative survival benasfits of reduced exports are seen at lower
temperatures of 60*F and at high frﬁcticn diverted (0.70) (Figure 5). A
decrease in exports from 9000 dowﬁ to 2000 ¢fs yielded aa improvement in

Pd

survival from about 0.3 to 0.5.

A major question remains relative to the survival benefit of
eliminating exports. We have not measured survival with a total pump

curtailment and the mecdel can not be expected to predict it under thoss

conditions.
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CONCLUSIONS

We have developed a smolt survival model based on multiple regression
analyes using three environmental paramoters. Thesea factors were fustified
for inclusion by their statlistically significant relationshipa with survival,
and appear biologically sound. As is true with all modeling of complex
systems, other factors that also influence smolt survival could have baen
omitted due to data limitations or the fact that wa restricted our choice ta
environmental parameters that had a potential to be changed through management
actions,

Qur modeling has been successful in helping us to gain a better
understanding of the potential factors influencing survival and to i{dentify

critical assumptions and data gaps in need of further research. There is a

-

need

) toﬂtest further the assumption that smolts are diverted in
propertion to the amounf of flow diverted at selected sites,

27 to gain further estimates af smolt survival in S$teamboat and
Sutter Sloughs, and then add these sloughs to the model,

3) to estimate survival from CWT smolt releasas in the central delta
(Reach 2} under low export rates and with positive flow in the
wastern San Joaquin River, and

4) to evaluate further the reasons for the high unexplained mortality
ir the central delta.

We beliiove the model is a reasonable representation ¢f several key

factors influencing smolt survival in the Sacramento River portlion of the

Aelta, and while uncertalntles remain in our understanding, it is a useful
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tool to assasas the benefits of decreasing the fraction of Sacramento River
that {is divertad at Walnut Grove, the water tempsrature [n tha Sacramento

River at Freeport, and the total exports of the SWP and CVP duripg the fall-

run smolt downstreaw emigration parjod. The lessening of these thrae factors

and their impacts on smolt_luriVll can be achlieved through a variety of
potentlal structural and coperational measures such as fiash scraens, Delta
Cross Channel closures, fish guidance facilitles and traps, tidal gates,
increased flows, increased riparian vegetation, and decreased spring exports.

While survival benefits can potentially be achieved by each of the above
measures, we believe that the most effective ones are those that keep sholts
out of the central and southern portions of the delta where mortality is
highest.

We expect that the model will be used for a diversity of activities in
addition to our own Delta Salmon Team evaluations and subsequent testimony in
the CSWRCB Bay/Delta Proceedings. Some of these other activities include
anvironemental impact analyses of proposed projects in the delta; evaluations
relative to thas Article Sevan Negotiations between CDWR, USBR and CDFG; and
the CDWR and CDFG Four Pumps Agreement. We caution that the model represents
survival under existing delta conditions and suggest that when the model is
used to predict smolt survival under an altered delta environment that this
concern be addressed.

The model is a defirite improvement over the esrlier, more general,
smolt survival model which used the magnitude of flow as sn index paramater to
reflect the influence of flow, temperature and fractiom diverted at Walnut
Grove on survival, The flow-only model under-estimated survival under low

tempearature and low flow conditions which can occur im April and early May in
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low runof?f years. Az noted sarller, this was becauss we had not measurad

survival at low flows and low temperatures,
Wa hava not tmar able to measurs suvival when flows were increased and

tempesratures ramained constant. Thia has prevented us f:om thoroughly

evaluating the ihdependcnt affacts of flow. Whila we ~-slre to define thess

effects, in practice this apprears Infeasible., We believe that as flows

increase, smolt survival is greater due to both lessening water temperatures

and fraction diverted and possibly flow itssl

It is important to remember, that of the simulatioas ¢f survival we
provided, the la.  est benefits in survival are secn for a [0*'F decrease in
temperature, in practice temperature decreases of several degrees are

difficult to achieve through management changes. This limitation is due to

the large infliuence of alr temperature on water temperature. Further
evaluation 5& the Delt2 Salmon Team will quantify the cost of lowerinmg

temperatures by various means.

We erncourage suggesticns for improvement of the smoll survival model and

glan to refine it as additicnal data becomes availatle.
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WFEENTiy 1 Data set including survival/mortallty indices snd environmental parameters from which ragresison analyses wers parformed

. Expanded description of colume .
reaziry skhreviations follow date set,
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o8 Der8y a. Q. 1. 0.8) 0.2 .88 1. 55 490, e 75.2 74.3 4830, 2485,

04 11.82 1 43 0. 82 D.18 0.3t D.73 ¢.41 0. 495, 78 66.5 5.7 59.5  4%200. 44500,

05:12.82 1.54 0.88 0.14 0.3 a.7 0.39 0. T, 78. 59.4 59.5 £9.3 43200, 42650,
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Appoendix 3.

[
4
[

H
-

Statistical Informal

>n on which anvironmental

chosen,
TERM COEFFICIENT t-STAT R-SQUARED
Rea. !
A. Watar trmperaturs only
Intarcapt -2.858 -2.355
Temp Freeaport 0.0485 2.6498
C.393
B. Number swolts per pound snmolts only
Interceapt 1.42 3.524
Size no/¢ -0.015 -2.876
H29
‘C. Water temperature and number smolts per pound smolts
Intercept ~0.857 ~0.504
Temp Freepcrt Q.0129 1.370
Size no/¢ -0.00658%1 ~1.588
0.319
Reach 2
A. Water temperaturs only
Intercept -0.336 -3.9C3
Temp Frzepert ¢.ols8 3.197
0.482
B. SWE+CVP exports only
Intercept 0.616 3.891
Exports 8.0C00412 1-510
0.172
C. Intercept -0.581 ~1.737
Temp Treeport G.01793 3,779
Experts G.00004:8 2.279
0.€59
Reach 32
A. Water Temperature at Freeport only
Interzept -1.767 -3.4470
Temp Freepor: 0.0358 4.547
rFLE33
B. Tide Phase Iadex only
Intercept 0.298 3.591
Tide 0.064 3.6G7
£.542
C. Water temperature at Fremeport and Tide Phase Indax
Totercept -1.248 -2.520
lemp Freepor» 0.025 3,147
Tidn G.036 2.755
0.77¢

partamaters ware

[¢2]
t3
~d
2

tn
£~
[w]
Ly

10,224

658

20.€77

13.011

16,725

40





