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PREFACE
- .

A PERSONAL OBSERVATION

The San Francisco Bay/Sacramento-San Joaquin Delta estuary comprises the
San Francisco, San Pable, and Sujsun bays, and the Delta ¢ the Sacramento-
San Joaquin rivers, two large rivers that drain the Central Valley of California.

As a result of diversions of freshwater from the Sacramento-San Jeaquin Delta for
agriculture and for urban use, the river discharge into the estuary s significantly
lower than natural levels. According to some estimates, river inflow to the estuary
is only 50 to 70% of what it was in 830. Among the primary responses of the
estuary to this decrease in freshwater inflow have been an upstream (landward)
displacement o the low salinity transition zone between the estuary proper and
the tidal reaches of the rivers, and a compression cf low salinity habitat.

It is well established scientifically that the extent — the area and volume — of low
salinity habitat in estuaries Is important to the success of a number of species, such
as anadromous and semi-anadromous fishes, and to the success of other estuarine
ecosystem compenents such as tidal marshes. The contribution of each of the
different processes and properties characteristic ¢ low salinity zones of estuaries,
and the contributions of different combinations of these processes and properties,
to the success of different ecosystems components, are complex and have not been
successfully evaluated for any estuary.

I know cf no other estuary that has as complicated a situation in the low salinity
transition zone as does the San Francisco Bay/Sacramento-San Joaquin Delta
estuary. The complex engineering system in the Delta region for withdrawing and
diverting freshwater away from the estuary acts like a giant “predator”,
particularly for ichthyoplankton and young-of-the-year fish. This confounding
leads to debate and disagreement over the relative importance of the benefits of
low salinity habitat and therefore of flow, on the one hand, and of the liabilities of
the physical diversion cf a portion cf that flow and the associated processes of
entrainment ¢f crganisms, on the other. The debate and the demands for scientific
certainty are intensified because of the economic importance of water, particularly
for agriculture. Are total flow and the extent ¢! low salinity habitat the most
important factors for a healthy estuarine ecosystem? Or, are the places, times and
mechanisms by which a fraction ¢f that flow Is diverted the most important
facters? Could stresses on the estuarine ecosystem related to water-use be reduced
sufficiently by changing the timing and mechanisms of withdrawa) without
reducing the total amount o water diverted? I¥ so, what specific water
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managemert strategies would be mest effective? What would be the associated
biological benefits? Unzil these guestions caxr be answered with @ degree of
scientific certainty acceptable t9 the State Waie: Resources Cenirol Boa=s,
estuarine standards are needed 1o protect the estuarine ecosystem against
further cegradation.

Iz complex situation argues strongly for the development of estwarine standards
as part of a set of management tools for protecting the Bey/ Zelin estuarine
ecosystem. /0 series «f technical workshops convened to address this situation,
the vast majority of the workshop participants, and virtually all 2 the
participating sclentists, concluded that cne set of estuarine standards should ze
salinity standards which can =¢ used io position the low salinity zone relative ©o
tne “predator”. Different standards should b= developed for different seasons -
reflect the presence and vulnerability of “rey” that are particularly sensitive =
the actlons of this “predator”. One apprepriate index proposed by these
workshops for the development ¢ salinity standards is the upstream limit of the
near bottom 2% (parts per thousand) ischaline. #1 ischaline is defined &g 2 line in
the estuary connecting 2i! points of equal salinity. The salinity standards based
upon this index should be expressed as specific upstream limits — one “or each of
several periods (seasons) of the year and averaged over that period. The locations
for the standards would -¢ selected to attain an appropriate Jevel of ecosystem
protection o achieve 2o appropriate environmental goal.

Given the present stete of Xxnewledge, the princizal method of selecting salinity
stancards for the Bay/Delta estaary wil - c through the use of statistical
re.ationships, A number of these relationships were developed during the
technical workshops to evaltale the responses 7 estuasine organisms =t different
rophic levels to sezsorial changes in the position of the 2% isohaline. “his

approach “lumps tcgether” & number of factors including the ecelogics” effects ¢f
low salinity habitat and the physical <ffects of entrainment Josses.? Research
effers should be snhanced 1o previde the knowledge needed tc disaggregate the
cause-effect relationships between biclogical success and salinity, fcw, diversion,
and a variety ¢ other environmental factors. Until that understending is
developed, salirity standards can provide = valuable tool for protecting the
ecosystemn because they integrate the e¥ecis of all these processes and phencmena
upstream rzin the specified lccation of t:2 2% isohaline,

Vi>ile the confounding of the ecologically pesitive effects of habitat oy the
negative ef’eres of entrainment provides value-added <o the proposed salinity
stanidard (which integrates the effects of both), it ¢lso raises = caution flag. Any
propesed changes i the water withdrawa! end distribution system, or in the way

- P - - . - .- R
4 This {esue is explored in fhe technical ravers that aocompany 1Ris renort.
FRE ? 14
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In which this system is operated—particularly within the Delta region—should
trigger a re-evaluation of the standards. And, if any changes are actually made to
that system, or tu its operation, the biological responses o those changes should
be monitored carefully to produce the data needed to formulate new salinity
standards; standards to achieve the desired level 5t environmental protection.

Depending upon the nature ¢ the changes made o the “plumbing system” or tg
its operation, and the resulting changes in “predation rates”, the upstream limit of
the 2% isohaline (the salinity standard} might have to be moved farther
downstream by providing more fresh water or might be allowed to migrate farther
upstream and still maintain a level of environmental protection equivalent to that
before the changes were made. This report proposes a method of setting salinity
standards that provides for such adjustments.

Each conclusion and recommendation in this report was reviewed and voted upon
in the final workshop. In no case did the final number of dissenting votes exceed
three and in only a few cases did the number exceed two. In spite of this
endorsement, a number of participants subsequently requested that their names be -
removed from the cover of the report. : have honored those requests. I thank each
participant for his or her hard work and creativity in a search for solutions to a
complex problem, a problem with a variety of dimensions: environmental,

economic and socio-political.

A number of other people contributed {o the success of the technical workshops. 1
thank Maureen Flynn for her patient and careful typing of the many drafts of this
final report as well as the other reports. She never lost her good humor. I thank Liz
Bleir for making the necessary preparations for each of the workshops. Her
atlention :v detail contributed to productive workshops. I thank Susan Schubel for
assisting o1 the facilitation of the first workshop. Finally, ' thank Tirz. Vendlinski
for 1ls overall project support and management. He did ¢ superb jo» and was
largely responsible for maintaining an even keel even in some troubled seas.

JoL b

J. R. Schubel

Lean and Director

Marine Soienices Research Center at SUNY
Stony Brook, NY

26 October 1992
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Aquatic resources 7 the Sacramento-San Joaquin Delta and upper portions of
San Francisco Bay have undergone significant declines over the past several
decades. Species characteristic ¢f the Delta and rivers, such as striped bass and
salmon, began t= decline during the Jate 1970s. Prolonged drought, large
diversions ot fresh water, and dramatic increases in populations of introduced
aquatic species during the 79805 and 19%0s brought ¢ number »f indigenous
aquatic species to extremely low levels. Species that spend more of their lives
downstream of the Delta, including Delta smelt, longfin smelt, and many
zooplankton, maintained large populations through the 1970s, but declined
sharply after the micd-1980s. Declines in aguatic resources have led ¢z curtailed
fishing seasons, tc petitions for endangered species status, and general concern
about the health of the estuarine ecosystem.

Concern over the impacts ¢f increased salinity produced from the combination of
drought and high diversion rates is not limited 1o aquatic communities, T few
remaining fragments of brackish and freshwater tidal marshlands are particularly
vulnerable tu increased salinity or to reduced varjability i salinity. Under natural
conditions, these tidal marsh communities would move upstream with the
changing salinity. But the flocd plains and other lowlands suitable for the
evolution of tidal marshes are absent upstream. Tidal marshes provide important
habitat for numerous plants and animals ¢f special concern.

Large demands for water by the agricultural community and by California‘s
burgeoning urban areas make it difficult to allocate additional freshwater for the
protection of dwindling aquatic and wetland resources of the estuary.
Management of the State’s water resources necessitates a delicate balancing of
needs, given the intense and growing competition for water. If the freshwater
needs of the estuary are to be considered seriously they must be based on
sensitive, straightforward, and diagnostic indicators of the responses of the
estuarine ecosystem to patterns of freshwater inflow.

An extensive body ci scientific evidence indicates that flows into, within, and
through the estuary are extremely important to organisms that depend on the
estuary for at least a portion of their life cycles. However, the mechanisms by
which flows affect different elements of the ecosystem are not well understood. In
the Bay/Delta estuary, many chemical and physical properties and processes are
tightly linked to flow, including proportion of water diverted, salinity at a given
point, the Iengitudinal position of & particular salinity range, and alteration of the
effects of toxicants through dilutions. Any of these phenomena could be
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controlling & particular species, but sach will els2 vary wilk the other variables
trat are closely correlated with fiow.

~% preseni, the compiex configuration of ie Delta and the sstuary, combined with

he complex withdrawel and diversion network, preciude any simple, directly
monitored measure of freshwater discharge o the estuary. Effectve pretection and
man&gement oo tre eshiary requires an index of the estuary’s response to
freshwater jzf.2w that (1) can o= measured eccuraiely, sasily and inexpensively;
{2) has ec:logs:al glgnificance; and (3) has meaning for nonspecialists. Net Delta
outfiow, which ‘s calculated from various mezsures and sstimates o water inflow
and use, has been a useful {oo! but it does not satisfy all ¢ these requirements.
Betause of the high correlations among the fiow-related variables, the cheice of 2
suiteble index does not need = b+ based on zny presumed mechanism.

= - -

cre Tam srenddses Estuary Project convenad ¢ series of technical worksheps to
evaiuate ihe zespenses of estuarine icta and habitals to various conditions of
salinity and flow. The worksheps invoived approximately 30 scientists and policy
makers with expertise it estuarine oceanography and exzlzgy, and 1 water and
living resource management. “-z group focused itz ettention on Sulsun s area,
the portion of the estiary downstream of tie conﬂuence i the Bacramento and
Sa- Jeaquin rivers ard upstream of Carguinez Sizait, Internal Delts issues {such as
zate c]osr_res, waler exporis, and internal i_ovwrs) o7 problems with downsiream
portiens of fen Francisco Bay ‘st s urban and industrial discharges) were not
directly addressed vy the group. No attemp? was made to incorporate il
Tenagemen: actions that might berelit biological communities, nor to identify
what level o2 environmental resioraticn and protection should be set based on
salinity and Zzw.

Identification of “reshwater nieeds of aguatic rescurces has caused conflict for &
variety o reasons. Debate o sclentific issuss is ‘undamentaly different from other
<inds z7 €ebate In thai it should yield v scientific mvestigc.hon. rarticiparis
developed issue papers that delinezted arcas of scieniific agreement. Several issue
papers showed that conditions I Suisun Bay largely reflected the abundarce,
recruitment, o survival not 0y of locel species, bul zisu of habitat conditions for
species upsiream and downstream. A primary resul’ o7 the issue papers produced
for this group was that almost al! species sfudied increzsed in abundance 25 a
simple function of increased outlfiow and decrezsed salinity. The absence of a
plateau cor peak In the relationshin of species abundances and outflow conditions
means that sclence alome cannot identify an optimal outflow. Furthermore, the
similar response o7 species at ei- 2xologizal (irophic) levels argues sirongly that the
estuary sheuld be maraged using an ecosystern approach rather than ¢ 2 species
Dy species basis.

109007
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Lr.¢ technical werkshops concentrated on developing the scientific rationale for an
estuarine index to measure he estuary’s response to different levels and patterns
of freshwater input. Participants recognized that economic and socio-political
considerations should be accounted for at cther points in the deliberations. 1=
needs of gocisty &3 well 25 the needs of the environment, should be considered in
determining appropriate allocations = freshwater. However, the premise o7 the
workshops was that ¢r.e should start with tnie best scientific and technical
judgements possible.

Many large-scale changes i the structure of the Delta have been proposed to
facilitate water-use and to reduce impacts ¢f water withdrawal cn aquatic
resources. There was general recognition by the group that the present Delta
withdrawal and distribution system is & major contributor o the declines ¢
important species. 7- ¢ conclusions and recommendations of the workshops are
based upon the present water withdrawal and distribution system and would
need i be re-evaluated 17 any significant alterations to that system are considered.

“he conclusions and recommendations i this report were developed by the
estuarine scientists and managers who participated ir. one or more of the
workshops. The complete list of participants and their affiliations are listed i
Appendix D. All conclusions and recommendations in this report were reviewed,
voted or, and endorsed &y 2 consensus of the estuarine scientists and managers
who participated I the fourth and final workshop i the series (26 August 1992).
The term consensus is used :u represent group solidarity oz ar fssue; & judgement
arrived at by most of the scientists and managers present. In 21l czses, the
COnsensus was unanimous or nearly unanimous. Tz.e conclusions and
recommendations are arranged in & sequence that “tracks” the evolution of
thinking of the participants. Tl.e conclusions and recommendations reached by the
group reflect the participants’ best scientific and technical judgements, not
necessarily the positions of their affiliated agencies or organizations,

The following conclusions and recommendations are intended to provide guidance
and information on how estuarine standards could be developed and how different
levels of proteciion of estuarine resources could e selected.

“he full justifications for these conclusions and recommendations are contained in
technical papers that accompany this report and i other documents prepared for
the Sax Francisco Estuary Zrojec:. (Appendix E).
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_IMPORTANT CONCLUSIONS AND RECOMMENDATIONS

(1) CoNCLUSION

Because ¢ the cernplex nature of (¢ freshwater delivery and distribution system
i+ the San Francisco Bay/Sacramento-San Joaquin Delta estuary, there is a2t present
ne single, simple, accurate measure of freshwater input to “he estuary that conveys
information important te resource managers and to e public, and that is
meaningful to those with special concerns about how fluctuations - freshwater
inflow to the estuary affect habitat and the condition ¢f the estuarine ecosystem.

RECOMMENDATION

Estuarine standards should be developed to be used in conjunction with flow
standards. One zet of standards should -¢ based upon =n index i “he physical
response of the estuary o fluctuations Ir the input of fresh water. These standards
should have diagnostic value in providing, throughout the year, a level of
protection to the estnary and to important ecosystem values and functions
consistent with environmental geals and oblectives for the Bay/Delta estuary.

2) CONCLUSION

Estuarine standards i be used fn conjunction with flow standards should e based
upon an index that is simple and inexpensive o measure accurately, that has
ecological significance, that integrates @ number 7’ important estuarine properties
and processes, and that is meaningful to & large number of constituencies.

RECOMMENDATION

Salinity should be used as @1 index for the development of some estuarine
standards.

JUSTIFICATION

In the first workshop (August 1991), participants identified and assessed s number
of indices of the estuary’s respanses 0 flow ©o use "n managing freshwater
discharge ‘o the estuary. The preliminary, pre-workshop, choice was the position
of the entrapment xone. 7773 index was abandoned quiickly, however. The
entrapment zone is imporiant te estuarine ecosystem processes and functions, but

it present there is wo single, straightforward “entrapment zone index” suitable for
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monitering the position or sirength ¢ e entrapment zone a3 ¢ function of
freshwater input.

Salinity was selecteC 25 the most appropriate index because: (1) the salinity
cistribution is of direct scelegizal imporiance :o many species; {2) the salinity
Cistribution Is & result of the interplay of freshwater input, geometry of the
estuarine Sasin, diversion of fresh water in the Delts, and the tidal regime; and (3}
salinity measurements can be made zccurately, directly, easily, and eccnomically,
Moreover, since most ¢f the majer concerns about reductions in the freshwater
input to the estvary zre essociated either directly or indirectly with the foss or
alieration LI low salinity habitat, salinity is an ideal index for keeping track of the
extent — both area and volume — of Low selinity habijtat. The salinity distzribution
represents the respense o5 the estuary 1o different combinations of river discharge,
giversions and withdrawals, ticda. regime, and basin geometry.

(3} CoNCLUSION

Salinity measured at about 1 above the botiom!? is an index upon which

estuarine standarcs should be developed, Tine index is & practical way of tracking
ckanges {1 habitat.

RECOMMENDATION

Siandards snould
of the position of ¥
cf the vear

=

2z deveicped using an index that establishes an upstreas: limit
ke 2% near-totiom ischaling, averaged over different periods

2y CONCLUSION

Analysis of the availatie historical data indicates that, Znroug™oat the year, the

farther downstream the 2% near-botiom ischaline ‘s displaced, the greeter the
abundance or survival of most species examined.

RECOMMENDATION

The downstream position of the 2% ischeline sheuid v2 unconsirained.

1 Becouse the Zifference between swrfece end msny-Detice: selinites s epall and betavse the relationshiy
beluees them is regsenably well imsum, surface salinity could also be used. Near-boltom salinfty is

recommendged, kowever, becmics 11 35 1 morz stacle fndicater.
/ ’,

ot e 4 et
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JUSTIFICATION

Frozn the environmental perspective — ¢ important perspective, but not the orly
are — scientific uncertainty dictates taking 21, environmentally conservative
approach, i.e. providing encugh Delta cutflow to the estuary to push the 2%
isohaline farther downstream than might e required with greater scientific
certainty. It is anticipated, and preliminary analysis supports I, that the salinity
standard — the upstream limit - the 2%c near-bottom ischaline — will vary from
season to season to provide the desired level of protection. |

{5) CoNcLUSION

Estuarine systems are characterized not snly by short-term responses to the mean
salinity &t any given location, but aiss Ly responses tc longer-term seasonal,
annual and interannual variability in salinity and other properties.

Kecert advances in scientific understanding indicate that this dynamic character of
healthy estuarine ecosystems is particularly true for the distribution and
abundance of wetland vegetation, but slso holds for other aquatic organisms.

RECOMMENDATION

“he potential importance of variations {1 salinity o different time scales o {2
structure and dynamics of estuarine ecosystems should be considered i
developing salinity standards. Deviations from the patterns of salinity variability
in the historical data szt could increase the risk of not achieving environmental
goals and objectives even & mean positions of the 2%o near-bottom isohaline were
matched with the historical data sets.

JUSTIFICATION

There is strong biological evidence from 2 number of estuaries throughout the
world that variability in Zlow, In circulation and mixing, i the salinity
distribution, and in the distribution of other important properties and processes
is important ir. maintaining @ healthy estuarine ecogystem. Therefore,
variability n flow above the threshold needed o meet the seasonal salinity
standard is encouraged.

(5} CONCLUSIONS

Empirical statistical relationships were developed between ¢ variety ¢ estuarine
properties and resources, and the position of the near-bottom 2%, ischaline and

PR TY ST ST P IYRPEEY
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oiher ﬂcw-:re]ated varietles. The relationships developed are statistical relationships.
They are not proof of cause-effect. Tre "Elﬁaﬁ'is“a,ps indicate clearly, however, that the
pesition of the rear—bodo-h 2%o ischaline can serve as & powerful diagnestic
in€icator o the condition of b1ﬁlogzcal “units” {communities, popuiations) across @
reange of different trophic levels,

With the information these relationships ca: provide, water managers will be i
fer betler position to regulate freshwater discharge t= the estuarine system i-
produce, o= the a7eraged, predictable and desirable ecclogical responses o the
estuary consistent with goals seiected for the estuarine ecosystem. If this strategy
is foliowed, the probability of the desired ezclc giral response will be enhanced
and the chances of undesirable zccloglzel surprises i the estuary will be reduced.
Seceuse the statistical relationship between net Delta outflow and the

position 2f the near-bottom 2%, ischzline is strong, the position ¢ the near-botiom
2%o isohaline is an excellent surrogate for net Delta oat‘]ow in menaging
freshwater input to the sscuary. The *clahonsth may e improved further thmugn
reutine direct monitoring 7 the pesition of the 2% isohaline and & sulte o
biological resporses.

KECOMMENDATIONS

Ttz salinity disir’bution should be monitored continuously «: u series of at least
six siations spacted = pproximate’y Fve kilemeters apart and located along the
channel between about £ :mmatcn and Carguinez 3ricge Measurements should be
tade i Jeast near the surfzce and near Ine boliom zi zach station. Tie data should
be telemelered to & convenient jocation for timely analysis arnd interpretaticn.
These continuors monitoring data should be supplemented with detailed surveys
o map the distribution of sahmty in three dimensions. The data shonid be readily

available In 2 timely way “o ¢l interested parties.

A appmpﬁato biological monitoring prograim sheould determine respenses of &
variety o organisms o chianges i position of the 2%. ischaline.

JUSTIFICATION

During the second and third worksheps, and during intersessicns between
;crkshops, & systematic search was zrade to sgiec: the most pewerful tools o
aralyss :o describe how diagnostic lalogics] indicators respond to changes in
pesiticn of the near-botiomn 2%, 1soha1me. When data were rich enough, other

variablies were Inciuded . the analyses.

“ Cuer a period of several years.

109012
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e frst task was 1o specify the most diagnostic resource variables — the
responses of indicators that would convey the maximum amount of
environmental /ecological information. It every czse, the objective was o
demorstrate how these diagnostic environmental/ecolegical indicators responded
to changes in the position o the near-bottom 2%e ischaline and to z variety of
other flow measures. In every casz, experts on the particular biological respense

were consulted in selecting the appropriate averaging time for the position o2 the
2%o isohaline.

(7) CONCLUSION

" he position of the near-bottom 2%. salinity isohaline is 11 index of habitat
conditions for estuarine resources zt 2% trophic levels, including the supply of
organic matter to the foed web of Suisun Bay, &1 important nursery area. In other
words, well-behaved statistical relationships =5t between the near-bottom 2%e
isohaline and many estuarine resources for which sufficient data exist to make
appropriate analyses. Moreover, &1 least a rudimentary understanding ex’sts for
the causal mechanisms underlying many of these relationships. "he location of the
near-bottom 2%, isohaline is important either because it is a direct causal factor or
zeczres s highly correlated with a direct causal factor (e.g. diversions).

Preliminary analyses show that errors in prediction using models which
incorporate cuy ..¢ position ot the 2%, Isohaline are comparable o (-¢ errors
_1slug more cuznplze models yshicn incorporate additional flow-résed variables.
In other words, given the present data se:s, predictive models using only the
position ¢f the near-bottom 2%. isohaline perform as well s more complex models
that incorporate other variables. However, sume of these other variables may be
very important ir. affecting habitat and the condition of biclogical resources

of the estuary.

RECOMMENDATIONS

At this time, (e 203 appropriate basis for seltirg salinfoy standards for the
portion ¢f the g1 27y o which this report concentrates Iz i position of the near-
ol 2%e ooz glone, unless it can be shown either that another variable is
:z¢ controlling variable or that incorporation o7 adilZorsl variizles Ipneves the
wredictive capability.

Further research sh.old be conducned o inpreve prediction of the reengnses o
imperiant estuarine resources i variations in ¢ position 7 the near-bottom 2%
isuhuline. That research should incorporate other variables :zhere they can be.
shown ‘< contribute significantly.
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(8) CONCLUSION

A number of key species are subject not only to the blological effects o the
location ¢f the near-botiom 2%: ischzline, and therefore the e¥acis of freshwater
inflow to the estuary, but als2 to the physical effects of entrainment and diversion
by the varicus water projecis.

RECCMMENDATICNS

Salinity standards should be keyed to the existing city, county, regicnal, siate, and
federal water diversion and distribution system. Proposed changes to that system
should trigger 2 re-evaluation of the salinity standards o ensure that they will
cortinue tu provide the desired level of environmental proteciion while retaining
as much flexibility as pessible I meeting the state’s other needs for water.

Since & broad <lass of models can ~e censtructed, including mechanistic and
statistical models that incorporate both biclogical and physical parameters and
other factors such as diversions, exports, and antecedent conditions, ¢¥orts should

¢ enhanced v ensure a consistent, long-term accurate measurement program o
ennance these models and o decrease the uncertain:ies In their application. The
ultimate goal is :v have 2 predictive model that incorporates the position of the
2%e lsohzline and other approvriate physical and ziclogical variables.

0V CoNCLIISION

-

Salinity standards should be based upon the best scientific and technical
knowledge. £ method is needed to summarize and v advance the state of
sclentific and technlzal knowledge of the complex relationships between
veriations i the position of the near-bottom 2% ischaline during different
periods o” the year (ard assoclatzd Delte cutflow) and ¢ variety o diagnestic
ecosystemn res ponses.

RECCAMMENDATIONS

10

Salinity and Zcw-resporge matrices shouid be developed for different biologically
impertant perieds of the year The matrices should summarize the existing state of
knowledge of the responses of & r*-ch variety of estuarine crganisms and
communities as well 25 estuarine properties and processes, o the Jocaticn & the
near-bottom 2%, “schaline and associated freshwater discharge to the estuary. 10z
estuarine properties end biological responses initially idenzifed for inclusion in
these mairices are summerized In Exhibit A.

L
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£ Matrix Manager should i appointed t: oversee the development of the
summary matrices and £ ensure quality control. The Matrix Manager should
orchestrate “he aralyses of relevant data and ensure that the results = the analyses
are cast into forms appropriate for ine intended uses.

Because estuarine habitat suitability and, therefore, estuarine = zystem health are
not simply @ function of tn:e instantaneous salinity distribution, the entry i each
response cell of the matrix, whenever possible should be based upon the
development of functional relationships o estuarine properties to isohaline
positions {and freshwater input to the estuary) that incorporate lagged terms,
seasonal variability, and other water mana gement variables. Ideally, ‘¢ mput to
each matrix cell would Irclud 2 a directory o the appropriate mcd s, or zuzlels,
that 2ol be veed for prediction.

siele o scientific knowledge and for ensuring that <-.¢ ==cst up-to-date scientific
knowledge is used in decision-making. Tley are not intended to e used a5
isolated regulatory {vols. They are a summary of the state of development o those
tvols, & guide to which tools to use during different times of the yezr, and an index
of where t= find them. re responsibility for development of the matrices and fox
periodically updating them should e institutionalized. One appropriate agency
might be the Interagency Ecological Studies Program.

The proposed matrices are shorthand wietheds for cee:ing track of edvirces in the

JUSTIFICATION

The preposzid matrices are an efeciive shorthand way of sutnmarizing ina
cerverazt: format e status of a large amount ».° data ¢ . mformatlon relating

treresporges of Tz ecivary oo fluctuations in freshwater 22¢ 0w and (¢ other water
watagenrent varxables The matrices are a useful vehiziz for suerarizing Due
ziesgliel beneiils — using a broad array of -L:b‘;_,-\,.' s& indicaters — of ‘pusitioning
Tz near-bottom 2%e £2liv Ity “aohaling at various i3zt s upstream (inland) from
e Colder Gate Bridge &oon g different periods of txe year. The poopresed
matrices would revide the flrst quantitative and couzpelensive suznmzry of how
¢ Sam Francisco Bay /Sacramento-5an Joaquin Delta estuary ecosystem responds
“w fluctuations in freshwater ©=.2.cr ¢ the estuary (Delta w.isio02) and to e
estuary’s Jlangleyg sulind:y regime. The matrices ~av: further advantages. They
aill provide meregae, policy-makers and i1:e public with: (1) a clear statement =y
-z scientific community of il'¢ current status - understanding ¢ il'¢ effects of
different freshwater lscrzrge-Civersion scenarios on Jn: estuarine ecosystem; (2) -
¢ identification of critical i3 in scientific knowledge that can be used o guide
future research and monitoring activities; and (3) & swmnmary that is easily updated
¢l a cel-ny-cell tesls as new knowledge is developed.

il
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I models upon which the matrices are based cax serve as iuols for regulatory

agencles 1 use In Incorporating the ervironmerzal needs cf the estuary Into 2 st

of management prescriptions for storing, releasing, and diverting water for
consumptive uses, Selection of the level or degree of biolegical response 1o be

chieved — the level of environmentz] protection — is the responsibility of
regu.etory bodies acting in response to society’s priorities.

(10 CONCLUSIGN

level specified i terms o habitat protection or abundance and survival rates cf
Important and dlagnostic estuarine and wetland species.

RECCMMENDATIONS

Geals should be expressed in terms of desired conditions for some future “ime,
Frogress toward these goals should be monitored and reported widely.

Environmental goels for the estuary will be most e¥ective if they are expressed in
terms ci restoring conditions o those that existed a: specific historical Himes such

zs Y ose summarized i Exhibit B.

111) CoNCLIISIONS

A prevaiiing patterns of the position of ¢-e neat-bottom 2% isohaline, the
3 P r

biclogical rescurces o the iows salinfty pertion of the sstoary, including the Delia,

have been seriously depieted. Data from the Interagency Ecolegical Studies

Program and the Unlversily of California at Davis indicate ciearly that species at
every trophic level arz now 2f, or near record lovr levels “n the Delta and in Suisun

Bay. Thie is not surprising consicering the recent drought, the ntreduciion ¢
ex¢ iz species, and the Increzsed diversion ¢f vrater,

Aralyses of the data indicate that the abundance or survival of 2 number ¢f

imporiant species at & variety of life history stages and from a variety of trophic
levels 's related tu the position of the near-bottom 2%. isohaline. Cf the orgenisme

whese respense to salinity has been analyzed, the farther dewrstream the 2%
igohaline Ig, the higher their abundance or survival.

Almest all of the components of the estvarine community analyzed curing the

worksheps (e.g., organisms, habitats, and protesses) show 2 strong, coherent, and
negative monotonic respornse to increased penetration (upsiream movement) ¢ the

12
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“-e actual setting of salinity standards — specifying the upstream locations of the
nezz-pottor 2%e ischaline for different periods of the year — should be keyed te
envirenmental geals: to achieving and sustaining some desirec biological response
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near-bottem 2%, ischaline. There is - & well-defined break point that zan be
reliably identified statistically . the composite relationship between the
abundance or survival < these components and the position of the 2% isohaline.
Ir. other words, e biological benefits of downstream displacement of the 2%
continue t: increase over the range cf positions of the 2%. near-bottom isohaline
reflected i the historical data set.

It one selects @ certain level of restoration and biological respense &5 a goal, then
are can develop statistical relationships to prescribe the appropriate range of the
position of the near-bottom 2%e. ischaline and ine amounts of water necessary to
eclieve ez snilalzy distributions sy different periods cf ilie year. While such
action will not guaraniee achieving a desired level of resource recovery or protection, #
would increase the probability of attaining these goals.

RECOMMENDATIONS

# range of environmental/ecosystem restoration goals should be szlazizadl, 202
aralyees sh e be el 2, o) determine e distribution of the 2%¢ near-bottom
isohaline throughout - your corsisign s wil these goals. ~is:urca! flow and
salinivy data g0l be examined o determine mow frequently these covicizsions
srontlid lave been 4 before construction ¢f > Central Valley Project; "= State
Water Project; a rzzin{y « ’ city, county, and regional projects that < ver’ water; and
before (he large-scale reclamation of historical tidal marshlands. The esulis cf
Loz enalyers would yrovide a valuable context v im wraich o eraluae the
amounts of ymierreeded o elileve a range < ecological goals,

13




ExHiBiIT A

A FREITMINARY

CF DIAGNCSTIC ESTUARINE PROPERTIES AND COMMUNITIES TO BE
INCLUDED IN 7HE Sf INITY AND FLOW-RESPONSE MATRICES FOR |

BIOLGGICALLY-IMPORTANT PERIODS OF THE YEAR

L L TP TP RT PR

Estuarine Properiy/Community

. Water Quality for Human Use
A. fgste & odor
B. THM content
C. ssiinity
Bztrymetry Cranges
=l Hvdmd}wamic Proceszes
A. transportfcirculaiion
E. s;mcbure
C. bay-ocean exchange
D residence Hmes
I¥. Habitat Area and Volume
V. Suspended Sediment Dynarics
L Water Properties
A. Tight svailability
B, temperature
C. salinity distribution
D. wutrient dlsivizutions

=

/11, Faies & FEffects of Toxins

LDAIFFERENT

VIII. Algal Biomass, Primary Precuctivity, Specles

A Y
B, Dl
IX. Nuisance Blooms
A, macronigal
B, microalea:
A. Organic Caron as Food
K. Planktonic/Neritic Crustaceans:
Copepods & Mysids
XIZ. Fish Abundance
A, zsiuarine residents
. estuaring spawnzers
- euryhaline estuarine species
. ARAITOMCUS SPECIES

a5

(W

(851

. euryhaline marine species
X1 Bernthic Faunai Abundance

XEV. Invasion Likelihood, Success

XYV, Marsh and Mudflat Communities
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A. plant species

migraicry, {ransient, and resident waterfowl;
shorebirds, raptors, and passerine species

C. mammal species

D. amphikian and reptilian species

L. invertebrate species as prey

EXHIBIT B

SOME ALTERNATIVE LEVELS OF RESTORATION AND BIOLOGICAL RESPONSE
(r.e. MAINTENANCE, ENHANCEMENT, RESTORATICN) THAT CouLD BE LISED 14
FORMULATING (GOALS FOR THE ESTUARY

Of the possible alternative biological geals, 7 ¢ following could be &~ esend in
terms of gverage historical levels of abundance or survival rates of aquatic
rescurces 117 s different periods i time:

1984-83: In selecting this period, ...z goal wouild be to maintain aquatic resources at
current levels and o prevent further declines. Tlis period encompasses wet and
dry years, including the first three years of the recent extended drought, during
which full export demands for water were Inet, |

]

that existed during @ series of years that encompass 1975, the benchmark year for
the anti-degradation standard for water quality parameters under the federal
Clean Wazer Act. There were o critically dry years in this sequence period.

1870-75: In selecting tis period, the geeal would be 1o resfore aquatic resources :o levels

1973-77: In selecting this period, the goal would be to restore aquatic resources to levels
that existed during = representative period o years encompassing 1975, the -
benchmark year for the federal anti-degradation standard. This period includes
two critically dry years (1976 and 1977).

1956-68: In selecting this period, the goal would be w0 resfore aquatic resources w levels
that existed before major environmental impacts o the State Water Project. Thie
period covers « broad range of hydrelegic and hydrodynamic conditions and
provides z reasonable estimate ot impacts of the state-operated project that should
¢ subject tu the Siete’s non-degradation palicy (1968 is considered the base year
for this pelicy according to Resolution 68-16 of the i**ate Wat=r Resources Control
Board). Resource agencies have identified the probable habitat conditions of the
Delta for salmon through this period, and factors that controlled populations of
striped bass are reasonably well understood.

15




1922-44: In selecting this period, the goal would be to restore aquatic Tesources to

levels that existed Sefore the federzl and siate water projects were constructed
and operated. Selection of this pericd reflects the policy of USEPA discuesed
in its ble-criteria guidance paper which suggests restoring biological
parameters i impaired water bodies e levels that existed under reasonably
unimpaired conditions.

PRE-PROJECT AND FORECASTED CONDITIONS

Environmental goals could aiso be formulated directly in terms of the pesition of
ihe near-botiom 2% lsohaline. Using this approach, two aliernative goals would
be o restere the moverrent of the near-bottom 2%, isohaline to average pre-project
conditicns; and ic maintain the movement of the near-bottom 2%, Isohaline at
average corditions forecasted to include the demands of 1995,

*  Pre-preject conditions: the goal would be to zesfore variziion in the position of
the near octiom 2%e isohaline {(and/or net Delta outflew) to cenditions that
would st today without operation of the federal and state projects, Tne
rationale for this alterralive is that the Central Valley Project and State Water
Project have a mitigation cbligation which, I enforced, weuld require
restoration 0 these conditicns.

* Forecasied level of diversions: the goal would be to maintain the positicn of
the near-boitom 2%o0 isohaline (and /o1 net Delia outflow) at conditions that
would prozably exist if the levels of cemand for exports via the project pumps
and in-Delta diversions continue as ferecasted to 1995, This aliernative would
ltustrate the respense of biclogical resources if the regulatory agericies take
ng action.

1860-2900: "he alterrative gouls cutlined above reflect the goal of protecting o

18
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restoring zxisilng tidal marshlends, but they do not reflect the separate goal to
restore or create adiditional amounts v tidal marshland to recover the values and
Functiors lost when most of the histerical tical marshiands were reclaimed for
agriculiural pricr to 1600, Therefore, this goal is designed e restore key wetland
rescurces ic levels that existed prior to the large-scaie reciamation; this goal and
the otrers for aquatic resources are not mutually exclusive.
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SUMMARY

..‘. ....................................................................

Estuarine scientists and mana gers of the Zan Sranciseo Bay/Sacramento-

San Joaquin Delta estuary recommend development ¢t salinity standards for
different periods of e year % == used i1 confunction with flow standards. A
appropriate index upen v7hich to base salinity standards is zn upstream position
of the near-bottom 2%. isohaline, averaped orer e period <. interest, o novids

a prescribed level of environmental protection. Selection cf the appropriate
average upstream positions — i- ¢ salinity standards — should be based upon
environmental gcals and he development of predictive models that relate
diagnostic responses ¢f organisms and processes to :he position o the near-bottom
2%o isohaline, and associated Delta outflow.

When appropriate, other flow-related varjables should be incorporated into the
models. Existing data and information are adequate e make 2 first cut ¢ defining
upstream limits ¢ the 2%¢ isohaline consistent with & range &7 environmental
guals. The downstream limit o7 the near-bottom 2%. ischaline should not e
controlled; variability in flow and, therefore, in gl ly response sooilid e
encouraged. While suc» policies and practices can ¢ guarantee recovery and
maintenance .- important Ivi: resources, they will inzrease the probability o f
restoring and sustaining populations of a number ¢! ¢ estuary’s important
estuarine ¢oecles
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INTRODUCTION

s report deseribes the development of & rebust series of historical positions of the 2 parts
pe- thousand {ppt) ischaline one-meter cif %2 bottem ¢f the estuary, This value i being
considered for use I a salinity standard for “ne estuary. For stnplicity we refer v this
position as Xj.

Xz wee chosen a¢ an Index of the flow-salinity relationship because it is sasy to measure
and understard, and there is 2 long historical record that zen be vsed to determine its value
in the past. A number .. descriptors of the habitat are relzted to Xy, including:

s Net outflow from e delta,

* The pesifion of the estuarine entrapment zone.

v Thisiesue’s explored in the technical papers that accompany this report.

* The pesition of habitat “or estuarine species.

v felirdty atother Jocations in the estuary.

» The mean depth, surfece zrez, and volume between any iwe salinities.

» The amount cf estuarine habitat exposed o expert pumping.

» The propertion of inflow to &he Delta that is exporied

¢ The amount of estuarine habitat exposed o withdrawal within the Delta.

s The proportion of inflow to the Delia that i= consumed in the Delta

* The amount ¢f net upstream o In the lower San Joaquin River.

Jassby's comperion revort describes relationships between Xg 21:7l a number of estuarine

responses, including the abundance or survival of cevsyal specles of interest. Esinarine
species In all irophic levels have responscs inat are strongly negatively correlated with Xo.
It is imporiart to recognize that the relationships could arise through the effects of any one
o more of the veriables listed above. Thus, X; is & #ndex of hebitat conditions, and can be
used &5 & predictor in statistical models, =it we do not assert that it s the dirsct mausz of any
of the responses observed.

OBJECTIVE

The cbjective of this report is 1o provide an estimate cf the historical value of X; using the
best aveilable du i, and to describe its relaionship to Delia outfiow.

(GENERAL AFPPROACH

The principal source &f data wa3 f7om continucus monitoring sites maintained by the U.S.
Burezu of Reclamation. These daty, from sites ai 36-92 ki from the Golden Gate Bridge
(Figure ., consisted o7 daily mean selinity values at the surface, uncorrected for tidal
variation. Our approach wis to: select the approprizie surfzce salinity corresponding o

2 ppteiine botiom, interpelate between the monitoring stations to determine ihe daily

A~2
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position of that s:inity, (which was assumed to represent X,), calculate daily outflow from
the delta; determine the best regression »= fill i, t-z gaps 7t the X, record, determine

monthly and Jonger-term means and their relationships :¢ flow, and compare e resulting

values with independent grab sazrple Caba.
TIDAL EFFECTS

The data used were daily averages, and the original hourly data are no longer available in
glestronie ferinat. The tidal «yrle, with periods of about 12.5 and 25 hours, would have been
aliased with laily mean data. This may have introduced an erroneous cycle into the data
with o ca. J4-day period. To examine (s, we used hourly deta from the DWR Mallard
Slough station and compared daily means of the raw data with data passed through a tidal
filter {Godkin filter obtained fror LarTy Smith, U135 Differences in the daily means
appeared small except when salinity wzs changing slope rzpidly (i.e. reversing direction of
change). Residuals had a significant autocorrelation with about a 2-week lag. Howevey,
monthly means of these values differed by less thiz1 1% (Table 1). Since the ultimate 1ise of
the X Zatz is in monthly or seasonal means, the daily means are adequate. This may not be
the case for other nses of tne daia.

Table 1, Efeczs of tidal filtration of salinity dats on monthly pear. oaiues, Back value is @ monthly mean of
A ii 4 o - 4 F .V
daily means o hourly rew or filtered data.

Year Month Unfiltered Filtered Percent difference
&4 5 2,13 252 -0.2%
o4 6 3.73 373 0.1%
89 1 10.58 10.55 0.3%
89 2 10.72 10.66 0.6%
39 3 3.21 318 -0.8%
89 4 1.33 1.33 0.0%
89 5 423 4.23 -0.0%

SURFACE SALINITY VALUE

The relationship ot surface to bottom salinity is not simple. At = bottom salinity of 2 ppt,
surface salinity is constrained 1o 0-2, However, this range includes a wast part of e
estuary. We have used the available surface and bottom grab sample data o estimate
stratification and its dependence oz flow for a bottom salinjty clcse to 2 ppt.

We used t¢ clats for surface ancl bottorn salinity for all points (DFG, USBR, and USGS dizita}
where bottom salinity 722 between 1.5 and 2.5. The difference between surface angl bottom
A=
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salim’ty has a weakly quadratic relationship with delta outflow soove 6300 ofe (r¢=0.50,
Figure 2). [t median value for outflow below that iz 0.24 ppt. Therstore an equatien for
target ce Inity, J.e. salinity at e surfzce corresponding to 2 ppt at the bottom, is:

S, = MIN { {046 + 7.87 LY - 033 LQZ}, 176, )

where Sy ie the surface salinity where the bottom salinity §s 2, and LQ s the logpp of
freshwater cutfiow s 7 r estuary.

SLprgyer, weing this elvalicn presented sericus problems at high Zowrs. The principal
problem 7725 that at high flows the target surface salinity was s¢ low that it iope with

d1 tanice was low a5 wrell, sinze the salinity i the Ivers is ébout 6.1-0.2 ppt. Trn's meant that
¢ predicted pos*non of 2 ppt became exczssively censifive wo the stratification. The second
probiem was C-ui at high fows, 2 pptat tnz oodei way downstream uiin: segward
coniinuous moenitoring station (56 km), oo its 2o 2oulzd be determined from these data

only by extrapclation, further exacerbaiing uncertainty regarding stratification.

We therefore decided 1o vse the median vaive of surface salinity for 2 ppt at the bottom,
and to use ficw 1o cetimate X; below 55 kan, As we will ghow, this resulted In = robust
estimate o X; when compered with t-e grab data.

INTERPCLATING THE SALINITY DATA

=2 objective o this exercise was o determire ¢ transform of fhe data that would linearize
onig salinity-distance relztionship at around the 1-3 ppt range, then inlerpolate 1o get Xp fox
2ech Jute. Linearizing was considered necessary for interpolation, espedially for *hose £me
p°r'ods when data were missing from stations in the required salinity range. Datz for this
&3 from the USER continuous "nomtormg cala at 6 lecabions, with the W3R Mallard
S]oug’w station (75 k) replacing the 77 ki station fr. 1984-1990 [Fipure 1). The 77 km
tation apparently was r.ot in operation aftar 1678,

Richard Denton suggested an exponential formulation S22 salinity at « given point vs, fle=w,
Zave Peterson suggested that the volume of estuary upsiream & & given station, to where
tidal influences czase, It an important variable in examining he distribution of salt.
Presurmably the rezscn is that longitudinal Cistersion depends o the size of the tidal prism
apstream cf the samnpled lceation,

Upstream volume s determined by trapezoidal intzgration of cross-sectional ereas of the
estuary determined from nautical charts at approximately T-km intervals, A more-or-less
arbitrary upstream end of the disirlbuticn wes c¢ on the Sar Joaquin R ver at the mouth of
the Mckelumne, at 112 river Xlometers, and at 100 kin o the Sacramento Kiver. Qualitetive
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sensitivity analysis showed that the exact value made itile difference o our ability to
Mnearize the dzta.

By solving a steady-state diffusion equation we get the following relationship:
b(5-8) =In(S,-Sp) +aQx / (K, A 2)

where S1s salivity, O iz river salinity, S, is <rear: sa1tity, a 1s & constant over distance
{which may vary over time, Q is freshwater flow, x ¢ distance up the estuary, K, {5 the
lengitudinal dispersion ccefficiens, and £ is cross-sectional area.

e made severy. simplifying assumptions i (2). Upstream salinity S, ic small (ca. 0.1 ppt),
g¢ 5 s eliminated for simplicity. C and ccear iz salinity are assumed constant. Ky is
pzLeveil fo vary as ¢ yolume upstream of the sampling station, o 22 13 replaced =y
volume. Then 2.z equation to be fitted for & pive:. date is:

InS}=b+ex/{V, A) (3)

~wirere band c are constants and V, is upstream voliine as daZnad above. In fitting the data
to this equation, 1: became apparent that including the cross-sectional area A made the =2
worsz, perhaps because Ky varies inversely wii: .. Therefore this was dropnel from the
equation. The resulting cuoves are illustrated vy a random sample of data from Inclividual
dates in several years (Figures % and 4).

e interpolated log; (S} vs. x/V for eact: date in the sumple series from USBR, which ran
from 1 October 1967 fc 30 November 1991. in scne cases we extrapolated, but did not clo 30
beyond 5 km from the nearest station. 0¥ a total of 8827 days in that series, we were able to
obtain 7794 values from the interpolation. In most cazes missing data arose =ither because
Xz was downstream of 56 km, cr because gaps appeared ir. data from a critica! station, Data
were interpolated separately for the Sacramento and San Joaquin Rivers. Data from the
Sacramento only were used when the value /] below 83 ki (since there was a station at 81
krn in ihe Sacramento, at about the coniluernice of the two rivers); when iz was upstream of
that point the wwo values were averaged. Given that there was only one station ¢x. each
river upstream of the confluence, these data should rot be used o make statermnents about
the differences in salt distributions in e 4o rivers, The result of this calculation was an
interpolated value of X, for the 7794 dates.

Dairy Drrrs OUTFLOW

The DWR Layilow imedel calenlates the water ol zet o ine delta o a Cafty basis using a
combination o g el 1o ungaged [niiew:, consumption 2. precipitation w2l the
cdelts, .l measured export {luws. The biggest uncertainty, particularly at . delta

A-5
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ouifiow, is consumption within the delta. The value used until recenily has been a long-
term mezn for ezch month, with daily values adjusted x vary smoothly from day v day.
However, actua! delta consumption varies from ¥ear o year depending on opping
patterns and precipitation.

DWR hag compuied revised estimates of delta ccnsumption cn ¢ monthly basis, We
corrected the daily Dayflow values by replacing the gross delta consumption with the
revised monthly values, converted from acre-feet per month fo ofs. We did not attempt to
smooth the values.

The log {base 10} of corrected cutflow was used in 21l of the models described below. There
were a few days on which net outflow was negzative, and the log of a negative number does
not exist. We inspected the X; data for those dates and found that delta outflow was being
underestimated. We thercfore set the value o7 ¢ g cuiflow “r those days 3¢ 2.5, equivalent
to a2 minimum outflow of 215 cfs.

FILLING IN THE GAPS

A-6
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Numercus gaps existed in the data set. Nearly all of these octurred when X; was clearly
downstream of the westernmost station (Martinez at 36 km}, so X; could not be determined
reliably. We filled in these gaps using = regression model ¢ the longest unbroken data
record, 15975-77, comprising over 7000 data points.

Numerous medels have been used fo predict salinity ot the position of a salinity value from
flow, most involvirg some sort cf averaging or lag term. Alan Jassby examined # number of
models containing sutoregressive terms 2nd lagged flow terms. The best model was also
one of the simplest: X; on any day is a function of log ouiflow on that day and the previous
cay’s valce of X;. This is an autoregressive model of lag 1 with an aéditicnal independent
varizble (log outflow). The model 's:

Xp (1) = 0,16 + 0,945 Xy (5-1) - 1.437 LQ ()

where Xz {1 and X; (+-17 are the 2 ppt positions at time t and 1, respectively, and LQ s the
legqp of the revised net delta outflow (daily mean, ¢fs). The R? was [1.986, and the standard
error of the regression wzs 1.32 km for prediciing each value using the previous predicted
(rather than actal) vaiue.

This moedel kas the disadvantage for filling gaps that the value at any time cepends on that
from previous times, so any errors could accumrtlate 25 the prediction moved further intc
the gap. Tc test for this in the worst cese, we calculated a regression prediction for every
day . the series, setting the starting point o caual the first measured value. The resuling
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prediction had zn error with & mean of J.06 km and 2 standard deviation of 5.54 km {this is
equivalent *= it standard error of “he regression), Note that the predicted values are
computed using no knowledge of actual X evcept for lhiat on the first day. Figure 5 shows
the vime course of ths residuals frem this regression. Although there is scues apparent
autocorrelation present, the residuals &re otherwise well behaved, with an approximately
normal distribution and no time trend.

The best regression based on flcwr alone, which included 29 lag terms in 2 polynomial lag
arrangement, 4.7  standard error of the regression «1 2.93 o7 the original et of data used
to establish "« model (A.D. Jassby, pers. comm.). - vr2v2:, thisiwcdel w71 much more
cumbersome = use than “he AR model, and did not use the available X; values at ezach end
of ile gaps.

Tidal range lagged 7 days was sliphity correlated with the residual from the AR model.
However, thie r? value Is small (<5%) et when ¢he predicted value is between 60 and 70
km, rhzn 12 23 12%. Since this would provide little overall improvement to ilie »-cddl,
since we will Loz monthly or seasonally averaged data, wz did o2 pursue this further. In
adatiies, s o this tidal signal ool arise from e sz oF Cally mzi data (see above).
The papre i e data record wizre 1zl in 2y using the autoregressive =:.c: 2 stepwise 10
predict cecl' 7: oz in tumn. - o wever, this generally meeuiied in eliadively large jumps 7= Xp
from (l:¢ 1:5: value in each gap to the next measured velue In principle each X, walve
5.l be 2.1’ correlated to the sureecding value as to ‘lic preceding ~z12=. Therefore
we forecast ¢ data in J-¢ gaps in both directions: working forward from the last known
7:o.z, and working backward from (.o first o wn ralue following i-c gap. Bach value was
“I'er calculated as a sr2ighta<mean of {"e {370 calculated forecasts, ¢ weighting factor
Zelvey s wine T oty between the individual date and the previous or following known
rabaz, The resulling viics varied sucothly at either end of e gaps.

Figures £ through 11 show -‘c'[;ae vajues of the interpolated clata, the valves #Ulied fras
described above, and the values determined by the autoregressive model starting at the
beginning &7 the entire time series. The latter regression reproduces general patterns wel,
b dezs not appear as el in 2 in guong as e method described above. Of 4 total ot
8827 cleys ol data, 1033 days or 12% were 1wissing (Figure 12), tnusty because high flows
pasned Xg downstream of S oy seaward monitoring station.

MoN1nLy AN SE.SINAL MEANS, ANC RELATIONSHIP TO FLOW

Onee the filled-in claily values of X; had been obtained, we calculated values by month and
by season. Monthly 7zl.i25 (Figure 13) varied =71i- ‘ow 22 2ioc been observed before, ard
I regression iz was cleee to that obtained previouniy (Williams and Flollangh, 1987)

The ies: regression to predict monthly X; was structurally Dz sarve a8 St for illy values:

A-7
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X () =122.2 + 0.3278 X, (2 -1) - 17.65 LG [Qppyy (D], 3

where t is now in months. The R? value was .95 and the standard error of the estimate was
2.30 km. The standard error of the estimate for pradicting the gdre time series from flow
and the first value was 2.45 km. This regression has a tight fit with no obvicus cutliers or
departure from lineanity (Figure 74;. ¥ the ’acr term in X; is removed by assuming steady
state and setting X; (£ = X3 (t-1), e slope of <z relationship with log (Q,,;,) 15 -26.3.

Although there may be a slight nonlinean’fy in the response of X te £ in Snisun Eay
{around €0-75 k), using a cubic soling curve 1o i the data did not improve the
predictability substantially (A.ID. Jassby, pers. comm.). Therefore, the Yinear formulation is
iZ& best estimate of the relationship between flow angd X.

Seasorial mean values (Figure 15} show scmewthat lower variability in summer (July-
Septemnber) than the other seascns. Except during droughts, when X has been high in all
seasons, winter values generally fall below 70 km and autumn vatues below 50 xm, while
summer values iend o exezed 80 ki inost of the dmre,

Thz frequency distribution of monthly mean values {Figure 16} shows that upstream
maxima are about the seone throughaott the year; that is, drought conditions can cecur in
any month. The medan, other Dercentiles, and minimum of the monthly mear values are
variable throughout the year, with highest values oecurring in sumimer.

CCMPARISON WITH PREVIOLS ESTIMATES

A-8
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Crab sample data used in estimating stratification {CTFG, USGS, JSHR) were ziso nsed in
« comparison of the predicted daily mean X, with grab sample vaives. This comparison
reveals & large arnount of scatter and apparent bias at values of X; above about 8 kmn
{Figure 17). Below 80 ki the residual is not significanily different from 0 {i-test), while at or
above 80 km it averages 2.920.6 km {mean = 95% CL of the mean). The scatier may be
largely due 1o the effects cf tidal variation, while the bias could be due to the common
practice of sampling while attempting to follow the high tide upstream.

Additoral grab sample data were cbtained from Jim Cloern (USCS, pers. comm.), and
from the CDFC midwater irawl data. The Cloern data comprised bottom samples for
salinity taken < a series of transects up the North Bay. To ge: the data ' the corect format
we inlerpolated linearly between adjacent staticns, using only those series of sampies from
the ncrth bay in which botiom data were faken. We oblaired times for the same samples
and used these In a fidal predicton program i gei an estimate of tidal height. The time

was increased by three hours 10 2zzcunt for the ¢ifierence I phase ’oemcer the Zelclen
Cezie and the north bay, and the difference between high Pieand sizck Lood; both of these
were estimated from a buok of tide =bles.
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Figure 18 shows the relationship between Cloern’s grab sample data and daily X, data. The
standard error of th.e estimate was 2.8 <o, less than that for the predictions &f X, from daily
outflow, and <he gloze of the regression was not signiZesntly different f=om 1 (p>0.1). The
difference between the mean grab saov.ple and X, data was not significant (paired-sample
t-test, p>0.1). Note that the apparent cutliers - Figure 18 generally occur at - & tidal
values, with the ¢igr i & direction consistent with the sign of 1= residual. 1z, other words,
correcting for tidal stage at the time of sampling would have tightened the fit of these

data further.

The CDFG MWT data consisted of monthly surface salinity values from about 85 stations
Ly September-December from 1967-1990. Data were prepared by Steve Obrebski (SFSU,
e coonun) for o different purpose. For each cale, tha vall 2 for each km o? distance was
either taken from I ¢ station data or interpolated linearly eiwes i ¢ nearest staticns. Data
wrere duen smoothed using & 9-point urning mean, and Wi peint with surface sz ity
clesest to 2 ppt v selected (note that this should be o' ghy upstream s X,). The
relationship setwzzn this estimate and X, (Figure 19) had & slope not significantly different
from 1 (p>0.05) and « standard error ¢ the estimate of 4.0 km, provided e cwo 2ol
be.uw Xy=56 km are deleted. These puin:s are 2 & range of X at which £ow shywld
rredece significant stratification (ie. logo(Q,,,)=4.86; see Figure 2). At this point, the
position «f & giveu surface salinity is a poor predictor cf X;. Note also that the horizontal
difference Letweer Xz and e pusition 0! 2 wo: at i surface s losu i the varability o
these data.

CONCLUSIONS

The current X; estimates provide a value Z-at i3 ¢zxily determined from e dag sé whose

residuals appear well-behaved. The differences zeuwasz e baii estimates 230 other wilies

(i.e. pmevicis estimates 1< grab sample data) ere explainable, Thug this davu setis probably
adequate for setting « salinity standard.

The =cde could be improved in several ways that are probably not warranted .27, First,
< small by significant tidal effect ooul.d be included. Second, it 73 evident from Figures
6-11 that saue hysteresis may ex!st in the signal; -at is, ©*¢ response o a declining flow
differs from that »= an increasing flow. Furthermore, there appear & bz differences in
response at high and low flows, w0 the extent that these are observable with the present
2z set

Based on thie regression of monthly X to Loy saslow (Figure 13), e steady-state outiloss
necessary to maintain & given X; can be readily determined (Table 2). Moving X5
downstream zy & lar. from 2 point ir: this range requires about z -fold increase in outflow.

A9
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Talle 2. Flvi requiremenis for sleady-stafe Xy values fror €0 to 1Y kers from the Golden Gate, based on
regressiont i Figure 13,

Water required,
X Cutflow, cfs million acre feet/month
60 43000 2.60
65 28000 1.67
70 18000 1.08
75 12000 0.70
B 7500 0.45
85 4800 0.29
5C 3100 0.19
95 2000 0.12
100 1300 0.08
105 240 0.05
110 540 0.03

An important canseguence of the nonlinear relationship of X; io delta outflow is the
asymmetry in waier requirement implied by Table 2. & change In X; takes the same
proportional charnge in Cow at eny indtial pesition, but the actual guantity of flow can vary.
Ferexaznple, it takes 18,000 acre-feet of water ver month w0 rmmove X; downstream from 110
v 105 kzry, and 921,600 ecre-fees per month <o move i from 65 to 60 km. This has serious
implications for management: kesping X; at precisely the position sef by the standard will
aiways cost _ees water than allowing Iz 30 =c vz about that position. Since orie of the
recommendations of the workshop is 2o alcwr Jor variability, it is important that £
standard e selin such & way 25 1o prevent ccrnstancy & position.

R=EFERENCES

Ve, P.B. and 1.T. Hollibaugh. 1987. < salinity s2andard v maximize phytcplankton
abundance Uy positioning the entrapment zone in Suisur: Bay. Phillip Williams &
Associates Report MNo. 412-4




FIGURE LEGEND

Figure 2. This map of the upper estuary displays sites of the continucus monitoring stations {triangles)
within the study arex, and indicates kypeihetical positions of a 2ppt ischaline measured at 5 kilomeler

increments upstream from the Golden Cate Bridge,
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BOTIOM - SURFACE SALINITY

Figure 2. Difference between surfoce and botion: salinity for grab sample data for which cottem salinity
was 1.5-2.5 ppi, vs. Teg net delia culfiow averaged over previous 30 days. The regresefon line s g
guaaratic zelgfionshiy with log (U, constrained to o minimum of 0.24 ppi.
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LOG,, SALINITY, ppt
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Figure 3. Representative continuous monitoring iaia used in inferpolation. The dats have been
straightened out 12 the degree pessible by log-transforming salinity and converting the distance measure
to distance/upsiream volume,

RANDOMLY SELECTED MONITORING DATA
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LOG,, SALINITY, ppt

Figure 4, Another examyple as in Figure 2.

RANDOMLY SELECTED MONITORING DATA
1 1117/72 2:11/20/73 3:11/28/74 4 7/29/75 5: 4/23/76 B: 2/26/77
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RESIDUAL ERROR, km

Figure 5. Residuals from autoregressive (AR) regression to predict daily X,, caleulated using the
interpolated values.

DAILY RESIDUAL X2 ESTIMATES
INTERPOLATED VS. AR MODEL (WITH LOG Q)
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Figure €. Time series of X, estimates, including the interpclated values, the filied values, and the values

from the AR model.
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X2, km
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Figure 7. Time series of X5 estimates, including the interpolated values, the filled values, and the values

from the AR mindel.
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Figure £, Time series of X estimates, including the interpolated values, the filled values, and the values

frem the AR model.
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Figure 8. Time series 3f Xy estimates, iscluding the iterpolated values, the filied values, and the values
Froms the AR model,
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X2, km

Figure 20. Time series of X ectimates, including the interpolaiad values, ine filled values, and the values
jram the AR model.
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X2, km
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Figure 11, Time serfes of X5 estimates, incluging the interpolated values, the filles values, and the values
from tne AR model,
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Figure 12, Freguency ois'rit whon of wissing duata i the interpolated ceries.
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Figure 13. Monthly means =f Xy nlotted against mean Q,,, for the same mexnih. Sclid line, geometric
mean regression; dashed line, equation of Williams and Hollibaugh (1987 Figure 23).
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PREDICTED X2

Figure 14. Monthly means of X3 wa. values predicied from monthly AR model wwith ficwe
(} el sictistics shown),
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X2

Figure 15. Seasonal niean values of X3,

SEASONAL X2 ESTIMATES

NEW DATA FROM USBR MCNITCRING STATIONS

85

55 60 65 70 75 80
CALENDAR YEAR

85 290 95

—— JAN-MAR &~ APR-JUN -=— JUL-SEP

s QCT-DEC

A-25

D e laa




-ATE

.-
ot

~2, km FROM 30LDEN -

B e

Figure 16. Maximum, minimum, and quartiles of the mean Xy for each month during we:
1568-1991.
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Figure 17. Analysis of residual of grel sample data »s. X, from interpolation. Grab samples were taken at
salinity of 1.5-2 %, except for CDFG surface samples which were a salinities of 1.76 £ 0.3.
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<“RAB SAMLE DATA

A-28

MU pasna R A

+ Figure 13. Grab sample daia from Cloern (pers. comm.} vs. X data from interpolation, Numbers are tidal
height estimated ab Hime of sampling. Solid line, 1:1; dashed Yine, geomeiric mean regression.
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RAB SAMPLE DATA
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Figure 19, Grab sample data fraws COFG MWT data set vs. X, data from interpolation. Solid line, 1:1;
dashed line, geometric mean regression. The fwe puints indicated by squares are below 56 kon and are w2t
included in the regression. '
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INTRODUCTION

B-2
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The term haditai indicaior Is vsed Lere 2o mean an enviroaments] aftribute that is well-
defined ang messurable, and that cas be used i characierize the suitability of
environmental conditions for & population, communiiy cr ecosystem. This definition
corresponds to terminclogy used in the USEPA Environmental Monitoring and Assessment
Program (EMAF; and the determination of useful indicators s indeed one of the major
goals of that program. Habitat indicators are of particular interest for the San Francisco
Estuary because of siriking Iong-term trends and interannual variability in the levels of
many esiuarine populations. Tre simwitaneous declines in many truly estuarine species
Fuzgest that thEy are responding to common stresses, and the guestion naturally arises < to
whether inz ¢r a small number of habitat characteristics can serve as an index of the net
effect of these stresses.

Salinity is of ccurse = critical fazior for estuarine crganisms, and much of their distribution
cah >¢ understood in terms of their szlinity tolerances. But the salinity field also embodies
other information, such s the size of freshwater inflows into estuaries z-¢ the location

cf turbidty maxima in which planktonic orgarisms and detrital particles may become
concentrated. Simple characterizations < the salinity field are thus prime candidates for
cstuisring habitat indicators. Hoers, we suarine the Jocation of 2 Ppt botom salinity 2.5 4
habitzt indicator for the San Franclseo Estuarv. —hls particular pos-it{on, denoted by X2
anc measured as distance from the Solden Gate, was chosen in large part or: the basis of
dziz availability, X2 also has some ecol logical justification, however, as it is ofien
associated with an Important nursery area (Suisun Bay) and the location of zr. estuarine

furbidity maximum,

The essessment of X2 presented here consists of two separate parts. First, we portray the
ernpirical relationships between several biological rescurces in the San Francisco estuary
ans X2. As s widely understood, statistical relationships are not proof £ causal
Lo*mechms, end it is not the intention of this report i suggest that X2 isself o7, more
generalty, the saiinity feld conirols biclegical resources in the estusry. Rather, the
Darh..ulau hypothesis investigated here Is that X2 can serve esan index of {hose habitat
reracierisies that fo underly the variebility in biological resources. This hypothesis is of
interest because cf the well-defined nature of X2, iis relative ease of measurement, and the
existence of a historical database. As will be scen, 2 has significant and pervasive

relationships with populations &% all trophic levals.

Second, v examine how other varizbles vu.or 25 diversions can affect the above simple

re!aﬁonsHips betwesen X2 and various biclogical resources. Predictions or standards that are
zezed on L7 slune may give ervonecus resulis ¥ additional variables not highly correlated

with £2 e ve large enough effects. = order i explore this possibility, we examine 2 model
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that incorporates X2 plus an additional vzriable. We show that *he additional variable has
profound effects.

EMPIRICAL RELATIONS BETWEEN X2 AND ESTUARINE RESOURCES

The associations between estuarine resources (e.g., longfin smelt abundance) and
environmental factors siicln as X2 a7o expressed here using generalized Iinear models, b,
as the name iniplies, are Fexdle extensions of <lzssical linear models MeCullzgh and
Nelder 1989). If Y is ihe response variable, the Z; are predictor variables, -l E(Y)=p, &
generalized linear w00 21 takes the icllowing form: :

r
gw=o+ 282,

where ;- L¢ the Iink function describing how trz mean depends on the linear combination

of predictors, and & and the f}; are constants; ¢ can be any'mc-notonic differentiable function.
The dependence cf tlve variance of Y 1 tl.e mean jt s specified independently o the

link function: '

Y =‘¢V (),

wiere V is the variance function and 4 is known as the dispersion parameter. 1 V=1uard g=1,
ihe identity function, iie model is equivalent to a classical linear model. The models are
estimated =y maximum-likelihood, using 2 iteratively reweighted Jeast-squares algorithm.

The response variables were chosen =0 that populations at 2 number of trophic levels would
be represented. The predictor variables wers determined as follows: Fur each biological
resource, @ specialist was consulted ta recommend the averaging period over which X2 waus
likaly tc be related to the resounrce. 'a the czse of longfin simelt, for example, the average of
X2 for the period February-May was used. These periods were chosen cni the basis of the
biclogy «f the resource in question, not by trying i optimize svine statistic. The variables
used, observations available, and sources for the data for ezch model are summarized in
Table 1. Where noted, the observation corresponding e 1983 flows was eliminated. [n these
cages; a significant portion of the population may have been seaward of the sampling
stations, 200y a1 underestimate of 7 ¢ annual abundance.

B-3
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Tedle 1. crise variables, assceizted predivior verinbies, observations socilihlz, end dote scurces.
r
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Respomnse X2 Period Observaticns Scurce
POC supply in Suisun Say, Jan-Deg 75-89 Herbold et al 1992;
annual primary production plus &, jassby, J. Cleern
river load of aigal-derived and T. Powell,
FOC{Ggyrh unpubiished MS.
Neownysis mercedis, Mar-Nov Mar-Nov 72-33% DWR?

abundance index (no.)

Crangon franciscerym, annual Mar-May 8299 DFGF
abundance Inclex (no.)

Molluscs . Grizzly Bay, annual 3-yr everage 81-80 DWR
abundance {no. w2 Jan-Dec
Striped bass egg survival, 38 mm Apr-Jul £5-32, DFG
index: Peterson egg preduction 84-91
Starry flounder, annual Previcus year  80-914 DFG
gbundance irdex (ro.} Mar-Tun
Lengfin smelt, annual Jan-Tun $8-73, DFG
abundance index (no.) 75-78,

80-91%
Striped tass, fall MWT Jul-Nov £8-73, DFG
index (no.) 75-78,

80-91

#1883 intentionally omitted
bealifornia Department of Waier Resources
CCalifornia Department of Fish and Came

Because ¢f the small amount of data aveilable (number of observations n € 22), models
requining estimaticn of more than 2 parameters (aside from the intercept) were not
corsidered. 7o each rescurce, two types of models were estimated: (1) tsing 77 alcne,
averaged over szine suitable peried, and (2) using a natural spline in ¥2 with 1 interior knot
{2 degrees cf freedom). Cenerally speaking, & natural spline is superior to a polynomial for
representing nonlinearitiss; witl, the few degrees of freedom permitted here, however, the
difference between the two sy be unimportant. If more than cne model was “well-
behaved” (each coefficient individually significantly different frorn zero and residuals
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consistent with model assumptions), the final model was gelecied on the vasis of the AIC
statistic (Hastie and Tibshirani 1990).

“Teresults for each biologlcal resource are summarized i Table 2 and in Figs. 1-8. All
models are well-behaved in the above sense. The data demonstrate that siziple and
statistically significant relationships exist between X2 and Ticlagicz] populations at many
trophic levels. Moresver, the supply of energy ¢ the base of the fcod web, 25 represented
by phytoplankton carbon, is a’so asscofatad with X2, Excepe for molluse density in Grizzly
Bay, all responses show z decline as X2 increases, i.e., as flcws decrease. 14clluses exhibit an
inwrease at extreme values 0! X2, whether high or low.

Table 2. Summary o] relationsikips betwez:s: resprase variables V and X2: n, number of vbservations; g, link
function; V, variancs function; df, degress of freedom for 22 in model (1=lingar, 2=natural spline with i
interior knot); v, multiple co rrelatmn between Y axd the pradizicys.

Y n & ¥ df T
Phytoplankton POC 15 I 1 1 85
Neomysis 16 I T8 1 79
Crangon 11 1 1 1 91
Mollusos 10 I B 2 80
Striped bass s_ovival 22 1 1 1 62
Starry flounder 11 -5 11 ¥ 92
Longfin smelt 21 2 i} 1 B6
Striped bass 22 : 1 1 2 B4

Although the causal mechanisms un:lzlyiing Siese associations are 7ot at ‘sz here, the
distinctive response of l:e mollusc community decerver a iew comments. Persistent Lipl.
wizs of X2 (persistent low flows) permits wre celerizator of Sulsn Bay oy marine
benthic macroinvertebrates. In times past, the wuzir, sclerizing siecies wes Mys arenarig, ol
this role .zs been usurped by the invader Potamocorbula amurensis Jurirg the current
drought. In a similar manner, persistent low 7:i123 of X2 (persistent =g’ flows) leads to
Kerizder by freshwater benthic macroinvertebrates, particularly Corbicula fluminea, The
net effect ci* il'ece “high-density” eolonizations from "¢y t'z seaward =i landward
directions under pety 5 i lesy or Ml fow, respectively, 13 2 intoomoin molluse
<lznsiry at intermediate values of 22 (Fig.4).

X2 ix clearly = viable candidate for i.iexinyg estuarine habitat conditions. In addition to its
we_~Celned and measurable nature vl its interpretation as a1 indicator of “1e salinity
tield, it ~ag o pervasive and clear relationship with many estuarine biological properties.
Relationships exist Letween X2 and an important component of the foud web bese i Suisun
Bay {phytoplankton POC), zooplankton consumers (Neomysis and Crangon), = major group
¢t benthic consumers in Suisun Bay (molluscs), bottom-foraging fish (starry flounder), ..
buingoovivel (striped biss and abundance (longfin smelt, striped bass) of fish that feel in’
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the water column. The siatistical significance of these simple relationships 2. {le wide
variety «¥ trophic levels Involved reflects the abilify of X2 to act a¢ a surrogate for the =Xz
of ne: celte v ¢ and other hydrodynamic variables. '

Relationships veowezn nizi delte cudicw aind estuarine resources can also be demonstrated
and, considering che close association between X2 and ret delta outflow, these relationships
may be 13 pervasive ae those with X2, Cre corld expect, however, an advantage to using
mensired values of X2 compared to net delta outfiow. The latter has high uncertainty,
particularly at low flows. The more noise In the predictor variables, “e weaker the
apparent relationship betwzen the respense and predictors; we are thus more likely to
discover subtle relaticnships when using measured X2 than when using outflow. [n this
report, i X2 velues are determined in per: from : time series modeld relating X2 to log
outflow {see accompanying issue paper by Kimmerer and Monismith}, so the difference
betweer e twe data sets may not be pronounced. Aside from the postulated differences in
uncertainty for the oo variables, the ime serics model demonsirates that X2 incorporates
lag effects o puiflow. In principle, then, the relziicnships with other estuarine resources
may be detter for X2 than for outflow, cr vice-versa. An explicit comparison has not been
made, but should be Coune.

EFFECTS COF ADDITIONAL VARIAELES

&2 i3m0t the ondy variable affecting estuarine resources. The previous history of the
regpurce, as well as other environmenial forces, may exart seme influence. Although the
> evidsnee that X2 summarizes estuarine conditions for many

sznpirical relationships ¢
resources o interest, they are rot necessarily adeguate for Yorecasting purposes in their
present forin. B : true that some of Tzt other varisbles are correlated with X2,
particularly hydrological ones such as fraction of water diverted (DIVER), It is nof true,
kowever, that these correletions will remain infact in the future, particularly if the estuary is
managed {0 achieve & certain 22, Furthermore, some of these variables may not now be
correlated with X2. We ilerefote have to examine the implications of these other variables.
Relationships that acknowledge only the inflvence of X2 must have some predictive value,
as evidenced by the previous discussion. The apparent relationship between 222 and an
estuarine resopurce may charge, however, when other imnportant variatles are explicitly
included. s shown in what follows, the choice of a “target” X2 level can change as well.

<r: our examrple, striped tass survival index {38 mm index: Peterscn egg production) is the
responise variable. This variatle should be independent of the population’s past history, and
s0 we exclude previous values ¢f the index from. the set ¢f predictor variables. In addiiion
o X2, DIVER, the fraction of total inflow diverted, is used as a predictor. In practice DIVER
iz correlated with X2, but it Is nevertheless an independent mechanism i principle.
Whereas X2 affects 2 sueceptibility of & pepulation to entrainment, as well es its food
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supply and other environmental conditions, DIVER represents the relative infensify of
entraining forces. Cn the basis of DFG recommendations, «n averaging period of April-July
was used for each of these variables. Because of the small number of data points, no
additional predictors were considered.

The nature of the relationship a5 explored with gencralized additive models (Hastie and
Tibshirani 1990). These zre & extersicn of generalized lincar models in which e effects of
individual predictor variables are additive but the form of =ach effect is relatively
unconstrained and determined by a smoothing of the data. I£ore formally, (1) and (2) are
still appropriate but tr.¢ Z; are replaced by f(Z)), where the f; zr= functions determined by an
iterative smoothing process. Once a for=n has been established for each effect, the individual
eifiects can -e parameterized and theie significance tested in more conventional weys, When
applied 10 the current problem, the analysis suggested & nonlinear effect for X2 but : more
<r lesg linear one for DIVER (the middle two plots of Fig.9): the X2 effect was unimedal
with a peak between 75 and 80 km, while DIVZR Zu:l a monotonie negative effect. Maximal
survival is therefore attained when X2 is situated approximately in Suisun Bay, while
DIVER is deleterious o survival at :’]1 values o DIVER. Both forms are consistent with
existing views on the aztnal mechanisms at work. 1 this analysis, the link function was
taken " be g = log, arcl ile variance function V = .

< order & quantify the dynamics in more familiar terms, a classical linear model was
constructed using the generalized additive model results 23 2 guide, The response vrzs log-
transformed and the nonlinearity in X2 wzs represented with a quadratic term. The
diagnostic onze again sow consistency with the underlying assumptions (Fig. 10) and the
model produces a convincing fit, except in 1980 ar.c 1982 (73.11). Note =:at the coefficients
are _r.-lividuuliy significant at the .05 levei (Table 3). The multiple correlation coefficient
between actual survival index and the predictors 13 r = .71 (p<.001), compared 10 .62 when
X2 alone I3 Upzi.

"¢ see the effects of n additional variable (DIVER) on the choice of .22, consider the model
of Table 3:

]nst a +31X:+82X +ESDI

where &, = striped bass survival index, X, = /22, D, = DIVER, ¢ and :h2 B; are constants, and
f denoizs the year. 1 we wish to ensure that

where §,,,; is the Jong-term median survival index, then %) 2 {47 imply it X, must lie
within the parabola (Fig. 12);

Dy=-~ {EZXtZ + 81X + (@-1n§, ).

!p._-
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Table 3. Lineer model of log siriped bass surcival index. R = 64, residual standard erver 5 = 0.56 on 18 df.

Term Coefficient + SE t Pr{=1t1)
1 {intercept) 38+ 16 2.4 030
Xz 1.0+ 04 2.4 027
xa2 Whd 25 x 108 -2.6 L20

DIVER =25+ 1.2 -2.1 051

Ome obvicus implication is #hz: too high £ X2 can be harmful to survival, a feature not
present in a single-predictor ricdel using only X2, Alse, when diversions are low enough
(e.g., DIVER < 0.3), survival is high even when X2 iz upsireamn of Snisun Bay. On the cther
hand, “ur DIVER > 1.6, no X2 position can ensure high survival. If we used a single-
predictor meded, we weuld have deduced that 73 km is an appropriate threshold value for
attaining median survival. According to the analysis here, 73 km would have been too
stringent a requirement in 12 ¢7 the year and no reguirement would have been effective in the
remaining years except insofar s it fereed DIVER o have been lower. Noie that any
thresheld lower than 78 o Is unnecessarily stringent, according v this medel. The effects
of including DIVER in the model are thus profound.

CONCLUSIONS

L TR Praw L PPy ——

The location of 2 ppt bettom salinity is closely associated with the population size of
estuarine organisms at all irophic evels, as well as with the supply of organic matter to

e food web from primary production and riverine loedirg. In principle, forecasts of

these population sizes must also take into zccount additional variables “cr the most accurate
setling ¢f standards. '

More generally, X2 -a¢ many properties that render it £ suitable -aiiaf indicetor in diverse
estuarine systems. Althotgh e necessity o zailczation for each estuary and the need for
mere than ¢ single annual sample appear to be 2v 28ds with EMAP requirements fo- habitat
indicators, it has not yet been demenstrated that these requirements are realistic for
estuaries. Temporal {and spatial} gradients z=e unusually intense in estuaries compared to
other ecosysiems and interannual variability in the seasonal pattern is also high, X2 at least
caT: o8 measured with sgme ease on a seasonal basis. Furthermore, although we have
emphasized here the mean values of X2 during specified perieds, it may turn out that the
variance and higher moments also contain valuable information about conditions for
esfuarine populations.
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FIGURE LEGEND

Figure 1, Supply of particuleiz organic carbon (POC) to Suisun Z1y from phytopleniton production and
riverine loading of algal-derived particuizte matier, compared iv annual average X2,
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Nsomysis abundance

Figure 2. March-November abundance index of Neomysis mercedis,
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Figure 3. Annual abundance index of Crengen Srancisceram in the San Francisco estzary.
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molluscs (#/m2)

® ®

Figure 4. Annual abundance of molluscs in Grizzly Bay, compared to Xy averaged over the current and
previous :wo years.
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triped bass survival

"
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Figure 5. Survival of siriped bass (Morone saxatilus) from egg to adult (38 mm index; Pelerson
egg index:).
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starry flounder abundanca

Figure 6. Annual abundance index of starry flounder (Platichthys stellatus,.
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Figure 7. Annusl abundance index of longfin smel? (Spirinchus thaleichthys).
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striped bass mwt index

Figure 8. Siripad bass (Merone saxatilus) fall midwater trawl index.
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Figure 9. Diagnostics for generalized adzitive model of striped bass swrvivel index with g=lcgand V=1
iop panels, resporse and absolute value of residuals vs. fitted values; middle panels, partial residual plots
for the iwo predictors X2 and DIVER; bottam panels, time and box plots ¥ residuals, "Response” refers to
*he actual vaise of the fndex, nint fts tramsTovmied value. Note rvat residuals increase with the fitted values,
in conformity with the varance function. '
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Figure 10, Diagnostics for linear model af siriped bass survival index (see Figure 2).

STRIPED BASS
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Figure 11. Linear mode! of striped bass survizal index: (A) Response s, linear predicior; (B} Response

and fitted values vs. year.

survivatl indax

sutvival index

0.6

04

0.2

0.0

STRIPED BASS

method: Im
formulz: logish.egg.sov) ~ x2.apr. jul 4+ X2 aprjul*2 + civ.zprjul

linear predictor

vear

109072




'median survival' X2
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Figure 12. X2 needed to ensure median survival 5f s :-'ped bass, as a furction 5f DIVER. Status for
ineividual years also indicated on the plot,
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SUMMARY

We surveyed the literature ard began to document ecological evidence of salinity changes
in tidal marshlands of the San Frandisco Estuary. 7o examine the ideas presenied in the
literature, “ve conducted & survey of vegetation in the field. Our survey focused on recent
changes i the svatial distribution ¢f common plant species of the shorelines and channel
margins of brackish tidai marshland. In order of decreasing tolerance to szlinity, these
species are California cordgrass (Sparting folivss), elkall bulrush (Seirpus robustus), and tules

(Scirpus acutus). = addition, we conducted 4 synopiic survey of tule stature for this year
and _ast to assess the response of vegetation to interannual variation in salizity regime.

There is abundznt evidence t© suggest that ¢ ecology & tidal marshlands in the Estuary
has been affected by regional increases in salinity. A continuum of ecological effects has
been cbserved. Extreme responses have involved aloss of glycophytes, especially tules, in
the Lawer intertidal zone, and their replacement in part by halophytes, especially cordgrass.
Lesser responses have inciuded the replacement of sume tules by aikali bulrush. Minimal
responses have involved decreases in the stature of tules, especially near the downstream
limils of their estnarine distribution. The pattern of vegetation response observed in the
Suisun Marsh Artea was confirmed by the similar pattern cbserved aleng the Nape River.

These similarities were apparent despite lova? influences on water quality.

There is little or 110 evidence o suggest that regional salinity has decreased. Although the
stature and relative abundance of some plant species, especially tules, have protably
increased during years of abundant freshwater input, (o overall or net changes in plant

gpecizs distributions sirongly sugeest a1 upstream Jricrease in salinity a8 seced by sea
&7 ¥ P ¥

level rise, drought, and regulation of river inputs.

Experimenta! tests of the relationsnips between agueous salinity and the stature and
distribution ¢f major plant species, with further irvestigation of estuarine transgression and
related ecological succession, are required :o validate our preliminary findings, and to
determine the relative influences of natural versus regulated changes in salinity regime.
Based upon such research, the response of vegetation 0 salinity changes could be
represented as mechanistic models to prediet the ecological effects of sea evel rise o

chiznges in throughpuis of river water.

STUDY OBJECTIVES

C-2
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The purpose ¢f this study was 20 examnine the response of estuarine marsh vegetation to
chatges in salinity regime, as required o develep scientific rationale ‘o estuarine salinity
standards. The findings are presented in three patis: (1) a review o# the pertinent literature
and data bearing cn the response of tida] marsh vegetation to changes in salinity, (2) new
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field studies of correlations between salinity and tidal marsh vegetation, and (2}
conclusions and recommendations about using vegetation ‘o monitor the ecological effects
of salinity changes.

PREVIOUS WORK RELATING 720 THE EFFECTS OF AQUEOUS SALINITY Ot
TIDAL MARSH VEGETATION

{(1.1) THE IMPORTANCE OF TIDAL MARSHLAND AND 75 VEGETATION

Since he e of California statehood, about 85% of . historical amount of marshland
downstream of ¢ Delta I"zs been destroyed by conversion to agriculture & urban landuses
(Dedrick 1989). The regional citizenry vecognizes that tidal marshlands are critically
important for {re suooglesl health o) the regien and expects government to restore ard
protect tidal marsh resources.

Numerics studies huve established that tidal marshlands can have significant geomorphic
and ecological values in a regional context, including flood control, shoreline stabilization,
sediment entrapment, water quality improvement, 21 food chain support for aquatic,
semi-aquatic, and terrestrial plants sl animals (e.g., see review by Sather and Stuber 1584,
Zedler et ol. _255, PERL “930). ke “Status el Trends Reports” for dhe Estuary (ABAD &
e, 1¢¢74, Herbold et al. 1952, USFWS 1992) indicate “ruit more species ¢ fish, mammals, and
birds of spacial concern ije,, species that are endangered, threatened, or proposed for such
status) are associated 77ith tidal marshlands than any other habitat type of ¢ region.

Vascular vegetation plays a major role in the evolution of tidal marshlands. They evulve
from intertidal mudflats i/hen supplies o water and inorganic sediment are suitable for
Plant colonization. During periods of rapid sea .eve: rise or river flooding, the frequency
and duration of inundation uud hence e muce of sediment delivery ircrenses, Accretion of
ihie youthful marshland depends upon the entrapment of sediment by the pioneering
vegetation. As tidal marshland matures, vascular vegetation plays an increasingly
important rele &5 the source of sediment tc maintain marshland elevations, relative to the
tides. Youthful tidal marshland s relatively low and inorganic, whereas mature tidal
marshland is relatively high and 1.0r2 organic. The tendency of plants tv maximize
production maintains the mature marshlands near il.¢ upper lmit of the local tidal range.
Tidal control of habitat conditions for marshland plants prevents ilie evo_ion o
terrestrial conditions.

Dynamic interactions between vascular vegetation and Z-¢ *¢v of tidal water maintain
tidal marshlands. Although the tides ultimately control the distribution and abundance of
intertidal plant species, plant growth controls the distribution of tidal energy and the rai2 of
geomorphic work conducted by the tides, especially near the upper limit of the tidal range.

Lg% )
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The plants strongly influence the quality and quantity of habitats for themselves and for
many resident species of native wildlife. Tl-c ecological vetues and functions of tidal
marshland &-e therefore largely determined by the sz fure of the plant community.

(1.2) THE IMPORTANCE OF SALINITY

C-4
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2 iz context of an esiuary as a whole, including its landward transgression over Hme, the
siructure of plant communities in tidal marshland is sirengly correlated ‘o salinity regime
{Meyerson 1972; Atwater and Hedel 1275, Harvey & al. 1977; MacDonzald 1977, Mudie and
Byrne 1980; ABAG et al. 16%7). The gbvious correlations between species distributions and
salinity at these large scales of space and time account for the rather casual designations of
saline, brackish, or freshwater estuarine zonies. Most intertidal plant species chow
continucus spatia’ and temporal disiributions along the salinity gradient of an estuary,
however, with shifts in sympatry or allopatry among species. The boundaries between
salinity zones are therefo