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Hydrodynamic Influences on Interannual Chlorophyll Variability
Alan Jassby, University of California at Davis

The estuarine environment for phyto-
plankton is highly variable, ulti-
mately reflecting the hydrodynamic
variability induced by streamflow,
tide, and wind. Collectively, these
forces operate on many time scales,
from hours in the case of semidiurnal
tides to years in the case of stream-
flow. The longer-term variability due
to streamflow, especially at time
scales of at least a year, is of particular
interest, as streamflow can mediate
both climatic and human impacts on
estuaries. The response of the phyto-
plankton community to these year-
to-year changes has potential
ramifications for both water quality
and the abundance of higher organ-
isms. Only recently have records
become long enough to characterize
interannual variability in estuarine
phytoplankton. Because of the strong
physical stirring and bioturbation of
estuarine sediments, sediment cores
do not offer the access to long-term
variability data afforded by many lay-
ered sediments. Our understanding
of the nature and mechanisms of in-
terannual change in phytoplankton

communities, therefore, has to be
built up over the years by a prolonged
and consistent observational program.

SanFranciscoBayand the Sacramento-
San Joaquin Delta exemplify both the
need and the opportunity to under-
stand hydrodynamic control of inter-
annual phytoplankton variability.
Climatic fluctuations combined with
operation of freshwater storage and
withdrawal facilities have led to
decadal-scale variability in the sea-
sonal distribution and annual amount
of water flowing through the delta
into the bay. Observations of chloro-
phyll concentrations - which can be
used as a surrogate for phytoplankton
biomass - in Suisun Bay and the
delta since 1968 enable examination
of phytoplankton dynamics against
this background of hydrodynamic
variability. In the study summarized
here, we investigated hydrodynamic
influences on year-to-year chloro-
phyll variability in the landward estu-
ary; that is, Suisun Bay and the delta.
An underlying goal was to present a
unified treatment of previous results
indicating the significance to phyto-

plankton of flow through the delta
and new evidence for the significance
of water export out of the estuarine
system into water projects. The data-
set consisted of measurements of spe-
cificconductance and chlorophyll a at
24 sites throughout Suisun Bay and
the delta. USBR and DWR collected
and analyzed the samples; hydro-
dynamic data were taken from the
DAYFLOWdatabase. ':

The first part of the analysis examined
which stations and seasons were re-
sponsible for most of the interannual
variability, using a novel application
of principal component analysis. The
single most variable feature was. the
chlorophyll concentration during the
summer in the 1-6%0 near-surface
salinity range, the approximate range
of the estuarine turbidity maximum.
The ETM, therefore, stands out even
on a purely statistical basis, without
any biological considerations. A
second significant contribution to
interannual variability was the size of
spring phytoplankton blooms in the
southern delta (not discussed in this
summary). Together, the year-to-year



changes in these two features account
for almost all of the long-term change
in chlorophyll patterns. Knowing this
enables us to focus on specific loca-
tions and seasons, eliminating the
"noise" from other stations and times
of year and greatly simplifying sub-
sequent analyses.

The next step was to examine the re-
lationship between chlorophyll in the
summer ETM and hydrodynamic
variables, using a statistical modeling
algorithm known as AVAS (additivity
and variance stabilization). The
analysis concluded that two variables
were important: Qout, or mean out-
flow from the delta in the bay, and
Qexp, or mean export from the delta
into county, state, and federal water
projects. The relationship between
chlorophyll and Qout was a nonlinear
unimodal one, with peak chlorophyll
occurring at annual mean flows of500
cubic meters per second. On the other
hand, the dependence on QeJP was
linear, with a negative slope. \.lout is
known to be important for Suisun Bay
phytoplankton because of its effect on
primary rroductivity through posi-
tioning 0 the ETM, on grazing rates
through control of molluskan density,
and on chlorophyll loading from up-
stream. The unimodal response to
outflow that we derived from purely
statistical considerations is consistent
with these previously postulated
mechanisms. The results do not allow
us to distinguish among these mecha-
nisms; they do, however, confirm the
essentially nonlinear character of the
relationship between phytoplankton
biomass and flow. .

Qexp is a separate and important
source of variability for the ETM. Ac-
cording to the statistical evidence, ex-
port is responsible for the same
general magnitude of variability as
outflow. We believe this second
mechanism operates through the ex-
port ofphytoplankton from upstream
of theETM into water projects. To
investigate this further, we estimated
the mass transport of chlorophyll for
three different boundaries in the
delta:

• Total influx from the rivers.
• Export into county, state, and federal

water systems.
• Outflaw across a north-south bound-

ary in the delta at Rio Vista.
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We found that median annual export
of chlorophyll was 62% of total efflux
(export plus outflow) for 1975-1989
and varied by a factor of 7, from 13%
in 1983 to more than 50% in most of
the years since 1983.Clearly,the diver-
sion of phytoplankton away from
downstream destinations can have
significant and highly variable impacts
on phytoplankton biomass in the ETM.
The question naturally arises: Does
this upstream phytoplankton biomass
come ultimately from the rivers, or
is it produced within the delta? Our
calculations showed that the delta in-
creased incoming chlorophyll by a
median of 34%. Is this augmentation
of incoming phytoplankton consis-
tent with primary production esti-
mates? Based on theoretical and
empirical considerations, we found
that delta primary productivity could
easily explain the additional phyto-
plankton biomass. In fact, the delta is
a significant source of primary pro-
duction. In 1980, for example, we
estimate that the delta contributed
28%of net phytoplankton production
in the northern estuary. Most of the
phytoplankton from influx and pro-
duction within the delta (79%)appears
to be used locally. Some of this mate-
rial is lost to aphotic phytoplankton
respiration, but the rest must enter
food webs within the delta, eventu-
ally to be respired by consumers or
carried downstream in a form other
than phytoplankton.
The analysis presented here also en-
abled us to speculate on how changes
in delta "plumbing" might affect the
delivery of phytoplankton to down-
stream destinations. In particular, we
asked what the consequences are of
diverting water for export from up-
stream of the delta -directly from the
rivers - rather than from the delta
itself. The key to this prediction is the
relationship between mean chloro-
phyll concentrations in efflux from
the delta and total inflow (Qtot; see
figure). In general, lower river inflow
implies higher efflux concentrations.
If Qout is held constant but Qexp is set
to zero and replaced by an equal di-
version from upstream of the delta,
then efflux (and outflow) concentra-
tions should increase. The net result
should be a higher outflow of chloro-
phyll from the delta; that is, a greater
supply of phytoplankton to the ETM

and downstream locations. There is
some indication that primary produc-
tivity within the upper delta would
increq"s~as well (see figure below).
Many caveats could be added to these
simple deductions, which naively
treat the delta as a complete mixed
reactor with a single inflow and out-
flow. Moreover, the desirability of
enhanced chlorophyll concentrations
and primary productivity in the delta
cannot be assumed a priori.
Aquatic populations of the delta and
Suisun Bay have undergone signifi-
cant declines over the last several dec-
ades. The simultaneous declines in
many estuarine species suggest that
they are responding to common
stresses, and decreased freshwater in-
flow due to drought and increased
water diversion from the upper estu-
ary playa role for at least some popu-
lations. The causal relationships
mediating hydrodynamic influences
on higher organisms are diverse, but
in some cases food supply may playa
role. The evidence presented here
demonstrates that export of water
from the estuary must be having a
major impact on variability of this
food supply and, therefore, possibly
on the food web it supports.
For more information see: A.D.Jassby
and T.M.Powell, "Hydrodynamic in.:.
fluences on interannual chlorophyll
variability in an estuary: Upper San
Francisco Bay-Delta (California,
U.S.A.)". Estuarine, Coastal and Shelf
Science 39(1994).
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Upper Panel: Concentrations of chlorophyll in efflux (outflow
plus export) from the Delta.
Lower Panel: Annual net photic zone production in the Delta.
The solid line is less smooth with span=O.67.
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Potential Effects of Exotic Inland Silvers ides on Delta Smelt
William A. Bennett, University of California, Davis, Bodega Marine Laboratory

Understanding the relative impor-
tance of factors regulating the abun-
dance of delta smelt is fundamental
for managing this threatened species,
yet much remains uncertain. As with
many other species in the estuarine
food web, the major factor thought to
affect smelt abundance is low fresh-
water outflow, produced by drought
and water diversions. Such condi-
tions may facilitate entrainment of in-
dividuals by the pumping facilities, as
well as reduce the quantity and/or
quality of suitable nursery habitat
(Moyle et al 1992). Recently, Bruce
Herbold (EPA) showed that the fall
abundance of delta smelt was signifi-
cantly associated with the number of
days during spring that the entrap-
ment zone resided in Suisun Bay,thus
providing the first statistical relation-
ship supporting this hypothesis (Her-
bold 1994).He and others (Moyle et al
1992) suggest that when the entrap-
ment zone is in Suisun Bay, young
delta smelt are provided with a larger
quantity of shallow, low-salinity
habitat, which may be necessary for
young smelt. In this article, I propose
a more explicit mechanism to explain
the decline of delta smelt and the
apparent benefit of positioning 2-ppt
in Suisun Bay during spring.

Over the past few months I have been
exploring the role exotic inland silver-
sides (Menidia beryllina) play in regu-
lating the delta smelt population.
Silversides may affect delta smelt
through intraguild predation, a proc-
ess by which a species both competes
with and consumes a fellow species in
an ecological guild (Polis et al 1989),
Delta smelt and inland silversides
qualify as members of the same guild,
since both species live about a year
and are similar in size and morphol-
ogy.They also have similar diets, con-
sisting primarily of copepods and
c1adocerans, although silversides
have a wider niche breadth, also con-
suming benthic amphipods and ter-
restrial insects.

Inland silversides, native to the east-
ern United States, were introduced
illegally into Clear Lake, California, in
1967and made their way to the Delta
in about 1975 (Moyle 1974, 1976;
Meihz and Mecum 1977).Silversides
Page 4

colonized the near-shore (shoal) areas
of the Sacramento and San Joaquin
rivers and the Delta, appearing to seg-
regate spatially from the more pelagic
species of concern (striped bass, delta
smelt). As a result, management agen-
cies considered them innocuous and
they were under-represented by most
monitoring efforts, which focus pri-
marily in mid-channel areas. Inland
silversides are euryhaline such that
their distribution extends into Suisun
Marsh and the shoreline of Suisun
Bay,although they appear to be more
abundant in fresh water.
In 1992,we used inland silversides as
predators on larval striped bass in a
series of experiments in large field
enclosures (lxS meters) in Montezuma
Slough. In each of two enclosures, one
silverside was presented with 40
striped bass larvae (5-7 mm) and
zooplankton as alternative prey
items. These studies, coupled with
laboratory experiments, showed that
silversides can be voracious larval
predators, readily consuming 60-85%
of the larval striped bass in the enclo-
sures within 4 hours (Bennett and
Rogers-Bennett 1994). Recently, we
have been examining silverside guts
from several locations in the delta and
Suisun Marsh, finding a larval goby
and the potential remains of two other
larvae despite the fragility and rapid
digestibility of fish larvae.

While silversides prey on larval fish,
they would have to co-occur with
delta smelt larvae for predation to af-
fect smelt year classes. Delta smelt
have demersal and adhesive eggs,
which they spawn in fresh water near
the shoreline on emergent vegetation,
rocks, or tree roots (Moyle et aI1992).
These areas are precisely where in-
land silversides have become most
abundant. Therefore, we propose that
hatching larval smelt may be extremely
vulnerable to schoolsofforaging silver-
sides. In addition, we suggest that
their effect on smelt is enhanced in
low-outflow years. This is because
spawning smelt and larvae remain
almost exclusively in the Sacramento
River between Collinsville and Sacra-
mento, where silversides are most
abundant. In high-outflow years,
adults and larvae are distributed

more evenly and lower in the system,
thus adults and larvae may move rap-
idly through areas of high silverside
abundance, accumulating in Suisun
Bay where they have a higher prob-
ability of occurring away from shore-
line areas. Therefore, is the invasion of
inland silversides associated with the
decline of delta smelt? And does the
amount of outflow during the smelt
spawning season affect this potential
relationship?

Analyses

I used estimates of delta smelt abun-
dance as measured by DFG's fallmid-
water trawl survey from 1967to 1993
(except 1974and 1979,when no sam-
ples were taken). I relied on the subset
of stations recommended by the Delta
Native Fishes Recovery Team (Peter
Moyle and Dale Sweetnam, pers
comm). The best available record of
inland silverside abundance is con-
tained in the FWSSalmon Smolt Beach
Seine Survey, which began in 1976,
fortunately coinciding with silverside
introduction.

I compiled these data for seine hauls
between January 1 and April 30 for
stations from Sacramento south to
Tracy, east to Stockton and west to
Sherman Island to provide annual
abundance estimates for silversides
(catch/haul). For statistical compari-
sons with smelt abundance, I also used
data from a subset of these stations
(Figure 1) located in the spawning
and larval smelt habitat. These sta-
tions are in the area from which 74%
of all yolk-sac delta smelt larvae were
collected by DFG in 1991,using data
from Wang and Brown (1993). Out-
flow conditions were measured using
the daily position of 2-ppt bottom
salinity as estimated by X2(Kimmerer
and Monismith 1993) during April
and May, the peak spawning time for
delta smelt.

Estimates of silverside abundance
and position of 2-ppt salinity were
used to develop an "intraguild preda-
tion index". To do this, I weighted
silverside abundance by the propor-
tion of days during April and May
in which X2 position was greater
than 75, or upstream of Suisun Bay



Figure 1
FWS BEACH SEINE SITES USED IN STATISTICAL ANALYSES AND

X2 POSITION IN THE SACRAMENTO-SAN JOAQUIN ESTUARY

(Figure 1).This index serves as a proxy
for the degree of spatiotemporal over-
lap between the species and, thus, the
potential effects of predation and
competition exerted by silversides on
smelt. I excluded 1982and 1983from
the analysis, because X2position was
below Suisun Bay (X2<SS)more than
50%of the time during April and May.
Many believe smelt are flushed from
the system in such years (Moyle et al
1992),thus silversides would not have
an effect.

Results and Discussion

A temporal plot of abundanceesti-
mates (Figure 2) indicates inland
silversides increased dramatically at
about the same time the delta smelt
population crashed in 1981and 1982.
Figure 3 shows a plot associating the
abundance of delta smelt and inland
silversides from 1977 to 1993 (all
years) and a similar plot including
only dry years, using DWR criteria for
water year type. Both plots indicate
weak associations between silverside
and smelt abundance.

A plot regressing smelt abundance
with the intraguild predation index
(Figure 4) is significant, providing a
strong association between abun-
dance of delta smelt and inland silver-
sides. In addition, this relationship
supports the hypothesis that entrap-
ment zone position mediates the
potential effects of silversides on delta
smelt. Further evidence comes from
the plots in Figure 5.''Before'' the silver-
side invasion, delta smelt catch is not
affected by entrapment zone position;
11after" silversides became estab-
lished, X2 position is weakly associ-
ated with smelt catch (p=0.OS4).This
graph depicts a pattern similar to the
one presented by Herbold (1994), in
which smelt abundance increases in
years when X2 spends more time in
Suisun Bay. In addition, silverside
abundance is not associated with X2
position. Therefore, these analyses
provide an explicit hypothesis, dem-
onstrating how inland silversides
have potentially affected the abun.;.
dance of delta smelt, contributing to
its status as a threatened species.

Figure 2
ABUNDANCE OF DELTA SMELT (solid boxesl AND

INLAND SILVERSIDE (open boxes), 1965-1994
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The intraguild predation hypothesis spawn from predation. Smelt larvae
is appealing, but much remains un- may also spend less time in vulner-
certain, particularly the mecha- able habitats. Similarly, while adults
nism(s) by which X2 position of the two species appear to be spa-
influences the magnitude of these ef- tially segregated, silversides in Clear
fects. Such mediation may occur at Lake are known to undertake diel for-
several spatiotemporal scales. For ex- aging migrations away from their
ample, in wet years delta smelt may typical shoreline habitat
exhibit large-scale (kilometers) (Wurtzbaugh and Li 1987). Offshore
changes in spawning location relative foraging by schools of silversides
to dry years or more subtle shifts of a would increase substantially the
few meters, sufficient to isolate their probability of competition with adult
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smelt and might influence where
smelt spawn. However, while much
remains to be learned about the po-
tential effects of silversides on delta
smelt, as well as how such effects
might be ameliorated, the data at
hand clearly suggest that maintaining
2-ppt salinity in Suisun Bay during
April and May will increase the prob-
ability of successful smelt year
classes.
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Interagency Program and JPfhe Deal"

The December 1995announcement of
the BayIDelta deal involving water
quality standards, endangered species
protection, and other measures to
improve Bay IDelta environmental
resources and written material de-
scribing the deal include numerous
references to monitoring. The draft
water quality control plan released by
SWRCBalso emphasizes the need for
monitoring to determine compliance
and to provide information that will
help us collectively understand if
measures in the deal are having
desired results.

To help expedite development of a
revised monitoring program, on
January 11, Interagency Program
coordinators and staff met with the
Urbani Ag policy folks, the Estuary
Institute, environmental groups, and
others to outline aprocess leading to the
new program. The Urbani Ag group
has established a monitoring technical
subcommittee headed by Greg Gartrell
(Contra Costa Water District) to work
with the Interagency Program on spe-
cificdetails of monitoring and studies.
This technical group met with the staff
management committee on January 12
and 13. We expect much of the actual

work in program development to be
done by individual projectwork teams.
The renewed interest in monitoring the
estuary and its watershed provides an
unprecedented opportunity to evalu-
ate existing programs and work coop-
erativelyamong a host of agencies and
individuals to establish a coordinated
program yielding the information
needed to manage environmental and
water resources. Interagency Program
staff and management need to make
the most of this opportunity. Programs
and priorities may shift, but we must
remain receptive to new ideas.



The Island Slough Wetland Development Project
Frank Wernette, DFG

The first chapter is nearly complete
in a story of cooperation and close
coordination to implement a wetland
mitigation project in the Suisun
Marsh. When it is finished, a new unit
of the Grizzly Island Wildlife Area
will not only complement the wildlife
area but will be a welcome addition to
the Suisun Marsh as a whole.

History and Description

Construction of the physical facilities
for the initial phases of the Plan of
Protection for the Suisun Marsh
resulted in losses of wetland habitat
including habitat capable of support-
ing the State and Federal listed salt
marsh harvest mouse and impacts to
waterfowl food supplies on Roe, Ryer,
Freeman, and Snag islands. In a 1987
mitigation agreement, DFG,DWR,and
USBR agreed to offset those impacts
and any impacts of future phases;
DWR and USBR committed to fund
the mitigation, and DFG committed
to acquire, develope, and manage the
new wetland.

Phase A of the agreement required
development of 354 acres of wetland.
DFG and FWSestimated that 100acres
would need to be managed specifi-
cally as preferred habitat for salt marsh
harvest mouse.

In 1988,on behalf ofDFG, the Wildlife
Conservation Board began to acquire

property, but had difficulty finding
sellers. In September 1989, the board
finally acquired a 525-acre parcel
known as the old Red Barn property
or Dik-Dik Ranch. Now it is the Island
Slough Unit of Grizzly Island Wildlife
Area.
General Services' Officeof Real Estate
and Design Services took necessary
steps to relocate tenants, and the
Office of the State Architect began to
design facilities to properly manage
the new wetland. The project is com-
posed of three principal components:
• Physical facilities to obtain water

from Montezuma Slough and man-
age it to support a productive, di-
verse wetland.

• Fish screens at the main intake.
• Management practices to effectively

maintain the new wetland.
A minor component is construction of
a dirt ramp to allow access to a fishing
platform on Montezuma Slough,
which is accessible to the physically
handicapped.

Status and Current Activities
In 1991,DFG completed a Draft IniticlI
Study, Negative Declaration, and Bio-
logical Assessment. Following public
review, DFG certified the Negative
Declaration on June 30, 1992. Most
permits have now been obtained. In
December 1994,theSanFrancisco Bay

The Estuary Institute's Policy Advisory Committee

On December 15,Perry Herrgesell and
Randy Brown attended the first
meeting of the Estuary Institute's
PAC. (Brown represented Bob Potter,
who is DWR's official representative.)
This committee serves about the same
function as the Interagency Program's
Management Advisory Committee in
that it provides general program direc-
tion to the Institute.
The presence of Interagency Program
coordinators on this committee will
help integrate what are now the two
largest monitoring programs in the
estuary. This will be particularly im-

portant as we work with the Estuary
Institute and others to develop a com-
prehensive Bay/Delta monitoring pro-
gram. If emphasis on the impacts of
toxicants is increased, the Institute
could be the logical organization to
work on these activities.
The Institute has released its 1993an-
nual report, "San Francisco Estuary
Regional Monitoring Program for
Trace Substances", and a list of re-
search priorities in the estuary. For
copies, contact the Estuary Institute at
510/231-9539.

Conservation and Development
Commission voted to grant a permit.
The COE permit is expected early in
1995.

Issues raised during the permitting
process included the design of the fish
screen for the main intake and mitiga-
tion for impacts to 11acres of jurisdic-
tional wetlands during construction
of field levees, intakes, drains, etc.

The goal has been to design a cost-
efficient fish screen that met criteria
established by DFG, FWS, and the
National. Marine Fisheries Service.
Meeting these criteria will ensure that
species such as"the threatened delta
smelt and endangered winter-run
Chinook salmon are protected from
diversion onto the new wetland. DFG
agreed to a detailed evaluation after
screen installation to ensure it meets
the criteria.

To satisfy concerns raised by the
Regional Water Quality Control Board
about wetland impacts, DFG agreed
to convert an additional 20 acres of
upland to wetland.

Optimism is running high that con-
struction can begin this spring. If all
goes well, by winter 1996this addition
to Grizzly Island Wildlife Area will be
on line, and we can begin to enjoy the
sight of swirling flocks of waterfowl
and shorebirds using Island Slough.

Brown Bagger

The Interagency Program Section
of DWR's Environmental Services
Office is starting a brown bag semi-
nar series. The seminars will be held
at about 2-month intervals. The first
will be January 27 from 11:00to 1:00
in the conference room at 3251 S
Street, Sacramento. Jon Burau
(USGS)will present his recent find-
ings on circulation, mixing, and en-
trapping processes in the northern
reach of the estuary. For details, con-
tact Leo Wmtemitz at 916/227-7548.



Dissolved Oxygen Conditions in the Stockton Ship Channel
Steve Hayes and Staff of the Compliance Monitoring and Analysis Section, DWR .

Dissolved oxygen concentrations in
the Stockton Ship Channel are closely
monitored during late summer and
early fall each year because levels can
drop below 5.0 mg/L due to low
streamflow, warm water temperature,
and high biochemical oxygen demand.
Low dissolved oxygen levels can cause
physiological stress to fish and block
upstream migration of salmon. To
correct the situation, DWR (in coordi-
nation with DFG and USBR)installs a
rock barrier across the head of Old
River in late summer or early fall to
increase net downstream flows past
Stockton into the ship channel.

In 1994,the barrier was completed on
September 7. Because of dry summer
and early fall conditions, average daily
flows in the San Joaquin River past
Vernalis in August and September
were slightly less than 900cfs,and net
flows past Stockton ranged from -717
to +168 cfs. Reverse flows dominated
the hydrodynamic pattern during
this period, concealing improve-
ments attributable to the barrier.

Compliance monitoring of dissolved
oxygen levels in the Stockton Ship
Channel was conducted from August
through November. During each
monitoring run, 14 sites were sam-
pled from Prisoners Point in the cen-
tral Delta to the Stockton Turning Basin
(Figure 1).Discrete samples were taken
at each site for dissolved oxygen and
water temperature at the top and bottom
of the water column at ebb slack tide.
Results are summarized in Figure 2.

Monitoring of the channel by vessel is
supplemented by continuous year--
round automated dissolved oxygen
monitoring at the Rough and Ready
(Stockton)multiparameter water qual-
ity recording station. Because of the
full monitoring effort, planning for
special studies, scheduling of the Old
River Closure, and other activities can
be conducted in response to deterio-
rating dissolved oxygen conditions.

Results of monitoring by vessel show
a significant dissolved oxygen sag in
the eastern end of the channel from
August through early October. The
pre-closure runs on August 5, August
22, and September 6 confirmed the
sag; lowest values were in the Rough
Page 8

and Ready Island area from Light 40
(site P8) through Light 48.On the bot-
tom, levelsranged from 3.8to5.5mg/L;
surface levels ranged from 4.0 to 5.9
mg/L. These low levels were appar-
ently due to warm water (24-26°C),
reduced tidal circulation, and reverse
flows at Stockton.
Post-elosure dissolved oxygen moni-
toring on September 19 and October
3 showed a continued sag and a west-
ward shift of the maximum sag area.
On September 19, the sag had local-
ized in the Light 40-43area near Rough
and Ready Island, with all surface and
bottom dissolved oxygen levels less
than 5.0 mg/L. By October 3, the
maximum sag area had intensified
and moved farther west to the area of
Lights 28 to 43. In that area, bottom
levels ranged from 4.1 to 4.9 mg/L,
and surface levels ranged from 4.2 to
5.1 mg/L. Shifting of the maximum
sag zone westward and the improved
(>5.0mg/L) levels in the post-closure
studies at Light 48 (at the eastern end
of Rough and Ready Island and at the
juncture of the San Joaquin River with
the StocktonShip Channel) on Septem-
ber 18 and October 3 were probably
the result of locally improved flow
-----.j

conditions due to the closure, but in-
termittent reverse flows continued.
Dissolved oxygen monitoring on Octo-
ber 18 showed continued improve-
ment. By mid-October, minimum
dissolved oxygen levels in the area of
maximum sag (Lights 28-43)had im-
proved to 5.6-7.0mg/L on the bottom
and 5.7-6.9 mg/L on the surface.
Improved flows and cooler water
(16-19°C) had apparently brought
about the higher levels. In October,
average daily San Joaquin River flows
past Vernalis were less than 1,400cfs,
and net daily flows past Stockton
ranged from -309 to +391 cfs.

Cooler water (10-12°C) and cumula-
tive effects of the Old River barrier
finally brought about a significant
improvement in dissolved oxygen
levels. Monitoring on November 18
showed no sag in the ship channel,
and dissolved oxygen levels through-
out the channel were greater than 8.7
mg/L. Levels in the eastern portion
were 8.7-9.3 mg/L and those in the
western portion were 9.5-10.1mg/L.
Because of the dry fall, average daily
flows in the San Joaquin River past
Vernalis barely exceeded 1,300 cfs in
November, and net flowspast Stockton
ranged from -308to +224cfs.Removal
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of the barrier was completed Novem-
ber30.

The highly variable and apparently
anomalous dissolved oxygen values
measured in the turning basin on Sep-
tember 19, and to a lesser extent on
October 3, were the result of unique
biological and water quality condi-
tions in this area, independent of the
main downstream channel. The turn-
ing basin, at the dead-end eastern ter-
minus of the ship channel, is subject
to reduced tidal activity, reduced

water circulation, and extended water (14.4mg/L) and exceptionally low at
residence time. Historically, a series the bottom (1.5 mg/L), and bloom
of intense algal blooms composed pri- conditions were further confirmed by
marily of Cryptomonads and green the "fluorescent" green of the water.
flagellated algae produce stratified
dissolvedoxygeninthewatercolumn Low dissolved oxygen conditions at
of the turning basin in late summer or near the bottom of the turning ba-
and early fall. In 1994, the dominant sin are further degraded by high BOD
bloom organism was the blue-green loadings. These loadings are caused
alga Anacytis sp., which is notorious by dead or dying algae settling out of
for the taste and odor it causes. On the water column during and follow-
September 19,dissolved oxygen levels ing a bloom and from extensive boat-
were exceptionally high at the surface ing in the harbor.
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Interagency Program Data Management
Olaf Hansen, USBR

Did you know that the Interagency
Ecological Program visits about 800
monitoring sites, collects ecological
data, and manages the data in more
than 5,800 files of totaling over 2 giga-
bytes? These, numbers are part of the
IESP 1993 Data Summary Report.

The Interagency Program had been
using EPA's national water quality data-
base, STORET. That system, designed
for chemical observations, was modi-
fied to encompass biological data as
well. In 1991, the Interagency Program
Data Management Team evaluated
the continued use ofSTORET and com-
pared it with other options, including
the USGS National Water Informa-
tion System (NWIS-II), personal com-
puters, and the commercial statistical
package, SAS. A report, STORET and
Alternatives, contains the evaluation
results. In February 1993, the Coordi-
nators approved the following poli-
cies:

• The programwide required STORET
storage and retrieval is suspended.

• Program managers are allowed to
disseminate data on request - from
their database of choice.

• As an interim measure, a file server
is to be established for standardized
and approved Interagency Program
data files in ASCII format.

• The position of Technical Informa-
tion Specialist is established to sup-
port data management.

• Program managers will provide ASCll
data files and pertinent updates to
the Technical Information Specialist.

• The Technical Information Specialist
will create a comprehensive index o(
all Interagency Program data.

This article provides a synopsis of the
Interagency Program data index and
an overview of the future for data
handling.

The Interagency Program has been
adding elements over time (Figure 1).
Some elements were in place before
the program was formally founded.
For example, sturgeon tagging
started in 1954. Several elements were
added just this year and have not gen-
erated much data. The North Delta
Demonstration Fish Protective Facili-
ties Program is an example. Although

Page 10

the Interagency Program formally be-
gan in 1970, some elements that began
before that were incorporated later.
Data handling now incorporates more
than 30 elements.

One important factor in any ecologi-
cal program is where samples are
taken. Figure 2 shows major water
bodies in the estuary and sites sam-
pled by Interagency Program staff. As

35

30

25

20

15

10

5

~9M19~1002'OO61~019M1m10021~61~0
1~619~1~1OO81~21m1~019~1~81~2

Figure 1
INCREASE IN

INTERAGENCY PROGRAM ELEMENTS

Figure 2
INTERAGENCY PROGRAM MONITORING SITES

shown, the whole estuary is sampled,
including the Sacramento and San
Joaquin rivers downstream to South
Bay. In fact, the Striped Bass Egg and
Larval Survey monitors the Sacra-
mento River farther upstream than
the map shows.

Elements of the Interagency Program
are diverse, as are the number of sites
per element. One element samples at
only two sites; the largest visits over
160 sites. If all elements are counted
separately, the program collects bio-
logical, chemical, and physical data at
more than 800 sites. Figure 3 shows
the number of sites per study element.

The geographic range varies from sites
in a specific area, such as Montezuma
Slough, to sites covering the whole
estuary. In general, elements that col-
lect biological data sample more sta-
tions than those sampling for physical
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Figure 3
INTERAGENCY PROGRAM MONITORING SITES

parameters. Program elements de-
noted by number are identified as fol-
lows:

1. Decision 1485 Compliance
2. Neomysis/Zooplankton
3. Food Chain Group
4. Salmon Smolt
5. Salmon, Sacramento
6. Salmon, San Joaquin
7. Juvenile Salmon
8. Adult Striped Bass
9. Striped Bass Egg and Larval Survey

10. Striped Bass Tow-Net Survey
11. Striped Bass Midwater Trawl
12. Striped Bass Management
13. Sturgeon Tagging
14. Sturgeon Spawning
15. Sturgeon Year Class
16. Delta Smelt
17. Larval Striped Bass Nutrition
18. Estuary Abundance
19. Shallow Water Sampling
20. Vertical Sampling
21. Shrimp Abundance
22. Delta Hydrodynamics
23. San Francisco Bay Hydrodynamics
24. Montezuma Slough
25. North Delta Facilities
26. Clifton Court Predator
27. Skinner Facility
28. Delta Agricultural Diversion
29. North Bay Aqueduct
30. Tracy Fish Facility
31. Delta Eggs & Larvae
32. South Delta Facilities
33. Clifton Court Temperature

Data collected at the 800 sites are
managed differently from element to
element. The great diversity in data
handling is reflected in several factors.
Data are stored on personal comput-
ers, mini computers, scientific work
stations, and mainframe computers.
Software packages used to create data
files,perform edit checks, and analyze
data include spreadsheet software
such as Lotus 1-2-3,database manage-
ment software such as dBASE, statis-
tical software such as SAS, in-house

FORTRAN and BASIC routines, and
STORETor NOMAD ona mainframe.
The number of filesper element ranges
from just a couple to 2,400. Size of
databases ranges from 500kilobytes to
more than 1 gigabyte. Some of the
data structure is simple, containing
only a few physical parameters; some
is complex, with multiple gear types
and many parameters on biotic or-
ganisms.
Data quality in one element is control-
led by manuals with 60-page descrip-
tions of protocols; other elements
have no documentation on QA/QC
procedures. Some elements keep little
documentation; others have a full
library for each data item. Figures 4
and 5 show existing conditions of in-
house data management along with
some inconsistencies in information
management within elements. In par-
ticular, large programs use few indi-
vidual files, whereas some smaller
programs use many small files.
To start standardizing data handling,
the Data Management Team decided
on the following format to help users
understand the data.
• Brief Overview (AA1READ)
• Metadata w /QAInforrnation (DOC):

All program elements have metadata
descriptions - data about data.

• Format Files (FMT): Format files
function as a legend to the actual
monitoring data files.

• Reference Tables (REF): Some ele-
ments have reference tables such as
lists of station latitudes/longitudes
or taxonomic codes.

• Data Files (ASCn format)
The metadata files are probably the
most important. They contain infor-
mation about element name; contact
person; purpose of the study; agen-
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Figure 4
NUMBER OF FILES PER PROGRAM ELEMENT

cies carrying out the field work and
data handling; and funding sources.
Information about data quality assur-
ance/ quality control for field and lab
protocols is also included. Elements
are further described regarding the
start of monitoring, frequency
(months/year and trips/cruises/tows
per week/month), and time span
between field observation and final
computer file. Geographic variables
describe the number of sites visited,
geographic range of sites (latitude/
longitude), and number of samples
per site. Monitoring parameters are
defined as to physical, chemical, or
biological nature. Ifbiological data are
collected, community (fish, benthos,
zooplankton), taxonomicidentification
scheme, gear type, and instrumenta-
tion used are also described. Metadata
filesclosewith miscellaneous variables
such as use of geographic information
systems (GIS)and/ or image interpre-
tation/ remote sensing (analog/
video). Metadata are required for
many other database management
systems, including NWIS-II and
STORET-X.Metadata provide crucial
information on QA/QC of the data
and help users decide whether data
will serve their needs.
All of the file types, in ASCn format,
are located on the Interagency Pro..
gram fileserver, an mM 3090at EPA's
National Computer Center in Research
Triangle Park, North Carolina. The
ASCn format allows every user to get
the data from one application soft-
ware to another.
Figure 6 shows some of the software
packages currently being used in In-
teragency Program. As illustrated,
ASCn serves as the bridge between
different users, software packages,
and computer platforms.

Megabytes
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Figure 5
SIZES OFDATABASES
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All monitoring data files start with
five fields defining where and when
data were collected. The five fields
are:

River Kilometer Index-RKI
Station Identifier (10)
Sample Date(YYYYMMDD)
Sample Time (if available)
Sample Depth (if available)

The River Kilometer Index is the geo-
graphic identifier for all sample sites
and is a mandatory field. Specific sta-
tion identifiers follow. Since the turn
of the century is near, the year in the
date field has four digits. Time and
depth are optional.
The rest of the file is element specific
and is not modified from the data
structure used in-house by the project.
Since these monitoring data change

from element to element, the files
need to be explained. The name or
naming convention of all files, dates
the files were generated, and file sizes
are listed in the FMT files, along with
the structure of the files.The FMT files
characterize the monitoring data with
at least the minimal descriptors
shown below.
File Name(s)
File Creation Date
File Size
File Length and Width
File Structure (Variables, Records, Number, Code,

Character)
Reference Tables

This structure should explain the data
(eg,whether a field is numeric or char-
acter). The FMTfileshould also define
whether a number is a code or a nu-
meric value that can be manipulated
with mathematical functions, such as
a taxonomic code versus abundance
number.

The Interagency Program fileserver
already contains metadata for most
elements. Format file descriptions for
some elements and some reference
tables for sample stations and taxo-
nomic codes are also complete. All of
the tow-net survey data (catch and
length data for 1959-1994) are now
available on the fileserver. Several

Science Adyisory Committee Meeting

The Interagency Program's Science
Advisory Committee met with Pat
Coulston, Chuck Armor, Larry Smith,
Marty Kjelson, and Randy Brown on
December 13and 14, 1994.The meet-
ing was devoted mostly to briefing
committee members on the Inter-
agency Program and how the Bay/
De,Hasystem fits into the California
water picture.
The Science Advisory Committee is
chaired by Sam Luoma (USGS) and
includes Jim Cloem (USGS),Ed Houde
(Chesapeake Biological Laboratory),
Alan Jassby (UC-Davis), Carole
McIvor (National Biological Survey),
Stephen Monismith (Stanford), and
Jim Quinn (DC-Davis). The commit-
tee was generally impressed with the

scope of the present program and the
complexity of the issues being ad-
dressed.
Although their exact roles were not
entirely clear to members, they did
agree that the committee could playa
useful function. The next step is for
Pat Coulston to write up some ideas
for the committee's review on how
the Interagency Program might best
use these advisors. Most of the
members will be attending the annual
workshop and will have a separate
meeting with coordinators and staff.
We may need to add another member
to the committee with specific back-
ground in salmonids. If you would
like to suggest a candidate, please call
Pat Coulston at 209/942-6068.

procedures are available to access the
fiIeserver, including internet or
modem. A cookbook-style user
manual describing how to access the
fileserver, browse, and download files
is already in draft form. User IDs have
been established for Interagency Pro-
gram member agencies to allow access
to files.Additional IDs are available.

The Management Team recently re-
affirmed the interim data handling
strategy. January 15,1995,is the dead-
line for program managers to deliver
their data to the Technical Informa-
tion Specialist.

The Data Management Team isdevel-
oping specifications for a user inter-
face to allow users to access, browse,
and download Interagency Program
files. For a long-term DBMS solution,
the team also monitors the develop-
ment ofNWI5-rr and STORET,as well
as efforts of the Interagency Taskforce
on Water Quality Monitoring.

Having all Interagency Program data
on one fileserver accessible to all who
are interested will provide better and
more timely access to the data until an
appropriate DBMS is developed.

For information or copies of reports,
contact Olof Hansen at 415/744-1965.

ERRATUM
The article, "Quantifying Salinity
Habitat ofEstuarine Species", which
appeared in the fall 1994issue of the
Newsletter, had typographical errors
in the equations on pages 7 and 8.
The correct equations are:
X2(t) = 122.2 + O.3278X2(t-l) - 17.65LOG[Qout~)l

X = -X2((ln((31-S)I(515.67*S))/-7) • 1.5)



Determining Prehistoric Salinity in San Francisco Bay with Stable Isotopes
B. Lynn Ingram, Department of Geology and Geophysics, University of California, Berkeley
James c. Ingle, Department of Geological and Environmental Sciences, Stanford University
Mark E. Conrad, Division of Earth Sciences, Lawrence Berkeley Laboratory

Instrumental records of delta flow and
salinity in San Francisco Bay extend
back only 80 years, during a period of
heavy water development such as up-
stream storage and diversions. Thus,
there is no record of natural (pre-
diversion) salinity and flow into the
estuary. However, sediments accumu-
lating beneath San Francisco Bay con-
tain a record of the pre-industrial
environmental history of this estuarine
system, including salinity and associ-
ated freshwater runoff.

Here we summarize results of an iso-
topic method developed for recon-
structing- variations in salinity and
freshwater flow into San Francisco
Bay. These data provide a heretofore
unavailable baseline against which to
view modem variations in salinity and
inflow to the system and are impor-
tant in separating human impacts on
San Francisco Bay salinity from those
induced by natural climatic variation.

Salinity of water in San Francisco Bay
- is primarily a function of the volume

of freshwater inflow and of sea level,
which has increased over the past
hundreds to thousands of years.
Ocean water (33-35%0) mixes with
river water (nearly zero), producing
vertical and horizontal salinity gradi-
ents in the bay (Conomos et al1979;
CIcern and Nichols 1985). The con-
tours of equal salinity move toward
the ocean as river discharge increases
and move back upstreamas river dis-
charge decreases. Although salinity
varies annually due to seasonal
variations in precipitation, this study
focuses on the annual average salinity
(and freshwater inflow) at a given
location in the bay.

The oxygen and carbon isotopic com-
position of the sea water and river
water entering the bay are also very
different, producin~ a gradient in
180/ 160 and 13C/I C with salinity.
The oxygen isotopic composition in
rivers depends on the 8180 in precipi-
tation (rain and snow) and the 8180 in
ground water contributions. 180/160
measurements of surface water,
ground water, and precipitation from
the Pacific Coast to western Nevada

show a decrease in 8180 from the west
coast (-5.3 %0) to about -16.0 %0 in the
eastern Sierra Nevada (Ingraham and
Taylor 1991). River water entering San
Francisco Bay is a mixture of surface
runoff (from precipitation and snow-
melt) and ground water, integrated
over the entire drainage basin, and
would be expected to have a 8180
value representing an average of all
these sources. The carbon isotopic
composition of river water entering
San Francisco Bay is about -10%0 due
to contributions from res iration and

breakdown of organic matter in soils
in the drainage basin (Spiker 1980).

Salinityllsotope Relationship in
Estuarine Water

Estuarine water was collected along a
salinity transect in San Francisco to
establish the relationship between sa-
linity and 8180. In addition, water
was collected bimonthly from 1991 to
1993 at three locations (South-Central
Bay [station 25], San Pablo Bay [11],
and the Sacramento River at Rio Vista
[657]; Fi ure 1) to demonstrate that

Figure 1
LOCATION OF WATER AND CORING SITES IN SAN FRANCISCO BAY



seasonal salinity variations and 8180
are related and to test whether the
river end-member remains constant
between wet (1993) and dry (1991-
1992)years. Previous work has shown
a near-linear relationship between
salinity and 813Cin San Francisco Bay
water (Spiker 1980).
Th~"-;oxygen isotopic compositions
(180/160) plotted against salinity in
bay / delta water shows a linear rela-
tionship (Figure 2). The river water
end-member entering the bay has a
8180value of -11%0,and sea water has
a value of 0%0. The water collected
from the bays in 1991-1993 shows a
record of covarying salinity and 8180
(Figure 3). Sacramento River samples
from Rio Vista varied by only 1%0
between dry years (1991-1992)and a
relatively wet year (1993)and showed
no seasonal variability.

The relationship between 8180 in the
ambient water and 8180 in the bio-
genic carbonate was verified with
8180measurements of mussel (Myti-
Ius eduIis) shells collected live from
eight locations in San Francisco Bay.
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Average 8180 vaIues for the whole
shell, representing 2-4 years of
growth, were compared with
monthly salinity and temperature re-
cords obtained by USGS at nearby
monitoring locations (Figure 4).
Previous studies have used the iso-
topic composition of strontium re-
corded in carbonates as a proxy for
salinity in San Francisco Bay (Ingram
and Sloan 1991;Ingram and DePaolo
1993). In this study, we use a similar
approach to derive a paleosalinity re-
cord with oxygen and carbon isotopic
measurements in fossil mussel and
clam shells separated from sediment
cores taken from San Francisco Bay.
The large difference in values of 813C
(-10%0) and 8180 (-11%0) of river
water entering the bay and sea water
(813C,0%0;81801%0)produces a corre-
lation between 813C, 8180, and salin-
ity in San Francisco Bay, which is
recorded in the carbonate shells of
foraminifers and mollusks.

Sediment Cores
The sediment samples used for this
study were taken from cores drilled
beneath south-eentral San Francisco
Bay near Oyster Point and in the
southeastern side of San Pablo Bay
near Rodeo (Figure 1). Drilling was
done using a modified Osterberg
vacuum piston coring sampler with a
piston core barrel length of 1.15meter
and an inside diameter of 10 centi-
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meters. Two cores were drilled near
Oyster Point; the core used in this
study penetrated 5.72 meters of sedi-
ment, revealing a stratigraphy of
dominantly mud with intermittent
shell layers in the lower 3 meters
overlain by shell-rich layers of alter-
nating oyster (Ostrea), clams (Macoma),
and mussels (MytiIus). The one core
taken from San Pablo Bay was 6.7
meters long. Results of the Oyster
Point core are presented here.

Methods
The cores were X-rayed for non-
destructive examination of sedimen-
tary structures before sampling. The
cores were then split lengthwise and
described, noting sedimentary struc-
ture, grain size, color, and degree of
bioturbation.
Sub-samples were then taken sequen-
tially every 2 centimeters, tonsuming
half of the core by slicing 2-em-wide
sections, yielding about 50 grams of
wet sediment. The sediments were
wet-sieved using a 250-mesh screen
(63 J.Lffi openings) and coarser screen
(>841Jlffi sieve) to separate macrofos-
sil shell material from the microfossils
(foraminifers). Microfossils were
picked and sorted under binocular
microscope. Mollusk shells (whole
and fragments) from the coarse frac-
tion of each sample were separated
and sorted for isotopic analyses.

• Pinole Point
o Vallejo Marina
C Rodeo Marina
.•. Oy,stE;!rPoint

o 1-3 -2 -1
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Figure 4
OXYGEN ISOTOPIC COMPOSITION OF MODERN MUSSEL SHELLS PLOnED AGAINST THAT OF

MODERN WATER COLLECTED FROM THE SAME LOCATION.



The mollusk shell samples (whole and
fragments) were separated from the
>841-Jlffifraction of each sample and
radiocarbon dated at the Center for
Accelerator Mass Spectrometry at
the Lawrence Livermore National
Laboratory.
All stable isotope (oxygen and carbon)
analytical work for this study was done
at the Center for Isotope Geochemis-
try at the University of California,
Berkeley.Oxygen and carbon isotopic
measurements were made using a
Fisons Instruments Prism Series II
isotope ratio mass spectrometer. For
inter-run comparison, the 0180values
for each set of 24 samples were nor-
malized relative to the average value
for three analyses of the CIG water
standard, TW-1 (-11.7%0relative to
VSMOW). The 0180 values of all
water samples are reported relative to
SMOW. Duplicate analyses were
within±O.l %0.

For carbonate shell samples, C02 for
isotopic analysis was produced by
reacting 1-2 mg samples with phos-
phoric acid using an Isocarb auto-
mated carbonate device attached to
the Prism. Sample values were cor-
rected using 6-9 analyses of a carbon-
ate standard, CM-1 (013C = 2.05%0,
0180 = -1.94%0),per sample run of 24
to 36 unknowns. Oxygen and carbon
isotopic data are reported in the 0 no-
tation relative to the PD Belemnite
standard (PDB)for carbonate samples
(both carbon and oxy.,gen),where 0=
[(180/160sarnple/180 / Ib()std)-l] X

1000.The precision for these analyses
is ±0.05%0for carbon and ±0.1%0for
oxygen. Detailed methods for water
and carbonate isotopic analyses will
be published elsewhere (Ingram et at
inprepr

Results and Discussion

The Oyster Point core from south-
central San Francisco Bay has a basal
age of 5,800 years before present.
Thus, the 578-cm-Iong core has an
average sedimentation rate of 1.11mm/
year. The time interval represented by
the sampling interval of 2 centimeters
is about 22 years. The core also seems
to be missing sediment from the upper
part, representing the last 90 years.

The 0180 and 013Cvalues of Mytilus
fossil shells are plotted versus depth-

in-core (in centimeters) in Figure 5.
The 0180values in the upper 350centi-
meters of the core ranged from -1.20to
-3.94%0,with an average of -2.4%0.
Below 350centimeters, in the interval
containing Mytilus shells of 446 to 578
centimeters, 0180values ranged from
-2.69 to -5.58%0,with an average of
-3.9%0.The 013Cvalues in the 0- to
350-centimeter interval varied from
0.03 to -2.15%0,with an average of
-0.9%0.Between 446 and 578centime-
ters, o13Cvalues ranged from -0.62to
-3.26%0,with an average of -1.9%0.
Both oxygen and carbon isotopic
composition decreased between the
upper and lower part of the core, 1.5
and 1%0,respectively. There is a good
correlation between 0180 and ol3C,
indicating that salinity is the Erimary
controlling factor, because 0 3c, un-
like 0180, does not vary with ambient
water temperature.
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Figure 5
OXYGEN (closed symbols) AND

CARBON (op-ensymbols)
PLOnED AGAINST AGE

Salinity scale is also shown, with arrows indicating average
salinity for top and bottom portions of the core.

Paleosalinity

We believe 0180 and 013Cvariations
in the mussel shell carbonate primar-
ily reflect variations in 0180 and o13C
of the estuarine water in which the
shell preciyitated, which varies as a
function 0 salinity. This assumption
is supported by the covariation of the
oxygen and carbon isotopic composi-
tions. However, changes in the ambi-
ent water temperature also affect the
0180 value of the carbonates. Under
equilibrium conditions, the amount
of isotopic fractionation is about 0.2%0
per 1°C (Epstein et aI1953). The aver-
age annual surface water tempera-
tures measured at this location
between 1969 and 1977 showa total
range in variation of about 3°C (13-
16°C; Conomos 1979; Conomos et al
1979), which should account for a
maximum of 0.6%0in the 0180 signal.

The calculated salinities correspond-
ing to the 0180 carbonate values in the
core range from 21.5 to 28.8%0over
the last 5,800 years. Average annual
salinity in the upper 350 centimeters
of the core is 25.5%0.In the lower 350-
578 centimeters, the salinity range is
15.2 to 24.4'100, with an average of
22%0.
Although the carbon isotopic results
are harder to interpret (Spiker 1980),
the relationship between salinity and
013C shown is: 013C= -9.2+0.34(5),
using an average 013Cvalue of 0.9%0,
the average salinity in the upper 350
centimeters of the core indicates an
average salinity of 24.4%0,which is in
aflfeement with that indicated by
o O.
The modem average annual salinity
at Oyster Point (as measured in sur-
face water from 1969to 1977)is 28.8%0
- 2.5%0higher than the natural, long- .
term salinity indicated by our record
in the upper 350 centimeters of the
core. Modem salinity in the bay may
be higher due to diversion of river
water within the drainage basin
(Nichols et al1986).

Summary

Wehave demonstrated that the use of
stable isotopes (oxygen and carbon) is
a valid method for determining paleo-
salinity and natural delta flow into
San Francisco Bay. Our initial stable
isotopic dataset from Oyster Point
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indicates average annual salinity and
corresponding average annual delta
flow are similar to the estimated un-
impaired values for 90 to 2,400years
before present. The average salinity
during 3,400 to 5,800YBPwas 23.0%0
- 25%0 lower than in the upper part
of the core and 5%0lower than the
modern value of 28%0.The decrease
in average salinity in the older part of
the section may be a result of either an
increase in average freshwater inflow
or, more likely, to a smaller bay
volume, which may have been lower
during this time due to lower global
sea level of 2-4 meters.
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Management Advisory Committee Meeting

The Management Advisory Commit-
tee, chaired by Steve Ford (DWR),met
for the first time in December. The
committee was established to help
Int,eragency Program staff and man-
agep:lent determine if we are doing
th~.right things from a management
perspective. That is, are we address-
ing the most important issues? The'
committee represents environmental,
academic, and water communities as
well as divisions within Interagency
Program member agencies that are
not usually involved directly in the
program (for example, DWR's Divi-
sion of Operations and Maintenance).
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Although representatives of the envi-
ronmental community were unable to
attend this first meeting, those who
did attend had many suggestions,
ideas, and concerns. (The environ-
mental groups want to participate
and will attempt to be at future meet-
ings.) The committee will meet quar-
terly, at leastfor the first year. The next
meeting is scheduled for February l.
For a copy of the meeting summary or
for more information on the Manage-
ment Advisory Committee, call Steve
Ford at 916/227-7534.

Georgiana Slough
Acoustical Barrier

Hanson Environmental has recently
completed 1994field studies to evalu-
ate the effectiveness of an acoustical
barrier in preventing downstream-
migrating salmon smolts from enter-
ing Georgiana Slough.The studies were
conducted under the auspices of the
Interagency Program with DWR and
USBR funding and in-kind services
from the San Luis and Delta-Mendota
Water Authority. Interagency staff re-
viewed the study plans, assisted in the
field work, and provided peer review
for the final report.
The field studies consisted of tests to
estimate the exclusion efficiency of
the test barrier and impacts of the
barrier on upstream migrating sonic
tagged and untagged adult Chinook
salmon. Chuck and his staff also
tested the direct impacts of the sound
waves on developing Pacific herring
eggs, subadult delta smelt, and inland
silversides. A report describing the
results can be obtained from Darryl
Hayes (DWR) at 916/227-7546.
Preliminary evidence indicates that
the barrier effectively deflects juve-
nile Chinook salmon without affect-
ing adult salmon or early life stages of
other fish tested. The Interagency Pro-
gram, under DWR management, is
planning to conduct a final year of
testing beginning Apri11, 1995.
The Georgiana Slough barrier is part
of the Delta water deal, which calls for
its installation between November 1
and June 30 of all water year types.
The acoustic barrier is to provide pro-
tection to all races of juvenile salmon
migrating down the Sacramento
River.



Preliminary Estimates of Intertidal Benthic Microalgal Production
c.A. Currin, National Oceanographic and Atmospheric Administration
EA. Canuel, Virginia Institute of Marine Science,
S.B. foye, San Francisco State University

The contribution of benthic micro-
algal production to overall estuarine
production in San Francisco Bay may
be significant, as has been suggested
in several recent studies. Jassby et al
(1993) estimated annual production
of the benthic microalgal community
by combining benthic chlorophyll
(biomass) values from San Francisco
Bay with production estimates from
other estuaries. They concluded that
BMP represents 7% of the total or-
ganic carbon supply to the North Bay
and 28% to the South Bay and that
annual BMP is equal to one-third to
one-half of annual phytoplankton
production. In addition, unpublished
data (J. Thompson, USGS)indicate that
secondary production by the clam
Potamocorbula amurensis is uncoupled
from primary production in the over-
lying water column. It has been sug-
gested that resuspended benthic
diatoms may support this secondary
production.

Estimates of annual BMP in other
estuaries indicate that benthic micro-
algae may represent 20 to 50% of
estuarine primary production (Pinck-
ney and Zingmark 1993). Moreover,
multiple stable isotope studies have
shown that benthic microalgae are an
important food resource for estuarine
fauna (Sullivan and Moncreiff 1993,
Currin et al submitted). Despite the
potential importance of benthic micro-
algae to estuarine primary produc-
tion, nutrient cycling, and food webs,
there have been no direct measures of
BMP in San Francisco Bay.

We have 'completed a preliminary in-
vestigation of BMP at several tidal
elevations from diked (Muzzi Marsh)
and undiked (Corte Madera Marsh)
sediments in the Central Bay region.
The transects sampled include mud-
flats (MLW to +2 feet), the Spartina
foliosa zone (3-4feet above MLW),and
high marsh dominated by Salicornia
spp and Distichlis spicata (6+ feet
above MLW). We are using the ap-
proach developed by Pinckney and
Zingmark (1993),where annual BMP
is estimated from measures ofbenthic
chlorophyll biomass combined with
measures of in situ irradiance and

biomass-specific photosynthesis-
irradiance curves. Photosynthetic
rates are estimated using oxygen
microelectrodes.

Light attenuation by the marsh macro-
phyte canopies was measured in June
and November 1994.In June, average
light attenuation by the S.foliosa can-
opy was 57% and the average for the
high marsh canopy was 79%.Average
midday irradiance ~d~r the ~!~liosa
canopy was 870 IlEmstiens m sec-I,
and under the hi~ marsh canopy was
370 IlEinstiens m-2 sec-I. In Novem-
ber, .average light attenuation was
67% for the S.foliosa canopy and 85%
for the high marsh canopy. Average
midday irradiance was 350IlEinstiens
m-2 sec-I under the S. foliosa canopy
and 190IlEinstiens m-2 sec-Iunder the
high marsh canopy. Light reaching
benthic microalgae is also attenuated
by the water column during periods
of submergence; this aspect of the
light regime will be modeled later.

Benthic chlorophyll values are shown
in Figure 1. In general, the bayfront
mudflat had the lowest benthic micro-
algal biomass. Microalgal biomass in
marsh tidal creeks (+2feetabove ML~
ranged from 51 to 190 mg Chl a m-
and were higher in March and June
than in November. Sediments from
the S.foliosa and high marsh regions
of the undiked Corte Madera marsh
tended to have higher chlorophyll
values than comparable sediments
from the diked Muzzi Marsh (data not
shown). Benthic chlorophyll values
from the vegetated portions of both
marshes ranged from a mean of
400 mg Chl a m-2 in summer to a
mean of 80 mg Chl a m-2 in late fall

• Bay Mudflat
0Creek Mudflat
• S. foliosa
o High Marsh

and were always equal to or higher
than values from the unvegetated
mudflats.

Biomass-specific photosynthesis-
irradiance plots for benthic micro-
algae in July and November are shown
in Figure 2. These figures represent
depth-integrated, whole-community
rates of photosynthesis and the re-
sponse of the community to increased
light levels, rather than an organism-
specific physiological response. For
example, at low light levels (eg,
100llEm-2 see-I) photosynthesis may
be restricted to the top 150 11mof the
sediment surface. At higher levels,
photosynthetically active radiation
penetrates deeper into the sediment,
and photosynthesis may occur up to
1 millimeter deep in the sediment.
Therefore, at higher light levels the
biomass ofmicroalgae actively photo-
synthesizing may be greater than at
low light levels (Pinckney and Zing-
mark 1993).

Using the data we have collected so'
far, we can estimate the annual BMP
for the intertidal habitats we have
sampled (Table 1). These estimates
are preliminary and are based on a
limited set of sampling points. Also,
the light regime model used to calcu-
late daily production rates does not
account for light attenuation by the
water column during submerged
periods, variability in incident irradi-
ance due to clouds or fog, or microal-
gal vertical migration. In the model
developed by Pinckney and Zingmark
(1993), inclusion of these factors re-
duced model estimates of annual
intertidal BMP by 12 to 36%. Accord-
ingly, we have reduced our annual
estimate (summed from daily rates)
by 25% to factor in these additional
sources of light attenuation. (Note
that tidal submergence and vertical
migration effects will be greater in the
mudflat habitats than in the higher
marsh habitats.)

Given these caveats, it is still clear
that BMP in intertidal habitats of San
Francisco Bay represents a substantial
amount of primary production. Our
estimate for annual BMP on the bay
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PHOTOSYNTHESIS·IRRADIANCE RELATIONSHIP OF BENTHIC MICROALGAL COMMUNITIES

mudflat (151 g C m-2 yr-l) is slightly·
higher than the median literature
value (110gC m-2yr-l) used by Jassby
et al (1993).The rates of annual BMP
calculated for intertidal habitats
wi thin the marsh zone are even
higher, ranging from 138 to 411 g C
m-2yr-1. These values are higher than
those reported by Pinckney and Zing-
mark (1993) for an S. alterniflora-
dominated marsh in South Carolina
and are comparable to the estimates
of Zedler (1980) for a southern Cali-
fornia salt marsh. We plan to refirie
our estimate of annual intertidal BMP
by collecting additional data on mi-
croalgal biomass and photosynthesis-
irradiance curves and by constructing
a more precise model of the light re-
gime experienced by benthic microal-
gae at different tidal elevations. Also,
we will characterize the composition
of intertidal benthic microalgae using
a combination of stable isotopes and
lipid biomarker compounds (Canuel
et al 1995). This information will be
used to investigate the contribution qf
intertidal benthic microalgae to sus-
pended particulate and sedimentary
organic C in San Francisco Bay.
Funding for this study was provided
by DWR and the National Oceanic
and Atmospheric Administration's
Coastal Ocean Program. We also
thank San Francisco State Univer-
sity's Romberg Center for Environ-
mental Studies and the USGS for
logistical support.

:~ Table 1
ESTIMATES OF ANNUAL BENTHIC MICROALGAL PRODUCTION IN CENTRAL SAN FRANCISCO BAY

Sum of daily productionvalues is reducedby 25% to accountfor tidal submergence,clouds, andvertical migration.

Biomass Daily Production Annual
Microalgal (mg Chi a 1m2) (mg C I m2 I day) Production
Habitat Spring Summer Fall Spring Summer Fall (g C/m2/y)

Bay mudflat 85.2 26.3 18.1 1070 417 166 151
Creek mudflat 188.0 157.8 51.9 2047 2152 437 348
S. foJiosa 183.3 443.0 74.5 1274 3704 505 411
High marsh 222.3 270.2 84.8 574 824 443 138
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Delta Flows
Sheila Greene, DWR

The Delta Outflow Index averaged
about 5,000cfs from June to December
1994.The significant peak of 30,000cfs
in early December was due to a com-
bination of reduced exports for Delta
salinity control and increased inflow
from a storm. Average SWP exports
were 2,800 cfs and CVP exports were
2,500 cfs during the June-December
period.

DAYFLOW for water year 1994 will
be available from SheilaGreene (DWR)
after January 20. You may obtained
either hard copy or electronic format
by writing Sheila at:
Department of Water Resources
3251 S Street
Sacramento, CA 95816
DAYFLOWhas been modified some-
what. Sheila has deleted some values
published in past and has added the
exportinflow ratio and North Bay.
Aqueduct diversions. The new data-
set is available (electronic format
only) for the period of record, which
begins with water year 1956.
When requesting an electronic copy
of either the 1994data or the period of
record, please enclose a 3.5-inch ffiM-
compatible diskette with your request.
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