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EXECUTIVE SUMMARY

The entrapment zorre.'has long been considered an important region of
the San Francisco estuary. It has been the subject of several previous
studies, and its location has been suggested as an index of condition of the
estuarine ecosystem.A close correlate of this location, X2!, is now used as
a management objective on the basis that X2 is correlated with the
abundance or survival of several estuarine-dependent species. X2 is a
crude tool to use for this purpose, but it can be refined only through
improved understanding of the various mechanisms underlying these
correlations. These mechanisms probably differ among species, but for
species resident in and near the entrapment zone, the correlation with X2
may be due to variations in intensity of trapping mechanisms with position
of the entrapment zone.  Therefore, it is worthwhile to investigate these
trapping mechanisms, the nature of the entrapment zone as habitat, and
the responses of the entrapment zone to changes in X2 or outflow from the
Sacramento-San Joaquin Delta.

Studies of the entrapment zone of the San Francisco estuary have been
conducted in springs of 1994, 1995, and 1996. These studies have been
funded by the Interagency Ecological Program and conducted by scientists
from IEP member agencies, the Romberg Tiburon Center for Environ-
mental Studies, Bodega Marine Laboratory, and the University of Califor-
nia at Santa Cruz. This report presents results from 1994, a low-flow year.
Subsequent reports will describe results from 1995 and 1996 and highlight
differences among years.

This report is organized in chapters that comprise more-or-less inde-
pendent papers, with an introductory chapter for the entire study. This
Executive Summary presents highlights of the overall study plan and
summarizes the major findings.

Background

Studies of entrapment processes in the San Francisco estuary began
with the work of Peterson and Arthur and Ball. Those studies, together with
related work from other estuaries, provided a conceptual model of the
function of the entrapment zone. Briefly, that model describes the entrap-
ment zone as a region near the null zone, the landward limit of gravitational
circulation or tidally averaged two-layer flow, where particles are trapped

27
The distance up the axis of the estuary from the Golden Gate to the point where
salinity is 2 psu (practical salinity units) 1 meter off the bottom.
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through the interaction of their sinking and the net landward bottom
current. This model was extended by Cloern and others to include the
growth of phytoplankton: net growth occurs over shoals in Suisun Bay,
while net respiration occurs in channels, and the proximity of the entrap-
ment zone to shoals enhances accumulation of biomass in the channels.

The circulation of Suisun Bay is now known to be more complex than
this simple model would suggest, and tidal processes are much more
important than previously believed. In 1994 (as in subsequent years),
landward flow at the bottom occurred in the southern channel of Suisun
Bay only for very brief periods during neap tides under a variety of
freshwater flow conditions. Ebb/flood asymmetries in the vertical struc-
ture of tidal velocity are less pronounced than previously believed because
of strong vertical mixing. Thus, the entrapment zone can be characterized
as a dynamic and variable physical environment. Yet, maxima in turbidity
and in abundance peaks of zooplankton and larval fish persist under most
conditions of tide and freshwater inflow. How do these maxima persist, and
what are the implications for population regulation in the estuary? Revi-
sions in the conceptual model of the
physics of the entrapment zone seem to
demand parallel revisions for biology.
We wish to understand how and why
organisms are retained, and to what
extent this retention mitigates the effect
of losses from the populations to advec-
tion and dispersion away from the popu-
lation centers. Furthermore, there is a
need to improve understanding of the
biological and chemical characteristics
of the entrapment zone to try to under-
stand what advantage organisms might
gain by concentrating there. The en-
trapment zone differs from landward re-
gions in having a higher salinity and
often increased turbidity; it also differs
in the chemical and biotic composition — — ~—
of particles, which may improve the 005 050  5.00
quality of particles as food for higher
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larval fish including longfin smelt, striped bass, and yellowfin gobies. Since
the spread of the clam Potamocorbula amurensis in 1987, maxima in
phytoplankton biomass have largely disappeared, and maxima in abun-
dance of many of the entrapment zone species have shifted landward to a
lower salinity (Figure 1). The results presented here should be interpreted
with respect to the current, not the former, distributional patterns.

The general question being addressed by the Entrapment Zone Project
Work Team is:

By what mechanisms do particles and organisms aggregate in and near
the entrapment zone, and what is the advantage for organisms in doing so?

Objectives of the 1994 study were:

e To determine the relationship between vertical and longitudinal positions
of common entrapment zone species and the velocity field under various
conditions of tide and outflow.

e To determine the significance of particle-associated bacteria as potential
sources of food for entrapment zone species and their dependence on
organic matter delivered by streamflow.

e To obtain information on small-scale spatial (particularly vertical) distri-
bution of larval fish and zooplankton.

Study Design

The sampling program had three major elements: continuous monitor-
ing at fixed stations, intensive sampling on three cruises of R/V San Carlos,
and spatially detailed sampling on three cruises from R/V Questuary and
R/V Polaris. In addition, substantial theoretical work was done on the
physical basis for gravitational circulation and on the interaction between
variability in velocity and vertical distributions of organisms and particles
to produce observed maxima.

Continuous monitoring data were collected with ADCPs (acoustic
doppler current profilers) placed at the edge of the main shipping channel
at four locations in Suisun Bay and the western delta (Figure 2). In
addition, CTDs recorded conductivity, temperature, depth, and optical
backscatter at these and several other locations. Data used to interpret
biological sampling were taken from the Mallard Slough ADCP, which was
close to the center of the sampled area.

Intensive sampling was done on two neap tides and one spring tide in
April and May from R/V San Carlos. We attempted to sample in a La-
grangian mode, ie, by following water masses rather than by sampling at
fixed stations, to prevent aliasing of tidal and salinity effects. Stations were
fixed in salinity rather than in space: we sampled at 1, 3, and 6 mS/cm
surface specific conductance (roughly 0.5, 1.6, and 3.3 psu salinity) to
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approximate the entrapment zone and nearby locations landward and
seaward of it.

We used paired 60-cm-diameter, 500-pm-mesh Bongo nets to sample
for larval fish and larger zooplankton such as Neomysis. These nets, which
are capable of being opened and closed at depth, were used to sample near
the bottom, at mid-depth, and at the surface to determine the vertical
distribution of organisms. We used a high-volume pump sampler to sample
for smaller zooplankton (mainly copepods) and phytoplankton at the same
depths as the net, plus intermediate depths as time on station permitted.

The study design represented two improvements over similar previous
efforts. First, the number and volume of samples taken was unprecedented
in this estuary. Second, ancillary data provided a much more comprehen-
sive view of the physical habitat than was available in previous studies. We
used a GPS receiver to record precise locations of samples, a Seabird CTD
to obtain vertical profiles of temperature, salinity, and optical backscat-
ter (OBS, related to concentration of fine particles), and a shipboard-
mounted, downward-looking acoustic doppler current profiler. The ADCP
gave us instantaneous measurements of velocity profiles that were invalu-
able in timing our samples to the turn of the tide and backscatter intensity
profiles that gave some information on the vertical distributions of organ-
isms of about 1-mm size.

Samples for bacterial abundance and production were taken from R/V
Questuary on a transect of stations up the main channel of the bay through
the entrapment zone by day. Because the spatial and temporal scale for
this part of the project differed from that focusing on larger organisms,
there was no need to sample concurrently. We determined bacterial
biomass and production separately for particle-bound and free-living bac-
teria. Natural particulate matter was gently filtered to separate the two
fractions. Biomass was estimated from counts of bacterial cells in each
fraction, and production was deter-
mined by the rate of incorporation of
radioactively labeled leucine. We
also determined whether particle-
bound bacteria were digesting or-
ganic matter differently from
free-living bacteria.
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was in brief bursts of landward bottom currents that occurred around
some of the slack tides. These do not appear sufficient to overcome the net
seaward transport of the entire water column that is the more common
condition.

A revised conceptual model of gravitational circulation illustrates the
effect of shallow water. Gravitational circulation may develop depending on
the relative magnitudes of two opposing factors: the longitudinal density
gradient and vertical shear in the tidal velocity profiles. The longitudinal
density gradient, with higher-density water seaward and lower-density
water landward, provides the pressure gradient that produces gravitational
circulation. Without tides, this circulation would proceed as in the pre-
vious conceptual model. The effect of tidal shear is to produce turbulence
that breaks down stratification, greatly reducing the magnitude of two-
layer bi-directional gravitational flow. This tidal shear increases as the
ratio of the tidal current speed to depth. Thus, gravitational circulation is
most likely to happen in deep water
with a large horizontal density gradient
and weak tidal currents. The “horizon-
tal Richardson number”, which is the
ratio of density to shear forces, is
lowest for central Suisun Bay, ac-
counting for infrequent gravitational
circulation there.
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proportion of bacteria production at- ASSOCIATED WITH PARTICLES AS A

tached to particles was high, particu-  pepceNT OF TOTAL BACTERIAL ACTIVITY
larly in and seaward from the OR ABUNDANCE,

entrapment zone (Figure 4). This PLOTTED AGAINST SALINITY
means that the dynamics of particle

movement in the entrapment zone should affect the movement of bacterial
biomass. The bacteria attached to particles appeared to differ in their
metabolic activities from the free-living bacteria, suggesting a different
role in metabolizing organic matter. Association with particles may facili-
tate the transfer of bacterial production to higher trophic levels through
direct grazing by zooplankton or benthos on relatively large, bacteria-rich
detrital particles. We believe this may be important: although bacterial
production is low compared to other estuaries, primary production is
relatively lower, such that the ratio of bacterial to primary production is
high compared with other estuaries.
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We observed variability in the growth of bacteria in water from different
regions of the delta, particularly during low flows of 1994. Water from the
San Joaquin side appeared to support more rapid growth than Sacramento



River water, suggesting that it con-
tained more labile organic matter.
Natural or project-caused variation in
the delivery of this water could be
responsible for some of the observed
variation in growth rate of bacteria in
the entrapment zone.

Phytoplankton data indicate
some variability among samples, with
slightly higher chlorophyll concentra-
tion near the bottom. Longitudinal
gradients were large: chlorophyll de-
creased sharply from the 3-mS/cm
station to the 6-mS/cm station, and
taxonomic composition changed with
station. This distribution of chloro-
phyll is different from that observed
in years before the arrival of the clam
Potamocorbula amurensis, when chlo-
rophyll maxima were common in the
entrapment zone.

Net zooplankton included the
mysids Neomysis mercedis and Acan-
thomysis sp. and amphipods as a
group. All three taxa migrated verti-
cally on diel and tidal patterns: all
were more abundant at the surface by
night and on the flood than by day
and on the ebb (Figure 5). The in-
crease in surface abundance was due
partly to migration off the bottom,
and partly to redistribution within the
water column.

Smaller zooplankton migrated ti-
dally but to a lesser extent (Figure 6)
and without a substantial diurnal
component of migration. This con-
trasts with results from many other
estuaries, where Eurytemora affinis
and Pseudodiaptomus species remain
on the bottom by day and rise into the
water column at night. The difference
could be due to the low light levels at
depth in the entrapment zone in the
San Francisco estuary, which would
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reduce vulnerability to visual predation.

Three of the five most abundant species of larval fish in our samples
(striped bass, longfin smelt, and yellowfin goby) consistently migrated
vertically, occurring near the surface on flood tides and near the bottom
on ebb tides (Figure 7). Striped bass larvae appeared to change vertical
position at or near slack tides. The degree and onset of vertical migration
was presumably influenced by air-bladder development and affinity for
the entrapment zone habitat. Prickly sculpin and shimofuri goby larvae
consistently occurred near the surface and disappeared from our samples
in the late larval stage. These species may move laterally in the late larval
stage before settling in shoal/slough habitats.

We examined shipboard ADCP data on the vertical distribution of
sound-scattering particles in the water. During the cruises it became
apparent from their vertical movements that scattering layers were com-
posed of organisms: layers were seen to move up and down in the water
column in apparent response to sunlight. The relationship between sound
scattering and organism abundance
was significant but not strong, prob-
ably because we did not sample at the o101
same depths as the layers of scatter- 205, WW
ers, and also because we did not de-
termine biomass of organisms in the
net samples. Backscatter intensity ,
varied dielly and with tidal velocity as s A
for the net-caught zooplankton.
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suspension of particles off the bottom due to greater bottom shear on the
flood.

For total net-caught zooplankton, total copepods, and suspended
particles, we calculated net flux along the axis of the estuary due to
currents alone and due to the interaction of oscillating tidal currents with
the observed time-dependent vertical distributions. Net fluxes due to
residual currents were always seaward because of the net flow due primar-
ily to freshwater input. The flux of net-caught zooplankton was reversed by
the interaction of their tidal migration off the bottom and tidal currents, so
that they moved landward at all three stations (Figure 8A). Copepods,
however, migrated only within the water column, and apparently did not
go to the bottom as did the larger net-caught zooplankton. With the
observed tidal velocity profiles, this pattern was insufficient to reverse, or
even to substantially reduce, their seaward transport (Figure 8B).

This last result was surprising, since the longitudinal distributions
of copepods and larger zooplankton were historically quite similar (Fig-
ure 1). There are several possible ways to reconcile this result with the
observation of persistent maxima in copepod abundance, all of which need
to be tested in future studies.

Summary of Key Findings

e Gravitational circulation occurs when the longitudinal density gradient
is large relative to the effects of tidally produced vertical shear, which
breaks down the stratification necessary for gravitational circulation to
occur.

e Gravitational circulation was uncommon in Suisun Bay in late spring of
1994 because of the shallow depth and large tidal currents resulting in
intense vertical mixing.

e A large fraction of the activity and biomass of bacteria in the entrapment
zone is associated with particles, rather than free-living bacteria.

e Particle-associated bacteria may be metabolically distinct from free-living
bacteria and may provide an important pathway for organic carbon to be
incorporated into larger organisms.

¢ Tidal vertical migration is apparently a universal behavior of entrapment
zone and near-entrapment zone resident species of zooplankton and
larval fish; some species also migrated dielly.

e The migratory pattern did not vary appreciably with distance landward
or seaward of the entrapment zone, although abundance varied consid-
erably.

e Migratory patterns of zooplankton did not change among cruises during
the studies, but those of larval fish changed as the fish developed.
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e Migratory patterns of net-caught zooplankton were sufficient to reverse
net seaward movement.

e Migratory patterns of copepods were insufficient to reverse net seaward
movement, suggesting an alternative explanation for their longitudinal
distributions.

Significance of These Results to the Interagency Ecological Program

XXiv

Our results provide new insights into the biological implications of
circulation patterns in Suisun Bay. These insights may be applicable to
many macrotidal estuaries. For example, although tidally oriented vertical
migration in estuaries has been observed before, it has never been ob-
served in such a variety of organisms as seen in our study.

Our results also have several implications for management of the
estuary:

e Substantial changes in bathymetry, such as by dredging landward of the
Benicia bridge, could have a profound effect on gravitational circulation,
with unknown effects on the biota.

e Organism behavior appears to exert an overriding influence on longitu-
dinal movement, at least for larger zooplankton and probably larval fish.
Conceptual and simulation models of the movements of such organisms
cannot describe these organisms as passive particles.

¢ Despite similar longitudinal distributions, the mechanism for concentra-
tion of large zooplankton and copepods appears to differ, which may help
to explain why the former respond in abundance much more strongly to
variation in X2.

e The entrapment zone differs from other parts of the estuary in the feeding
environment for small organisms: bacteria should be more available to
zooplankton grazers in the entrapment zone than elsewhere in the
estuary. This provides further evidence that bacteria are a key compo-
nent of the food web of this part of the estuary.

¢ Increasing organic matter input to the entrapment zone through main-
taining or stimulating organic production in the freshwater delta may be
more effective at stimulating secondary production in the entrapment
zone than simply increasing the total flux of organic matter by increasing
flow.
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Entrapment of particles in the low-salinity
region was one of the first topics of focused,
multidisciplinary studies in the San Fran-
cisco estuary (Peterson et al 1975; Arthur
and Ball 1979). Theoretical and experimen-
tal investigations in this region have
resulted in an increasing level of under-
standing and an increasing appreciation of
the complexity of this area (Cloern et al
1983; Kimmerer 1992). The earlier studies
were based on a conceptual model of the
hydrodynamics of the estuary that focused
mainly on net (ie, tidally averaged) flows.
Recent revisions of concepts about how

Motivation for the Study

tidal and net flows interact has forced a
re-examination of the physical environ-
ment and, therefore, also the mechanisms
by which particles and organisms are con-
centrated in the low-salinity region of the
estuary.

This section provides an overall introduc-
tion to the study, including the general
theory and the aspects of sample design
common to two or more parts of the study.
Subsequent chapters provide a more spe-
cific context for the results described, as
well as details of the methods.

Our study of the entrapment zone is mo-
tivated by management interest, scientific
curiosity, and technological development.

The 1994 agreement among agencies and
stakeholders to provide additional protec-
tion to the ecosystem of San Francisco Bay
relied heavily on a salinity standard. This
standard establishes objectives for the po-
sition of X9, the distance up the axis of the
estuary from the Golden Gate to the point
where salinity is 2 psu (practical salinity
units) at 1 meter off the bottom. X2 is
correlated with delta outflow and also with
the abundance or survival of several estu-
arine-dependent species (Jassby et al
1995). These “Fish-X2“ relationships pro-
vided the rationale for setting a standard

based on salinity. X2 is a crude tool to use
for managing the estuary, but it can be
refined only through improved under-
standing of the various mechanisms under-
lying these correlations.

The implicit assumption underlying the X2
standard and the CALFED process is that
shallow low-salinity habitat is essential
to the estuarine ecosystem, and that pro-
viding more of it will be beneficial. The
central position of this assumption in cur-
rent and proposed management scenarios
indicates a major change in beliefs about
how the ecosystem responds to flow.
Where once the prevailing view of flow ef-
fects had to do with transport and flushing,
the present view recognizes the limited
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effect of freshwater flow on current veloci-
ties in the tidal estuary and posits that the
position of a given salinity range, rather

than flow per se, has the greatest influence

on the ecosystem.

This belief has not been tested. Yet, great
differences in management of the estuarine
ecosystem are implied by these alternative
views of its function. If habitat is indeed
limiting, then constructing more habitat in
the delta should offer a similar benefit to
providing more flow. On the other hand, if
populations are influenced directly by flow
or exports, then changing the flow and
export regime would be more effective than
creating habitat.

Given that the cost of alternative actions
could reach billions of dollars, it seems
essential to understand as well as possible
how freshwater flow influences the ecosys-
tem. The mechanisms by which the abun-
dance or survival of different species vary
with Xg probably differ among species. At
present these mechanisms can be guessed,
but none is known with any certainty
(Estuarine Ecology Team 1996). Knowing
these mechanisms may permit more pre-
cise, effective, or economical management
of the estuarine ecosystem and may pre-
vent the enactment of costly and ineffective
measures for ecosystem protection.

For species resident in and near the en-
trapment zone, the correlation with X2 may
be due to variations in intensity of trapping
mechanisms with position of the entrap-
ment zone (Estuarine Ecology Team 1996).
Entrapment zone residents include species
of interest such as delta smelt, longfin
smelt, and young striped bass, as well as
several ecologically important species in
lower trophic levels. Therefore, it is worth-
while to investigate these trapping mecha-
nisms, the nature of the entrapment zone

as habitat, and the responses of the en-
trapment zone to changes in Xa or delta
outflow.

Particle-tracking models are having increas-
ing utility for examining the effects of alter-
native flow regimes on the movement of
salt and particles. Future versions of these
models may prove essential for predicting
the effects of alternative flow regimes in the
delta or elsewhere, provided they can be
modified to depict flows in stratified por-
tions of the estuary. To extend these mod-
els to any motile organisms such as larval
fish, however, requires understanding of
the interaction of vertical movements of
these organisms with the tidal flow regime.
The entrapment zone study presented here
was motivated partly by the need to know
more about these movements.

From a strictly scientific perspective, the
entrapment zone is an excellent location to
study a fundamental issue in ecology: how
organisms are able to cope with a particu-
larly demanding physical environment. To
what extent are the populations resident in
the entrapment zone influenced by pat-
terns of circulation, and to what extent by
food limitation or other biotic interactions?

Finally, we are motivated to conduct stud-
ies of the entrapment zone by technological
development. Modern computers, acoustic
doppler current profilers, and conductivity-
temperature-depth instruments with addi-
tional sensors permit a much more finely
resolved assessment of the physical envi-
ronment than was heretofore possible.
These advances in technology have permit-
ted the development of more detailed
mathematical and conceptual models of
circulation (see Burau, this volume), which
in turn allow the development of improved
models of biological/physical interactions.
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The traditional concept underlying an en-
trapment zone is as follows (Postma and
Kalle 1955; Festa and Hansen 1976, 1978;
Officer 1976, 1980; Arthur and Ball 1979;
Kimmerer 1992). Near the landward limit
of salt penetration into the estuary, fresh
water flowing out to sea entrains some
saltier water, resulting in a longitudinal
gradient in salinity. Surface flow is sea-
ward because of a tidally averaged slope in
surface elevation from the river mouth to
the sea. The salinity gradient also results
in a density gradient, which tends to move
saltier water landward near the bottom.
This two-layer net or tidally averaged flow
is believed to trap living and non-living
particles near the landward limit of salt
penetration, resulting in a maximum in
turbidity and living particles.

The main problem with this simple concep-
tual model is that it treats the estuary as
static except for the net flows near the
surface and the bottom. It ignores the role
of tidal influence on mixing and longitudi-
nal transport. The most important aspect
of tides in this context is the periodic
breakdown of stratification through turbu-
lent mixing generated by shear stress near
the bottom. Without stratification, two-
layer flow or gravitational circulation is
generally weak, because momentum is
transferred throughout the water column
unhindered by the buoyancy effects that
occur in a stratified water column. The
velocity profile in an unstratified water
column therefore approximates a simple
boundary layer, following a log profile; the
average of this profile over time is a unidi-
rectional, seaward velocity profile because
of the barotropic mean flow (essentially
delta outflow).

The horizontal density gradient that drives
gravitational circulation is negligible land-

ward of the position of 2-psu bottom salin-
ity (X2); therefore, landward of Xg stratifi-
cation is weak except at high freshwater
flows (Jassby et al 1995). Horizontal den-
sity gradients produce a density current
that can create stratification depending on
the strength of the vertical shear, which
depends on strength of tidal currents
(slack versus maximum current, spring
versus neap). The strength of the density
currents, and therefore the stratification,
peak at slack water when vertical shear
and therefore mixing is at a minimum.
Conversely, stratification virtually disap-
pears on every tidal cycle when the currents
reach their maxima. If the time-average of
these density currents exceeds the
barotropic mean flow, then we observe
gravitational circulation.

The traditional model of the entrapment
zone also neglects other mechanisms for
creating a maximum in turbidity or parti-
cles. These include local sources of materials
(eg, shoals), complex shoal-channel circu-
lation patterns (eg, Lucotte and d’Anglejan
1986), landward transport of particles
through Stokes drift, and local minima in
dispersive energy, such as at a wide place
in the channel (Giese and Jay 1989). In
addition, maxima can occur through the
interaction of vertical distribution of parti-
cles and stratification-induced ebb/flood
shear asymmetries (see Burau, this vol-
ume).

Finally, the simple model of the entrap-
ment zone is based on limited information
about patterns of velocity on a time and
space scale relevant to the measurement of
fluxes. Improvements in these measure-
ments, specifically with the use of acoustic
doppler current profilers, now make it pos-
sible to resolve the actual fluxes and deter-
mine the mechanisms underlying them.
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ConcePtual Model of Concentration Maxima

Maxima in turbidity and in the abundance
of several species of organism persist
across a wide range of conditions of fresh-
water flow. Without a mechanism to main-
tain these maxima, longitudinal dispersion
produced mainly by tidal currents would
erode them, resulting in a monotonically
sloping concentration profile with distance
along the axis of the estuary. A resident
population of estuarine planktonic organ-
isms cannot be maintained without a maxi-
mum somewhere in the estuary. Maxima in
concentrations or abundance can be main-
tained by one of the following mechanisms:

¢ A source of the material, such as a shoal
discharging sediment, or an elevated growth
rate in a restricted region of the estuary.

e A local minimum in longitudinal disper-
sion rate.

e A flux of material toward the maximum,
sufficient to offset dispersion away from
the concentration maximum. This flux
could occur through:

— Advection (ie, flow toward the maximum
in at least part of the water column).

— Stokes drift (due to the phase difference
between sea level and velocity).

— Directed movement (ie, swimming land-
ward or seaward by larger organisms).

— Vertical or lateral movement in syn-
chrony with tides resulting in net move-
ment toward the maximum.

I include as “particles” all non-living parti-
cles as well as living particles with a swim-
ming speed much lower than current
velocities; ie, plankton and larval fish.
Since they cannot swim very fast, their
primary control over longitudinal or lateral
position is through vertical movement. The
longitudinal transport or flux of particles
past a point along the estuarine channel
can be described simply as:

Flux = <UCA>

where U is velocity along the channel (posi-
tive is landward), C is the concentration of
particles (or abundance of organisms), and
A is cross-sectional area. All three vari-
ables may vary with time. The overbar in-
dicates averaging of the product over time,
and the brackets indicate averaging over
the cross-sectional area. The tidally aver-
aged value of this flux is the net transport;
if this is negative, then on average the
material will be washed seaward of this
section.

If the velocity U were always negative, as in
a river, the flux would always be seaward.
However, in the San Francisco estuary, U
reverses tidally and is typically much larger
than the net, river-derived water velocity.
Thus, an opportunity exists for fluxes to
develop in either direction, depending on
how U and C covary.

The velocity and concentration (U and C
above) can each be described as a mean
value plus a component that fluctuates in
space and time. We will ignore fluctuations
in A with tide, meaning we ignore Stokes
drift, which is probably unimportant to
transport in the channels (see Burau, this
volume). Then the above equation can be
decomposed into:

Flux = (<[_]><E> + <UxCx>)A

where Ux and Cx are the fluctuating (ie,
varying tidally, vertically, and across the
section) parts of U and C respectively.
These fluctuating parts, by definition, have
an average value of zero.

Typically the mean velocity is negative
(seaward) and much smaller than the tidal
velocities. The tidal velocities Ux vary in
time and also in position within the cross
section. In the absence of stratification,
velocity generally has a logarithmic profile
with depth, so that it is highest near the



surface and is also lower near the sides
and over shoals than in the channels. It
can be asymmetrical on ebb and flood, so
that it is stronger in a seaward direction in
one part of the cross section and stronger
landward in another. Gravitational circula-
tion is a case of vertical asymmetry, in which
the time-averaged velocity near the bottom
is positive (landward) even though the cross-
sectionally averaged velocity is seaward.

If the concentration C is constant or fluc-
tuates randomly, the average value of the
right-hand term above will be zero, and the
flux of particles will be seaward. Any mecha-
nism that causes the fluctuating parts of U
and C to covary positively can cause land-
ward transport. This can happen in three
ways (Figure 1):

¢ The concentration of particles in the water
column is highest where flow is flood-
dominated; this can occur if the particles
sink or swim downward, and there is either
two-layer estuarine circulation or a pro-
nounced flood dominance in the deeper
parts of the water column and ebb domi-
nance in the shallower locations. (Fig-
ure 1A)

e The concentration of particles in the water
column increases on the flood, either by
resuspension of sediments from the bottom
or off shoals or by the migration or tidal
resuspension of demersal organisms off
the bottom. (Figure 1B)

¢ The concentration of particles is the same
throughout the tide, but the particles are
higher in the water column on the flood
than on the ebb; this will put the highest
concentration at a higher velocity on the
flood than on the ebb. (Figure 1C)

An additional mechanism for apparent
landward movement applies to biological
particles, which can increase in abundance
through reproduction:

e The reproductive minus death rate of
biological particles is sufficiently higher
landward (ie, in the entrapment zone) to

Introduction to the 1994 Entrapment Zone Study
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Figure 1
SCHEMATIC LONGITUDINAL SECTION OF THE ESTUARY
SHOWING ISOHALINES AND CONCEPTUAL MODELS OF
INTERACTION BETWEEN BEHAVIOR OF PARTICLES AND
LONGITUDINAL MOVEMENT

With a maximum in abundance of particles (shaded area), dispersion will tend to move
particles away from the maximum and advection due to streamflow will move particles
seaward. Tidal shear generates mixing that tends to remove vertical gradients,
particularly in shallow areas. Particles can maintain a maximum by:

A, Remaining deep in the water column, provided there is sufficient ebb/flood
asymmetry in velocity profiles (ie, landward transport dominates);

B, Migrating vertically off the bottom during flood currents and to the bottom on ebb
currents;

C, Migrating higher in the water column on flood currents and deeper in the water
column on ebb currents, provided shear in the currents is sufficient; or

D, Having a higher local net population growth (birth — death) in the region of the
maximum than elsewhere.

offset the seaward losses to advection and
dispersion. (Figure 1D)

The measurement of longitudinal fluxes in
an estuary is complicated by great variabil-
ity in tidal velocity (Kjerfve and Proehl
1979). Development of the acoustic dop-
pler current profiler has provided a means
of obtaining a large quantity of information
on the distribution of velocity to help
resolve the transport of particles. Now the
greatest limitation to measuring fluxes is
obtaining adequate resolution of the distri-
bution of particles.

In the design of this study we have focused
on vertical spatial variation with scales of
meters as well as tidal time scales. We have
also gathered some data on longitudinal
variation and on variation among three
cruises, two close to neap tides and one
close to a spring tide. We have ignored the
lateral component of variation for this
study to keep the workload manageable.
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Entrapment Zone as Habitat

Several estuarine species are most abun-
dant in or near the entrapment zone for at
least some life stages. For many of these
species, the most significant aspects of the
physical environment would appear to be
related to the physical characteristics dis-
cussed above. That is, these species must
have a way to offset losses to dispersion
and seaward advection, either through
high growth rate offsetting these losses
(Ketchum 1954) or through behavioral in-
teractions with the circulation pattern.

For small organisms such as bacteria, be-
havioral interactions would be limited to
their ability to attach to particles that
would be concentrated in the entrapment
zone. Alternatively, the entrapment zone
may represent a different and possibly
more favorable environment for growth of
bacteria than other regions of the estuary.

Study Objectives

Thus our focus for bacteria is more on
spatial variability in conditions for attach-
ment and growth than on direct interac-
tions with circulation patterns and, as
discussed below, the sampling program for
bacteria was quite different from those for
other taxonomic groups.

For larger organisms such as zooplankton
and larval fish, the entrapment zone could
provide a physical environment where re-
tention is possible, or a favorable biological
environment. We focus in this study on the
physical environment, while gathering
data to interpret the biological environ-
ment in terms of the fine-scale distribu-
tions of bacteria, chlorophyll, and
zooplankton that will be useful in modeling
the feeding environment for entrapment
zZone species.

The main goal of this study was to better
understand the interaction of entrapment
zone biota with their physical environment.
Entrapment zone species examined
included phytoplankton, bacteria, Euryte-
mora affinis, Neomysis mercedis, and larval
fish that are sufficiently abundant in the
entrapment zone, including striped bass,
longfin smelt, and gobies.

Specific objectives were:

¢ To determine the relationship between ver-
tical and longitudinal positions of common

entrapment zone species, salinity, and sus-
pended solids and the velocity field under
various conditions of tide and outflow.

e To determine the importance of particle-
bound bacteria as a potential food supply
for grazers and to bacterial community
metabolism in and out of the entrapment
Zone.

¢ To obtain information on small-scale spa-
tial (particularly vertical) distribution of
larval fish and zooplankton.



Sample Design

Introduction to the 1994 Entrapment Zone Study

The sampling program comprised con-
tinuous in situ monitoring of the physical
environment, three spatially detailed inves-
tigations of the bacterial community, and
three cruises to determine the distribution
and movements of zooplankton. Continu-
ous monitoring data were collected with
acoustic doppler current profilers placed at
the edge of the main shipping channel at
Martinez (river kilometer 56), Port Chicago
(64), Mallard Slough (74), and Antioch (83).
In addition, CTDs recorded conductivity,
temperature, depth, and optical backscat-
ter at these and several other locations.
Data used to interpret biological sampling
were taken from the Mallard Slough ADCP,
which was close to the center of the sam-
pled area.

Bacterial samples were taken on April 19
and 28 from R/V Questuary, and on May
17 from R/V Polaris. Transects were run
up the axis of the estuary from Martinez to
Decker Island on the Sacramento River
and Jersey Point on the San Joaquin River
(Executive Summary, Figure 2).

Samples for zooplankton and phytoplank-
ton were taken during cruises of R/V San
Carlos on April 18-19 (Cruise A), April 26-
27 (B), and May 17-18 (C). Our intent was
to sample repeatedly in the same water
mass over a period encompassing two full
tidal cycles on each cruise. Use of drogues
was not considered feasible in the restricted
waters of the tidal channels with their
heavy shipping traffic, so we used surface
specific conductance as an indicator of the
selected water mass.

Cruises A and C were conducted near neap
tides and Cruise B near spring tide. During
each cruise the vessel cycled for 27-28
hours among three stations defined by a
surface specific conductance of about 1, 3,
and 6 mS/cm (stations 1, 3, and 6). Each
station was visited once per tidal cycle start-
ing at station 6, with the timing set to
arrive at station 3 (the “EZ” station) near
the maximum flood and ebb. Station 3 was
also visited as close as possible to slack
water on most tides. Times of slack water
were estimated using harmonic predictions.
Surface specific conductance was measured
using a continuous flow-through system.

The vessel was equipped with a GPS (global
positioning satellite) receiver equipped with
the MapTech program to allow users to
record position on a computer disk. A 1200
kHz broadband ADCP was mounted on a
swing arm on the starboard side of the
vessel near the stern. At each station the
ADCP was lowered into the water and
secured, then turned on to record at about
5-second intervals and 25-centimeter depth
bins starting at 1.25 meters depth. The
ADCP was used to provide on-board read-
outs of velocity profiles and also to attempt
to detect scattering layers of organisms.

At each station the position was recorded
on disk and on data sheets. Two casts were
taken with a Seabird CTD (conductivity-
temperature-depth) instrument. Samples
were taken for large zooplankton and larval
fish with Bongo sampling nets and for
small zooplankton and phytoplankton with
a pump. Details of sample collection and
processing are provided in individual
chapters.
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Conditions During Cruises

Figure 2 in the Executive Summary shows
the sample area with the locations of fixed
ADCP sensors, bacterial sampling stations,
and the range of ship’s positions during the
three cruises on R/V San Carlos. Table 1
lists times of stations and samples taken at
each station from R/V San Carlos.

The hydrograph for the study period (Fig-
ure 2) shows a typical spring decline with
several flow pulses in April and May. The
first pulse, occurring around the time of
Cruise B, probably did not affect condi-
tions on that cruise because of the time
(probably several days) for that pulse to
reach the sample area. During cruise C the
sampling area was shifted somewhat sea-
ward (Executive Summary Figure 2) be-
cause of the cumulative effects of the flow
pulses in late April and early May.

Figures 3-5 show the tidal speeds at
Chipps Island, median ship’s position as
river kilometer index at each station, and
wind speed and solar radiation at Chipps
Island during the three cruises. Tidal
speeds are water column means from the
fixed ADCP at Chipps Island (river kilome-
ter 74), calculated parallel to the channel
axis. The nominal tidal stages at the times
of sampling lagged slightly behind the
actual tide; that is, most of the slack-water
samples were taken somewhat after slack
water. The ebb-dominance of the water col-
umn mean current speed is evident in all
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Figure 2

FRESHWATER OUTFLOW CALCULATED IN THE
DWR DAYFLOW PROGRAM FOR MARCH-MAY 1994

Vertical lines indicate the days on which each of the three cruises began.

three figures, and translates to tidally av-
eraged speeds of -7, -11, and -6 cm/s,
where negative speeds indicate westward
(outward) flow. Wind was westerly during
most of all three cruises, strongest during
cruise A and weakest during cruise C.

Salinity showed increasing stratification
with distance seaward on each cruise (Fig-
ures 6-8), but no consistent differences
between ebb and flood at any of the nomi-
nal values. Optical backscatter voltage, re-
lated but uncalibrated to suspended
solids, generally increased with depth,
with occasional layers of backscattering
particles near the bottom at all salinity
values and tides (Figures 9-11).
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Table 1
CONDITIONS DURING SAMPLING AND SAMPLES TAKEN
Columns show cruise, day (first or second day of the cruise), station, nominal specific electrical conductance (EC), tidal stage (high slack, ebb, low slack, flood), times
over which stations were occupied, and whether samples were taken with the CTD, surface, middle, or bottom bongo net, and the pump.
Nominal Station Times Bongo Pump
Cruise  Day  Station EC  Tide Start End CTD Samples Sample Remarks
A 4/18 A 3 HS 10:57 12:10 S M B
A 4/18 B 6 E 13:01 13:54 S M B Y
A 4/18 C 3 E 14:19 15:17 S M B Y
A 4/18 D 1 E 15:44 16:31 S M B Y
A 4/18 E 3 LS No station
A 4/18 F 6 F 20:01 21:18 Y S M B Y
A 4/18 G 3 F 21:50 22:46 Y S M B Y
A 4/18 H 1 F 23:14 00:10 Y S M B Y
A 4/19 | 3 HS 00:37 01:30 Y S M Y Bottom net failed
A 4/19 J 6 E 02:05 02:50 Y S M Y Bottom net failed
A 4119 K 3 E 03:49 04:43 Y S M B Y
A 419 L 1 E 05:12 06:17 Y S M B Y
A 4/19 M 3 LS No station
A 4/19 N 6 F 07:15 08:10 Y S M B Y
A 4/19 0] 3 F 09:00 09:58 Y S M B Y
A 4/19 P 1 F 10:33 11:32 Y S M B Y
A 4/19 Q 3 HS 11:59 12:57 Y S M B Y
A 4/19 R 6 E 13:40 14:31 Y S M B Y Davit broke
B 4/26 C 3 F 15:21 16:27 Y S M B Y
B 4/26 D 1 F 16:53 17:39 Y S B Y Middle net failed
B 4/26 E 3 HS 18:10 19:04 Y S M B Y
B 4/26 F 6 E 19:57 20:43 Y S M B Y
B 4/26 G 3 E 21:22 22:06 Y S M B Y
B 4/26 H 1 E 22:35 23:25 Y S M B Y
B 427 | 3 LS 00:06 00:56 Y S M B Y
B 427 J 6 F 01:29 02:16 Y S M B Y
B 427 K 3 F 02:42 03:22 Y S M B Y
B 4/27 L 1 F 03:49 04:31 Y S M B Y
B 4/27 M 3 HS 05:43 06:32 Y S M B Y
B 4/27 N 6 E 09:04 Y S M Y Bottom net failed
B 4/27 0] 3 E 09:39 10:41 Y S M B Y
B 4/27 P 1 E 11:06 11:55 Y M B Y
B 4/27 Q 3 LS 13:03 13:58 Y S M B Y
B 427 R 6 F 14:50 16:06 Y S M B Y
B 4/27 S 3 F 16:36 17:20 S M B Y
B 4/27 T 1 F 17:44 18:36 S M B Y
C 5117 A 3 HS 10:05 11:19 Y M Y Lost bottom net; moved middle down
C 517 B 6 E 11:42 12:42 Y S B Pump failed
C 5/17 C 3 E 13:38 13:59 Y S B Y
C 5/17 D 1 E 15:20 16:03 Y S B Y
C 5/17 E 3 LS 17:14 17:56 Y S B Y
C 5/17 F 6 F 18:58 20:09 Y S B Y
C 517 G 3 F 20:28 21:28 Y S B Y
C 517 H 1 F 22:08 22:57 Y S B Y
C 517 | 3 HS 23:15 00:24 Y S M B Y
C 5/18 J 6 E 01:16 01:56 Y S B Y
C 5/18 K 3 E 02:27 03:08 Y S B Y
C 5/18 L 1 E 03:42 04:27 Y S B Y
C 5/18 M 3 LS 05:10 05:53 Y S B Y
C 5/18 N 6 F 06:21 07:27 Y S B Y
C 5/18 0 3 F 08:12 09:07 Y S B Y
C 5/18 P 1 F 09:42 11:08 Y Y
C 5/18 Q 3 HS 11:09 11:43 Y Y
C 5/18 R 6 E 12:12 12:49 Y S B Y
C 5/18 S 3 E 13:26 14:16 Y S B Y
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CRUISE A, APRIL 18-19, 1994

Top, tidal speed along channel axis averaged over the
water column from ADCP data taken at Chipps Island;
positive is the flood direction.

Middle, longitudinal position of the ship at each station,,
midpoint of positions recorded during the station. Letters
in the graph are station identifiers (Table 1); numbers
below the curve give station (nominal specific
conductance).

Bottom, hourly wind speed (solid line) and solar radiation
(dashed line) at Chipps Island during the cruise.

CRUISE B, APRIL 26-27, 1994

Top, tidal speed along channel axis averaged over the
water column from ADCP data taken at Chipps Island;
positive is the flood direction.

Middle, longitudinal position of the ship at each station,
midpoint of positions recorded during the station. Letters
in the graph are station identifiers (Table 1); numbers
below the curve give station (nominal specific
conductance).

Bottom, hourly wind speed (solid line) and solar radiation
(dashed line) at Chipps Island during the cruise.

CRUISE C, MAY 17-18, 1994

Top, tidal speed along channel axis averaged over the
water column from ADCP data taken at Chipps Island;
positive is the flood direction.

Middle, longitudinal position of the ship at each station,,
midpoint of positions recorded during the station. Letters
in the graph are station identifiers (Table 1); numbers
below the curve give station (nominal specific
conductance).

Bottom, hourly wind speed (solid line) and solar radiation
(dashed line) at Chipps Island during the cruise.
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