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PREFACE

This Conceptual Model is part of a suite of conceptual models which collectively
articulate the current scientific understanding of important aspects of the Sacramento-San
Joaquin River Delta ecosystem. The conceptual models are designed to aid in the
identification and evaluation of ecosystem restoration actions in the Delta. These models
are designed to structure scientific information such that it can be used to inform sound
public policy.

The Delta Conceptual Models include both ecosystem element models (including
process, habitat, and stressor models); and species life history models. The models were
prepared by teams of experts using common guidance documents developed to promote
consistency in the format and terminology of the models
http://www.delta.dfg.ca.gov/erpdeltaplan/science process.asp .

The Delta Conceptual Models are qualitative models which describe current
understanding of how the system works. They are designed and intended to be used by
experts to identify and evaluate potential restoration actions. They are not quantitative,
numeric computer models that can be “run” to determine the effects of actions. Rather
they are designed to facilitate informed discussions regarding expected outcomes
resulting from restoration actions and the scientific basis for those expectations. The
structure of many of the Delta Conceptual Models can serve as the basis for future
development of quantitative models.

Each of the Delta Conceptual Models has been, or is currently being subject to a rigorous
scientific peer review process. The peer review status of each model is indicated on the
title page of the model.

The Delta Conceptual models will be updated and refined over time as new information
is developed, and/or as the models are used and the need for further refinements or
clarifications are identified.
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Introduction.

This model is a stylization of the actual food web dynamics of the Sacramento-San
Joaquin Delta, which are highly dynamic. The region itself comprises a variety of habitats,
determined by salinity regimes, residence time, hydrology, benthos and physical
structure. These physical parameters, or drivers, determine species composition and
trophic relationships. The Delta is a tidal system which is subject to varying water inflow.
Because inflow and outflow vary as the result of anthropogenic alterations and water
management needs, habitats are not static. Rather they are subject to hourly, daily,
seasonal and inter-annual variation, and different organisms respond in different ways to
these time scales, depending upon their own life histories.

Thus salinity and temperature regimes may create different outcomes from food
web interactions, based upon how species distributional and recruitment patterns
overlap. In general, food web linkages are not static or linear. Organisms switch feeding
strategies opportunistically, and these patterns of variability in feeding strategy tend to
increase with trophic level. Many organisms, particularly plankton, undergo many
generations in the course of a year, and selective forces may allow for rapid evolution
which can alter habitat preferences or other life history characteristics.

The Delta food web is further dynamic in that new species are regularly introduced
into the Estuary, competing with, replacing, or preying upon other organisms. For
example, the overbite clam, Corbula amurensis, was introduced in 1986, precipitating a
cascade of changes that are still not wholly understood. Zebra and quagga mussels are
expected to invade the Delta within the next few years, and will bring further changes.

The topology of a food web model will be necessarily complex given these factors.
Even without such variability, the potential linkages create a spider web of relationships
that is difficult if not impossible to disentangle. In order to create a working model of the
Delta food web that is useful for education, for hypothesis-generation, and for
management decision-making, it is necessary to create limits to what linkages will be
examined.

In order to do this, this Delta food web model focuses on organisms that supply
food for fish. This is particularly important given the recent concern for pelagic organism
decline, which is described mostly for fishes, some of which are listed as endangered or
threatened. A key assumption is that fish are integrators of ecosystem function.

Also included in the model are invasive organisms that have a large impact on food
web dynamics (such as C. amurensis), as are organisms that are particularly abundant
(such as the copepod Limnoithona tetraspina), whether or not they are used directly by
fish.
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Finally, organisms from the microbial web are also included, although relatively
little is known about their overall role in the Delta. It appears that a significant amount of
production is microbial, utilizing energy from the ample supply of detrital carbon. The
scale of microbial production may dwarf the amount of primary production, so it is
important to include in the model.

Thus, most benthic organisms are not included, because there is not good
evidence that they are particularly important to pelagic fish, or that they have any major
impact on the pelagic foodweb. However, the invasive clams C. amurensis and Corbicula
fluminea are included because of their known impact on plankton populations.
Macrocrustaceans (including mysids, amphipods, isopods and insects) are included
because they may be useful for fish, and because there is some evidence that introduced
amphipods have taken over a place in the foodweb formerly occupied by mysids.
Meiofauna, in contrast, are not discussed because they are poorly represented in the
literature, and not important in fish diets.

No discrimination was made in terms of invasive or native organisms. Organisms
have been introduced at least since the early 1800s, including the copepod Eurytemora
affinis, once considered native. Many of these organisms have become naturalized to the
system. In certain habitats of the San Francisco Estuary and Delta, exotics make up 40-
100% of species, 97% of the total number of organisms, and up to 99% of the biomass.
While it is sometimes useful to distinguish between native and non-native species, this
model focuses on the state of the food web at the turn of the 21* Century (1998-2008), in
an effort to describe which organisms support trophic functioning and which do not.
Because non-native organisms are both ubiquitous and abundant, they dominate the
ecology of the Delta. Having established, the possibilities of removal are quite small. This
model assumes that they are fully integrated into the food web, although adjustments
may occur with certain invasions that take years or decades to complete.

Trophic research on the Delta relies on a variety of methods that vary with trophic
level. Phytoplankton nutrient uptake research uses labeled isotopes of C and N. Ciliate
and rotifer grazing rates are calculated using fluorescently marked bacteria. Zooplankton
and clam diets are determined largely through prey removal experiments. Fish diets are
investigated using gut analyses.

Missing from much of the research are stable isotope analyses, which apparently
have limited utility in open water organisms, largely from the muddying influence of
marine, riverine, and terrestrial inputs, which prevent a clear signal in the data. Perhaps
for this reason, also missing are studies of the ecology of a number of newly introduced
copepods, mysids, isopods and shrimp. These species may have replaced native mysids
and shrimp, but little is known about their trophic positions.
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Because of the complexity of the model, it has been broken down into sections
that follow rough “trophic levels”. Each diagram emphasizes different relationships using
the same template, to facilitate understanding. Drivers show abiotic parameters and
emphasize their relative importance, intermediate outcomes show primary and secondary
trophic relationships, and the final outcome emphasizes predators, in this case fish (as
well as clams and hydrozoans). Each of the linkages between organisms and trophic levels
are described in detail, along with a relevant bibliography to facilitate further
investigation.

Confusion about the significance of the linkage arrows often occurs with food web
models. The arrows in this model represent ecological relationships and the state of our
knowledge of those relationships. The opposing arrows represent the influences on each
of the populations, influences that may be asymmetrical. Positive arrows reflect positive
population effects, carbon/nutrient flows, or bottom-up effects. Negative arrows reflect
negative population effects, predation, or top-down effects.

Note that arrows do not reflect the importance of linkages relative to the
ecosystem of the entire Delta. Rather, they only reflect importance to the organisms to
which the arrow is directed. Each arrow refers to the immediate relationship between the
organisms it links, without reference to the larger system, or its importance to
management and restoration goals.

To summarize briefly, the model is not intended to be a static resource. Rather it is
intended to guide individuals seeking further knowledge about the Delta, to generate
discussion, and to assist in the development of new hypotheses about trophic
relationships. Additionally, it is hoped that it will provide a useful tool to support
decision-making around restoration actions for the Delta. Because the model is modular,
it may be easily re-formulated to accommodate changes as new understandings become
available. The model should be understood as a snap-shot representation of the dynamic
Delta food web.

Cloern JE, Canuel EA, Harris D. 2002. Stable carbon and nitrogen isotope composition of aquatic and
terrestrial plants of the San Francisco Bay estuarine system. Limnol. Oceanogr. 47(3): 713-729

Cohen AN, Carlton, JT. 1998. Accelerating invasion rate in a highly invaded estuary. Science 279: 555-558.

Kimmerer WJ. 2004. Open water processes of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science 2 (1).

Mueller-Solger A, Hall C, Jassby A, Goldman, C. May 2006. Food resources for zooplankton in the
Sacramento-San Joaquin River Delta. Final Report, Calfed Project ERP-01-N50/2001-K221.
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Nichols FH, Thompson JK, Schemel LE. 1990. Remarkable invasion of San Francisco Bay (California, USA)
by the Asian clam Potamocorbula amurensis. 2. Displacement of a former community. Marine Ecology
Progress Series 66:95-101.

Orsi JJ, Ohtsuka S (1999) Introduction of the Asian copepods Acartiella sinensis, Tortanus dextrilobatus
(Copepoda:Calanoida), and Limnoithona tetraspina (Copepoda:Cyclopoida) to the San Francisco Estuary,
California, USA. Plankton Biol Ecol 46:128-131

Back To Contents
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User Notes.
Importance: Understanding: Predictability:
High - thick line q High — green arrow é High - solid line
Med — medium line q Med - blue arrow — —) Med - dashed line
—>  Low-—thinline ﬁ Low - red arrow secee ‘) Low — dotted line

All numbered links are click-able. Text descriptions with references are
linked. Page headings are also linked to descriptive text for overviews.

Linkage arrows reflect importance, predictability and understandin
relative to the organism, guild or trophic level indicated by the direction
of the arrow.

Negative arrows reflect negative population eftects, or top-down effects.

Positive arrows reflect positive population etfects, carbon/nutrient flows,
or bottom-up eftects.

Note that arrows do not reflect the importance of linkages relative to the
ecosystem of the entire Delta. Rather, they only reflect the importance to
the organisms to which the arrow is directed. Each arrow refers to the
immediate relationship between the organisms it links, without reference
to the larger system.

Back To Contents
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1.0 Delta Foodweb Overview: Critical Drivers and Linkages

Phytoplankton production is largely limited by the twin drivers of turbidity and
residence time. Limited primary production in turn limits secondary production, although
omnivorous zooplankton may be able to supplement diets with inputs from the microbial
loop, which tends to be driven by organic carbon inputs in the form of riverine, sewage
and agriculturally derived detritus (as well as phaeophyton from endogenous
phytoplankton production).

Both phytoplankton and some zooplankton are limited by grazing pressure from
the two bivalves Corbicula amurensis and Corbicula fluminea. The ecological impact of
these organisms is due to their high abundance and filtration rates, which are estimated to
allow them to filter the entire water column on a timescale on the order of days (for
phytoplankton) to weeks (for bacterioplankton). Those zooplankton not subject to direct
predation may be affected indirectly by competition with clams for phytoplankton.

The Delta foodweb is dominated by benthic filter feeding bivalves, curtailing the
production of plankton and the availability of food for most fish. Instead, carbon is
directed into the benthos where it is either sequestered, advected out of the system,
recycled into the microbial loop, or made available to a limited set of benthic feeding fish
and birds.

Key uncertainties:

1. The role of benthic feeders in recycling organic carbon.

2. The dynamics of the microbial loop and how it supports secondary production
and fish populations.

3. The role of fish populations in structuring the zooplankton community.

4. Mortality from piscivorous fish on young native fishes.

5. The fate of carbon being directed through Limnoithona tetraspina, Corbula
amurensis, and Corbicula fluminea.

6. The role of nutrients in limiting phytoplankton production.

View Slide: Critical Drivers & Linkages



SDWA 222

1.1

Turbidity to Phytoplankton
Importance: High
Understanding: High
Predictability: High

The high turbidity levels in the Delta are well documented to have an inhibitory
effect on phytoplankton bloom formation by reducing photic zone depth. Whenever
mixing occurs below the critical depth, photorespiration exceeds carbon fixation by
photosynthesis, reducing the amount of primary production available for consumption by
higher trophic levels. This has a negative feedback on bloom formation, since it tends to
inhibit sufficiently high biomass to cause a bloom.

Bloom conditions rarely occur in the northern San Francisco Estuary and Delta.
The required conditions are:

1. Vertical salinity stratification allowing for improved light conditions, reducing mixing
below the photic zone, and separating phytoplankton from benthic grazers

2. High levels of photosynthetically active radiation (ie, no cloud cover)

3. Short enough residence times to allow pulses of nutrients to enter the water column
from upriver, with long enough residence times to allow for bloom formation

4. Low concentrations of NH,4, which can otherwise interfere with nitrate uptake and
rapid growth rates in diatoms.

Cole BE, Cloern JE. 1984. Significance of biomass and light availability to phytoplankton productivity in
San Francisco Bay. Marine Ecology Progress Series 17:15-24

Dugdale RC, Wilkerson FP, Hogue, VE, Marchi A. 2007. The role of ammonium and nitrate in spring
bloom development in San Francisco Bay. Estuarine, Coastal and Shelf Science 73:17-19.

Lehman, PW. 1992. Environmental factors associated with long-term changes in chlorophyll concentration
in the San Joaquin Delta and Suisun Bay, California. Estuaries 15(3): 335-348
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1.12

Residence Time/Water Velocity to Phytoplankton, Microzooplankton, and
Mesozooplankton

Importance: High

Understanding: High

Predictability: High

Residence time is the amount of time a fixed particle remains within a given
physiographic region. Increased residence time allows for nutrient retention, biomass
accumulation (critical for a bloom to occur), and temperature increase. Decreased
residence time allows for nutrient and organism advection to other portions of the
Estuary, and for nutrient recharge within a given physiographic region. Production
appears to be a function of four conditions related to “mixed” residence times.

These conditions are:

1. Nutrient recharge, necessary to fuel primary productivity. This necessitates a
residence time short enough to allow new inputs of nutrients. If residence time is too
high, nutrients will draw down, limiting production.

2. Biomass accumulation and advection. Biomass accumulation is required to
reach high densities of organisms. Because primary and secondary production are rates,
they increase or decrease biomass logarithmically. Biomass accumulates faster at higher
densities, bounded asymptotically by nutrient or food availability. Advection allows
production from productive regions of the Delta to subsidize less productive habitats.
Dispersal also prevents conditions from becoming eutrophic, which reduces dissolved
oxygen and inhibits production.

3. Warm water temperatures can increase production.

4. Sufficient trophic response time to phytoplankton blooms ensures that primary
production is retained in the system long enough to promote secondary production, which
may also be dispersed.

Ball MD, Arthur JF. 1979. Planktonic chlorophyll dynamics in the northern San Francisco Bay and Delta.
In: Conomos TJ, editor. San Francisco Bay: the urbanized estuary. San Francisco (CA): Pacific Division,
American Association for the Advancement of Science. p 265-285.

Jassby AD, Cloern JE, Cole BE. 2002. Annual primary production: patterns and mechanisms of change in a
nutrient-rich tidal estuary. Limnology and Oceanography 47:698-712.

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science 2(1).
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1.13

Salinity to Bivalve Predators: Corbula/Corbicula
Importance: High

Understanding: High

Predictability: High

Salinity has a strong controlling effect on benthic organisms with low mobility,
including the clams Corbula amurensis in the brackish Delta and Corbicula fluminea in
the fresh water. These clams have compromised the ability of the foodweb to deliver
carbon to higher trophic levels. They bypass a series of trophic steps, delivering energy to
top predators without supporting diversity, hence their important role in the current
ecology and restoration efforts of the Delta.

Both clams are bounded by different salinity gradients, which explains their non-
overlapping distributions. C. fluminea is unable to tolerate brackish or marine water for
extended periods, while C. amurensis does not tolerate fresh water well. The
distributional area of the clams follows shifts in salinity over protracted times. During
extended periods of low outflows, C. amurensis follows the increasing salinity gradient
upriver, primarily through larval dispersion. Alternatively, during years of high outflow,
C. amurensis may have high mortality at upstream, fresh water areas and C. fluminea will
establish down stream. Populations may be controlled by altering salinity regimes on a
time scale shorter than the lifespan of the clams (about 2-3 years), effectively removing
some of the effects of benthic grazing around low salinity and fresh water boundaries in
the Delta.

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science 2(1).

Nichols FH, Thompson JK, Schemel LE. 1990. Remarkable invasion of San Francisco Bay (California,
USA\) by the Asian clam Potamocorbula amurensis. 2. Displacement of a former community. Marine
Ecology Progress Series 66:95-101.
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1.21

(+) Nutrients to Phytoplankton
Importance: High
Understanding: Moderate
Predictability: Moderate

Phytoplankton in the Delta are limited more by turbidity and photosynthetically
available radiation (PAR) than by nutrients. However, key nutrients or nutrient ratios may
have an important impact on primary production rates and selection of phytoplankton
types.

Ammonium at concentrations above 1 umol L™ may be used preferentially by
phytoplankton, inhibiting uptake of nitrate. However, some diatoms have higher rates of
primary production using nitrate rather than ammonium. As a result, bloom formation for
these diatoms tends to occur only when ammonium levels have been drawn down below
the threshold at which they can successfully utilize nitrate.

(-) Phytoplankton to Nutrients
Importance: Moderate
Understanding: High
Predictability: High

The Delta is seldom if ever limited by nutrient availability. It receives inputs from
sewage treatment facilities, agricultural areas and urban runoff. Phytoplankton tend not to
draw down nutrients because of the rarity of bloom formation in the Estuary.
Occasionally conditions occur (low wind, high stratification, low turbidity, high
residence time) which permit the drawdown of ammonium by phytoplankton below the
1 pmol L™ threshold, allowing increased nitrate uptake by certain diatoms. Under such
conditions, diatom growth can be linear (or biphasic), allowing a bloom to occur as a
result of increased primary production. This has happened only rarely since 2000.

Collos Y, Vaquer A, Souchu P. 2005. Acclimation of nitrate uptake by phytoplankton to high substrate
levels. Journal of Phycology 41(3): 466-479.

Dugdale RC, Wilkerson FP, Hogue V, and Marchi A. 2007. The role of ammonium and nitrate in spring
bloom development in San Francisco Bay. Estuarine, Coastal and Shelf Science. 73: 17-29

Dugdale RC, Wilkerson FP, Hogue V, Marchi A. 2006. Nutrient controls on new production in the Bodega
Bay, California, coastal upwelling plume. Deep Sea Research Part 11: Topical Studies in Oceanography.
53(25-26): 3049-3062.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Huntsman S, Barber RT. 1977. Primary production off northwest Africa: the relationship to wind and
nutrient conditions. Deep Sea Research 24(1): 25-33.

Lancelot C, Billen G. (1985). Carbon-nitrogen relationships in nutrient metabolism of coastal marine
ecosystems. Advances in Aquatic Microbiology 3: 263-321.
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Serra JL, Llama MJ, Cardenas E. (1978). Nitrate utilization by the diatom Skeletonema costatum. Plant
Physiology 62: 991-994.

Wilkerson, FP, Dugdale RC, Hogue V, Marchi A. 2006. Phytoplankton blooms and nitrogen productivity
in San Francisco Bay. Estuaries and Coasts 29(3): 401-416.
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1.31

(+) Phytoplankton to Bivalve Grazers: Corbula/Corbicula
Importance: High

Understanding: High

Predictability: High

Corbula amurensis and Corbicula fluminea can occur at extremely high densities
(>1000 (m?)™) throughout the Delta, with a correspondingly large grazing effect. They
both rely heavily on phytoplankton, although C. amurensis has been well documented to
graze ciliates, microflagellates, bacteria, particulate matter, and zooplankton.

(-) Bivalve Predators: Corbula/Corbicula to Phytoplankton
Importance: High

Understanding: High

Predictability: High

Since C. amurensis appeared in 1986, phytoplankton densities have undergone a
stepwise and dramatic decline. The effect on zooplankton is equally severe, but is a
function both of direct grazing on larval stages (ie, copepod nauplii) and the indirect
effects of competition for phytoplankton. The result has been a decline in zooplankton
that has paralleled the loss of phytoplankton in the system. Both clams may be food
limited at least some of the time, which suggest that few other factors limit their
populations. The implication of this is that the clams may be able to graze down plankton
production so efficiently that bloom conditions are effectively suppressed during the
spring, summer and fall, when clam abundance is highest. This results in a “short-
circuited” food web, in which primary and secondary production is re-directed from the
multi-dimensional pelagic foodweb to the benthos. There, energy from primary
production is essentially locked up, and available to only a few benthic grazers, such as
white sturgeon and some diving birds. It is not known if pseudofeces from these bivalves
recycles dissolved organic carbon (DOC) into the water column, fueling an increase in
microbial activity and the microbial loop. If so, the clams would be promoting an
alternate foodweb, based more upon organic carbon, detritus, and the microbial loop,
rather than a more energetically efficient web based upon primary and secondary
production.

Alpine AE, Cloern JE. 1992. Trophic interactions and direct physical effects control phytoplankton
biomass and production in an estuary. Limnology and Oceanography 37:946-955.

Cole BE, Thompson JK, Cloern JE. 1992. Measurement of filtration rates by infaunal bivalves in a
recirculating flume. Journal of Marine Research 113:219-225.

Jasshby, Alan. 2008. Phytoplankton in the Upper San Francisco Estuary: Recent Biomass Trends, Their
Causes and Their Trophic Significance. San Francisco Estuary and Watershed Science, Vol. 6, Issue 1
(February), Article 2.

Nichols FH, Thompson JK, Schemel LE. 1990. Remarkable invasion of San Francisco Bay (California,
USA) by the Asian clam Potamocorbula amurensis. 2. Displacement of a former community. Marine
Ecology Progress Series 66:95-101.
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Werner I, Hollibaugh JT. 1993. Potamocorbula amurensis - Comparison of clearance rates and assimilation
efficiencies for phytoplankton and bacterioplankton. Limnology and Oceanography 38:949-964.
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1.32

(+) Phytoplankton to Meso- and Macrozooplankton
Importance: High

Understanding: High

Predictability: High

Phytoplankton is important to most secondary producers. In particular, diatoms
produce a rich, accessible foodweb, because of their large size and accessibility for
consumption. Larger organisms result in fewer trophic links and a more direct,
energetically efficient pathway to consumers. Copepods like Pseudodiaptomus forbesi
use phytoplankton nearly exclusively. Eurytemora affinis and Sinocalanus doerri use it in
conjunction with detritally derived food sources. Mysids rely heavily on phytoplankton
especially during early stages in their life history, moving to omnivory as they approach
adulthood. Phytoplankton supply has been greatly reduced in the San Francisco Estuary
following the introduction of Corbula amurensis in the mid-1980’s, leading to similar
step-wise declines in zooplankton.

(-) Meso- and Macrozooplankton to Phytoplankton
Importance: Low

Understanding: High

Predictability: High

While phytoplankton is critical for many zooplankton species, phytoplankton
abundance in the Delta is not strongly limited by zooplankton. Rather, it is limited by
abiotic factors relating to turbidity and residence time, and biotic factors relating to
grazing by the bivalves Corbula amurensis and Corbicula fluminea. These factors have
resulted in low abundances of phytoplankton, with a notable absence of the spring
blooms that once characterized the Estuary. Zooplankton in turn are food limited, while
exerting only a small influence on primary production.

Kimmerer WJ, Orsi JJ. 1996. Causes of long-term declines in zooplankton in the San Francisco Bay estuary
since 1987. In: Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 403-424.

Kost ALB, Knight AW. 1975. The food of Neomysis mercedis Holmes in the Sacramento-San Joaquin
Estuary. California Fish and Game 61:35-46.

Orsi JJ, Mecum WL. 1996. Food limitation as the probable cause of a long-term decline in the abundance
of Neomysis mercedis the opossum shrimp in the Sacramento-San Joaquin estuary. In: Hollibaugh JT,
editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific Division, American Association for
the Advancement of Science. p 375-401.
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1.41

(+) Organic Carbon to Microzooplankton: Bacteria and Protists
Importance: High

Understanding: Moderate

Predictability: High

Particulate and dissolved organic carbon are responsible for five times the amount
of bioavailable carbon derived from autotrophic sources. While phytoplankton-derived
carbon fuels the most energetically efficient and useful trophic pathway, organic carbon
by virtue of its abundance may be more important to foodweb dynamics. Organic carbon
is typically derived from upstream sources, endogenous production from phytoplankton
and phaeophyton, and from rainwater and tidal runoff adjacent to the Delta. It feeds
directly into the microbial loop, a many-tiered sub-foodweb that may ultimately support
some secondary production. Bacteria may utilize organic carbon directly, either as
bacterioplankton or attached to detrital particles. Detritally borne bacteria may support
the microbial loop and may also be grazed upon directly by C. amurensis.
Bacterioplankton feeds into the microbial loop, being used directly by rotifers and
ciliates. Rotifers are large enough to support zooplankton as well as a number of larval,
filter-feeding and planktivorous fish. Ciliates may be eaten by rotifers, mesozooplankton
and even some filter-feeding fish. Ciliates may also be the primary energetic pathway to
the invasive cyclopoid copepod Limnoithona sinensis, suggesting that, in contrast to other
zooplankton, it receives most of its energetic carbon from the organic carbon based
foodweb, rather than the autotrophic foodweb.

(-) Microzooplankton: Bacteria and Protists to Organic Carbon
Importance: Low

Understanding: Moderate

Predictability: High

The Delta appears to have a large supply of organic carbon derived from a variety
of sources: riverine inputs, agricultural and floodplain runoff, sewage treatment facility
outfall, and endogenous phaeophyton production. Bacteria are unlikely to limit
accumulation of high organic carbon loads. Likely, it is controlled more by physical
forcing due to residence time, advection and dispersal.

Bouley P, Kimmerer WJ. 2006. Ecology of a highly abundant, introduced cyclopoid copepod in a
temperate estuary. MEPS 324:219-228.

Hollibaugh JT, Wong PS. 1996. Distribution and activity of bacterioplankton in San Francisco Bay. In:
Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific Division, American
Association for the Advancement of Science. p 263-288.

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science 2(1).

Werner I, Hollibaugh JT. 1993. Potamocorbula amurensis - Comparison of clearance rates and assimilation
efficiencies for phytoplankton and bacterioplankton. Limnology and Oceanography 38:949-964.
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151

(+) Microzooplankton: Bacteria and Protists to Meso- and Macrozooplankton
Importance: Moderate

Understanding: Moderate

Predictability: High

Many zooplankton species are omnivorous, relying on particulate organic matter,
bacteria and protists to supplement a diet of phytoplankton. In the case of the Delta, the
copepods Eurytemora affinis and Sinocalanus doerri appear to utilize detritally-borne
microbial food sources. Mysids, isopods and amphipods likewise are omnivorous and
may rely at times on microbial sources of food, particularly in the Delta where primary
production is typically depressed.

(-) Meso- and Macrozooplankton to Microzooplankton: Bacteria and Protists
Importance: Low

Understanding: Moderate

Predictability: High

It is not clear what role zooplankton may have in regulating the microbial loop.
Because the energy source that supports the loop is large and because microbial doubling
time is on the order of hours, while mesozooplankton doubling time is on the order of
days or weeks, it seems unlikely that zooplankton have much regulatory or limiting
capacity. In addition, omnivorous zooplankton populations are depleted by
phytoplankton declines and in at least some cases, direct predation by C. amurensis,
further limiting the grazing impact of these populations on microzooplankton.

The primary driver for detrital production and the microbial loop is advection of
organic carbon into the Delta system. The main controls on production are probably
downstream advection and dispersal. The other controlling agent may be grazing effects
from C. amurensis, although filtration efficiencies are somewhat less for bacterioplankton
than for diatoms.

Gifford SM, Rollwagen-Bollens G, Bollens SM. 2007. Mesoplankton omnivory in the upper San Francisco
Estuary. MEPS 348:33-46.

Islam MS and Tanaka M. 2006. Spatial variability in nursery functions along a temperate estuarine
gradient: role of detrital versus algal trophic pathways Can. J. Fish. Aquat. Sci. 63: 1848-1864

Mueller-Solger A, Hall C, Jassby A, Goldman, C. May 2006. Food resources for zooplankton in the
Sacramento-San Joaquin River Delta. Final Report, Calfed Project ERP-01-N50/2001-K221.
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1.52

(+) Microzooplankton: Bacteria and Protists to Microzooplankton: Limnoithona
Importance: High

Understanding: High

Predictability: High

Limnoithona tetraspina relies primarily on microbial zooplankton, particularly
ciliates, for its dietary needs. It may also use autotrophic microflagellates and detritally
borne bacteria as secondary sources. L. tetraspina is an invasive cyclopoid copepod that
became established in the San Francisco Estuary in 1993. It has since become the
numerical and biomass dominant zooplankter in the low salinity zone of the San
Francisco Estuary. Its small size may allow it to utilize ciliates that are unavailable to
larger calanoid copepods, while at the same time avoiding heavy predation pressure from
piscivorous and filter-feeding fish. It appears that L. tetraspina is largely an energetic
dead end, utilizing detrital energy without passing it on to higher trophic levels. The fate
of this energy is unknown, but may be directed to the benthos with senescence, or
downstream and out of the system through advection.

(-) Microzooplankton: Limnoithona to Microzooplankton: Bacteria and Protists
Importance: Low

Understanding: Moderate

Predictability: High

Although L. tetraspina is abundant, there is no information on its effect on the
ciliate population. Because ciliates are largely driven by the availability of organic carbon
and bacteria, and because organic carbon is abundant in the Delta, while the doubling
time for bacteria (hours) is far less than the doubling time for L. tetraspina (days to
weeks), it seems unlikely that microzooplankton would be limited by copepods. Ciliates
are more likely to be limited by advection out of the system, rather than by predation.

Bouley P, Kimmerer WJ. 2006. Ecology of a highly abundant, introduced cyclopoid copepod in a
temperate estuary. MEPS 324:219-228.

Gifford SM, Rollwagen-Bollens G, Bollens SM. 2007. Mesoplankton omnivory in the upper San Francisco
Estuary. MEPS 348:33-46.
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1.53

(+) Microzooplankton: Bacteria and Protists to Bivalve Grazers: Corbula/Corbicula
Importance: Moderate

Understanding: Moderate

Predictability: High

C. amurensis has been shown to rely upon bacterioplankton and detritally borne
bacteria as a supplement to phytoplankton. However, filtration efficiencies are somewhat
less than for phytoplankton, and perhaps because of this, C. amurensis has been found to
be food limited at times. Nonetheless, it does appear that C. amurensis has some ability
to “short circuit” both the autotrophic and detrital foodwebs. C. fluminea appears to graze
mostly on phytoplankton.

(-) Bivalve Grazers: Corbula/Corbicula to Microzooplankton: Bacteria and Protists
Importance: Moderate

Understanding: Moderate

Predictability: High

At measured densities and feeding rates, C. amurensis has been calculated to
have high enough grazing rates to clear the water column faster than the rate of
production of bacteria (and phytoplankton), even at the lower rate of assimilation that it
demonstrates for bacterioplankton. Given this and the fact that C. amurensis appears food
limited at times, it appears that the clam is effectively able to graze down detritally based
microbial production. However, short residence times may cause import of detrital
material that allows sustained production from the microbial loop.

Werner I, Hollibaugh JT. 1993. Potamocorbula amurensis - Comparison of clearance rates and assimilation
efficiencies for phytoplankton and bacterioplankton. Limnology and Oceanography 38:949-964.
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1.61

(+) Meso- and Macrozooplankton to Fish
Importance: High

Understanding: High

Predictability: High

Most Delta fish feed on zooplankton at some point in their life cycle. Even adult
piscivorous fish occasionally feed on large copepods and certainly use mysids,
amphipods and isopods to at least supplement their diet. Typically, larval stages of most
fish are planktivorous, with dietary shifts occurring in the post larval stage. Estuarine fish
in general tend to be less specialized in their feeding requirements, in large part due to the
dynamic nature of estuaries: fluxes in temperature, salinity, tide, fresh versus marine
inputs and animal migrations require that species have a wide tolerance for a variety of
conditions, including food sources.

(-) Fish to Meso- and Macrozooplankton
Importance: Moderate

Understanding: Moderate

Predictability: High

Because of the generalist nature of estuarine fish, they tend to be opportunistic.
As such they may not structure zooplankton populations as much as is commonly seen in
lakes. The exception to this may be the small introduced cyclopoid copepod, Limnoithona
tetraspina, which appears to be largely immune to predation and is currently the most
abundant copepod in the Delta.

Meso- and macrozooplankton seem to be primarily structured by predation from
the benthic bivalve Corbula amurensis, through both resource competition and direct
predation on nauplii. This intensive grazing pressure has depressed zooplankton
populations since 1986 (when the clam was introduced) and may have resulted in food
limitation for planktivorous fishes as well. Thus fish are being limited by top down
control from another competitive predator.

Emmett RL, Stone SL, Hinton SA, Monaco ME (1991) Distribution and abundance of fishes and
invertebrates in west coast estuaries, Vol Il. Species life history summaries. ELMR Report No. 8, National
Oceanic and Atmospheric Administration/National Ocean Survey Strategic Environmental Assessments
Division, Rockville, MD

Lott J. 1998. Feeding habits of juvenile and adult Delta smelt from the Sacramento-San Joaquin river
estuary. Interagency Ecological Program for the San Francisco Estuary Newsletter 11(1):14-19

Moyle PB. 2002. Inland Fishes of California. University of California Press. Berkeley, Los Angeles,
London.

Moyle PB, Cech JJ. 2000. Fishes: An introduction to ichthyology. 4" ed. Prentice-Hall, New Jersey. Pp
443-441.
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1.62
(+) Meso- and Macrozooplankton to Bivalve Grazers: Corbula/Corbicula
Importance: Moderate
Understanding: High
Predictability: High

Corbula amurensis grazes upon the nauplii of calanoid copepods like Eurytemora
affinis and Pseudodiaptomus forbesi in addition to feeding on phytoplankton,
bacterioplankton and detritus. It may feed on other larval zooplankton as well, but to
what extent is largely unknown. Corbicula fluminea appears to rely primarily on
phytoplankton.

(-) Bivalve Grazers: Corbula/Corbicula to Meso- and Macrozooplankton
Importance: High
Understanding: High
Predictability: High
Because of its high abundance and high rates of filtration, Corbula amurensis can
directly structure population recruitment in both E. affinis and P. forbesi. In addition to
direct predation, it has been demonstrated that C. amurensis also competes directly with
zooplankton for food resources, indirectly controlling populations of meso- and
macrozooplankton as well. A step change in phytoplankton and zooplankton that
occurred after 1986 is attributed to the establishment of C. amurensis in that year.
Although Corbicula fluminea tends not to prey directly upon zooplankton, it too
has high rates of filtration that allow it to compete for phytoplankton, thus suppressing
populations of zooplankton. An efficient competitor, it can have a large impact in certain
regions of the Delta where it is abundant.

Kimmerer WJ, Gartside E, Orsi JJ. 1994. Predation by an introduced clam as the probable cause of
substantial declines in zooplankton in San Francisco Bay. Marine Ecology Progress Series 113:81-93.

Kimmerer WJ, Orsi JJ. 1996. Causes of long-term declines in zooplankton in the San Francisco Bay estuary
since 1987. In: Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 403-424.
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2.0 Delta Foodweb Overview: Drivers

The key physical drivers of the foodweb are listed on the left and are clickable for
explanations. Primary effects are shown by the color coded arrows. To summarize, the
key drivers of primary production are related to the development of a critical depth that
will promote phytoplankton growth. Currently, production is often limited by turbidity,
mixing, and low residence times. Zooplankton growth is limited by phytoplankton
growth, but may also be affected by turbidity both for capturing prey and for being
preyed upon.

Salinity also has a controlling effect on the foodweb. The position of X2
determines the extent of tidal freshwater habitat throughout the Estuary. The fluctuation
of salinity on different timescales exerts effects that influence fish habitat, and the extent
of the ranges of the benthic bivalves, Corbula amurensis and Corbicula fluminea.

Key uncertainties:

1. The affect of salinity and its variability on fish populations.

2. The affect of turbidity on zooplankton and fish predation.

3. The affect of salinity on jelly blooms

4. The direct impact of diversions on nutrients, and plankton, and the resulting
indirect impact on fishes.
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; 2.11 Salinity
@ Affects: Fish, Hydrozoan Jellies, Bivalves
]

Importance: High

Understanding: Moderate to High
critcal Drivers & Linkages P T€DICtADIlity: Moderate to High

! Salinity primarily affects organisms that have a fixed relationship to the benthos
@ | or physical structure. Vertebrates seeking refuge or invertebrates incapable of locomotion
A are more exposed to shifts in salinity.

Demersal fishes may be more vulnerable to salinity changes, as are fishes that
prefer to establish within stands of submerged aquatic vegetation. Ultimately however,
these animals can move when salinity shifts become too great to tolerate, even at the risk

of increased vulnerability to predation or starvation. For fishes, salinity gradients may be
@ viewed as a shift in habitat extent. In seasons (or years) of high Delta outflow, when
,7 salinity drops, freshwater “habitat” is functionally increased. The opposite may occur in
Piscivores periods of high salinities, during which the range of freshwater habitat may be reduced.

In general, many native fishes are tolerant of salinity shifts, having evolved in a
dynamic estuarine environment. Many of the recent estuarine invaders, both vertebrate
and invertebrate, appear to have more limited ranges of salinity tolerance.

In contrast, planktonic organisms are not particularly vulnerable to salinity
changes. Rather they tend to drift in the water. As water of a given salinity shifts, they
move with the shift.

Invertebrates that attach to a fixed surface are more vulnerable to direct mortality
from salinity shifts. Hydrozoan jelly life cycles include a sedentary benthic polyp that is
critical to asexual reproduction. Jelly blooms occur when salinity conditions favor
strobilation by these polyps. Adult medusae move with salinity gradients as do other
planktonic organisms, rendering this stage of their life cycle less vulnerable to salinity.

Benthic organisms such as the adult clams of Corbula amurensis and Corbicula
fluminea are also vulnerable. Broad shifts in salinity effectively determine the
complementary ranges of these two bivalves, with C. amurensis residing primarily in
marine to brackish water, and Corbicula fluminea in fresh water. Adult mortality and
annual larval recruitment determines the population extent of these organisms. Large
salinity shifts (outside the range of their physiological tolerance) that occur on timescales
smaller than their lifespan (2-3 years) but longer than their ability to tolerate unfavorable
conditions will result in high mortality. Shifts that occur over long timescales or very
short timescales (ie, less than their ability to tolerate unfavorable conditions) result in
large, dense populations becoming established.

Drivers

Ambler JW, Cloern JE, Hutchinson A. 1985. Seasonal cycles of zooplankton from San Francisco Bay.
Hydrobiologia 129:177-197.

Hymanson Z, Mayer D, Steinbeck J. 1994. Long-term trends in benthos abundance and persistence in the
upper Sacramento-San Joaquin estuary. Summary report: 1980-1990. Sacramento (CA): Interagency
Ecological Program for the San Francisco Bay-Delta Estuary. Technical Report 38.

Hymanson ZP. 1991. Results of a spatially intensive survey for Potamocorbula amurensis in the upper San
Francisco Bay estuary. Sacramento (CA): Interagency Ecological Program for the San Francisco Bay-Delta
Estuary. Technical Report 38.
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Kimmerer WJ, Burau JR, Bennett WA. 1998. Tidally oriented vertical migration and position maintenance
of zooplankton in a temperate estuary. Limnology and Oceanography 43:1697-17009.

Kimmerer WJ, Orsi JJ. 1996. Causes of long-term declines in zooplankton in the San Francisco Bay estuary
since 1987. In: Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 403-424.

Laprise R, Dodson JJ. 1993. Nature of environmental variability experienced by benthic and pelagic
animals in the St. Lawrence Estuary, Canada. Marine Ecology Progress Series 94:129-139.

Peterson HA. 2002. Long-term benthic community change in a highly invaded estuary [Master’s thesis].
Available from: San Francisco State University.
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2.12 Geomorphology and Habitat
@ Affects: Fish (also affects many other Drivers, including Salinity, Turbidity,

Stratification, Residence Time, Temperature, and Dissolved O.)
Importance: High

Understanding: High

Predictability: Moderate

Drivers

@ Certain demersal and predatory fish are considered most fixed to specific habitats

or benthic environments. Pelagic fish like Delta smelt or anchovy are probably less
influenced by physical structure, but do need to be able to navigate through sloughs,
channels, straits and salinity gates to be able to follow salinity gradients, food or
migratory patterns.

While planktonic organisms are not strictly considered to be influenced by
physical structure, they show indirect responses to certain aspects of structure as it
influences salinity shifts, turbidity, stratification, residence time, temperature and
dissolved oxygen. Certain fixed geographic regions tend to show high productivity
because of the interaction of these drivers with geomorphology. For instance, the lower
channel of the Sacramento River before the Confluence tends to show low productivity,
because it is a deep, partially mixed channel with high turbidity. As a result, the critical
depth for phytoplankton production is typically quite shallow, making this channel
heterotrophic. In contrast, certain shallow sloughs with high residence time demonstrate
high productivity, presumably because the water column is shallow enough to keep
phytoplankton above the critical depth, and temperature and nutrient loads are conducive
to high production, which fuels secondary production.

Finally, geomorphology and substratum also play some role in determining the
distribution of benthic clams. Corbicula fluminea has a patchy distribution that is not well
explained, but may be a function of water velocity, depth and predation rates from birds
and fish. Corbicula amurensis seems to be more ubiquitous in brackish water, and while
it is restricted to sandy or soft bottom substrata, this is widely available throughout the
Delta.

Piscivores
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2.13 Water Depth

Affects: Primary production; indirectly secondary production; connectivity between
benthos and water column

Importance: High

Understanding: High

Predictability: Medium; production and predation also subject to: T, stratification,
turbidity (PAR), nutrients, species composition

Under mixed conditions water depth may influence the availability of
Photosynthetically Available Radiation (PAR) by moving phytoplankton below the
critical depth. Net production under mixed conditions tends to be higher in shallow
portions of the Delta, where phytoplankton cannot be mixed below the critical depth (or
photic zone). Deep channels tend to be net heterotrophic as zooplankton and benthic
grazers assimilate productivity exported from shoals.

Water depth only indirectly influences secondary production by influencing
phytoplankton production. The most important copepod species tend to be mixed
throughout the water column by stage and gender; thus in shallow net autotrophic areas
with high primary productivity, secondary production tends also to be high.

Water depth may also influence connectivity between the water column and the
benthos. Stratification typically occurs only at some depth; in shallow regions (ie, less
than the photic zone), primary and secondary production may be highly susceptible to
predation by benthic grazers such as Corbula amurensis and Corbicula fluminea.

Alpine AE, Cloern JE. 1992. Trophic interactions and direct physical effects control phytoplankton
biomass and production in an estuary. Limnology and Oceanography 37:946-955.

Cloern JE. 1987. Turbidity as a control on phytoplankton biomass and productivity in estuaries. Continental
Shelf Research 7:1367-1381.

Cloern JE. 2007. Habitat connectivity and ecosystem productivity: Implications from a simple model. The
American Naturalist 169(1):E21-E33.

Lopez CB., JE Cloern, TS. Schraga, AJ. Little, LV. Lucas, JK. Thompson, JR. Burau. Ecological values of
shallow-water habitats: Implications for the restoration of disturbed ecosystems. 2006. Ecosystems 9:422-
440.

Lucas LV, Cloern JE, Thompson JK, Monsen NE. 2002. Functional variability of habitats within the
Sacramento-San Joaquin Delta: restoration implications. Ecological Applications 12:1528-1547.

Kimmerer WJ, Orsi JJ. 1996. Causes of long-term declines in zooplankton in the San Francisco Bay estuary
since 1987. In: Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 403-424.

Muller-Solger AB, Jassby AD, Miiller-Navarra D. 2002. Nutritional quality of food resources for
zooplankton (Daphnia) in a tidal freshwater system (Sacramento-San Joaquin River Delta). Limnology and
Oceanography 47:1468-1476.

Nichols FH, Thompson JK, Schemel LE. 1990. Remarkable invasion of San Francisco Bay (California,
USA) by the Asian clam Potamocorbula amurensis .2. Displacement of a former community. Marine
Ecology Progress Series 66:95-101.
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y 2.14 Turbidity
@ Affects: PAR, and indirectly, primary production; also predation rates for visual

predators
— Importance: High
criical Drivers & Linkages  UNderstanding: High (for primary production) to Low (for predation effects)
Predictability: Medium to Low; primary production and predation also subject to T,
stratification, nutrients, species composition

\

@ Turbidity decreases the amount of Photosynthetically Active Radiation (PAR)

available to primary producers. It also decreases the critical depth in the water column.

Turbidity may also have an effect on the ability of predators to capture prey. At high

| plankton densities this may be less important, but at low densities, particle density and
\ size may negatively impact visual or tactile predators, as in certain copepods and

@ planktivorous fish. Alternatively, Delta smelt larvae may rely upon high light intensity

and turbidity to assist with visual discrimination of prey during feeding.

Drivers

Nutrient Supply

Baskerville-Bridges, B., Lindberg, J. C. & Dorsoshov, S. I. 2004. The effect of light intensity, algal

: ‘ concentration, and prey density on the feeding behavior of delta smelt larvae. In Proceedings of the

@ \ Symposium Early Life History of Fishes in the San Francisco Estuary and Watershed (Feyrer, F., ed.), pp.
219-228. Santa Cruz, CA: American Fisheries Society.

)

Primary Production Cloern JE. 1987. Turbidity as a control on phytoplankton biomass and productivity in estuaries. Continental
Shelf Research 7:1367-1381

| Cole BE, Cloern JE. 1984. Significance of biomass and light availability to phytoplankton productivity in
San Francisco Bay. Marine Ecology Progress Series 17:15-24
Organic Carbon Cole BE, Cloern JE. 1987. An empirical model for estimating phytoplankton productivity in estuaries.

Marine Ecology Progress Series 36:299-305

‘ Lehman, PW. 1992. Environmental factors associated with long-term changes in chlorophyll concentration
@ in the San Joaquin Delta and Suisun Bay, California. Estuaries 15(3): 335-348

| |

Mesozooplankton Supply

Piscivores
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2.15 Stratification

Affects: Temperature, critical depth, benthic grazing rates, and indirectly, primary
production

Importance: High

Understanding: High

Predictability: Medium; stratification depends on wind and thermal conditions; primary

production also subject to turbidity, nutrients, species composition

PREVIOUS
VIEW

[

Drivers

Thermal or haline stratification tends to increase primary production by
maintaining phytoplankton assemblages in the photic zone, and removed from benthic
grazers. Wind, current or tidally generated mixing reduces stratification and production
rate by moving phytoplankters below the critical depth at which the rate of
@ photosynthesis exceeds the rate of respiration. Thus, deeper channels tend to be
heterotrophic when the water column is unstratified.

Zooplankton nauplii tend to be well mixed throughout the water column unless
Primary Production stratification occurs. Thus predation by benthic grazers such as Corbula amurensis or
Corbicula fluminea may be temporarily reduced through stratification, although nauplii
may continue to be vulnerable for a longer period than most stratification events.

Nutrient Supply

Cloern JE. 1996. Phytoplankton bloom dynamics in coastal ecosystems: a review with some general
lessons from sustained investigation of San Francisco Bay, California. Reviews of Geophysics 34:127-168.

Cloern JE. 2007. Habitat connectivity and ecosystem productivity: Implications from a simple model. The
American Naturalist 169(1):E21-E33.

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science 2(1).

Lopez CB., JE Cloern, TS. Schraga, AJ. Little, LV. Lucas, JK. Thompson, JR. Burau. Ecological values
of shallow-water habitats: Implications for the restoration of disturbed ecosystems. 2006. Ecosystems
9:422-440.
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2.16 Residence time/Water Velocity

Affects: Temperature, nutrients, primary production

Importance: High

Understanding: High

Predictability: Medium; primary and secondary production subject to a range of thermal
conditions, as well as nutrient and dissolved oxygen concentrations

Residence time (=duration that a neutrally buoyant particle remains in a
geographically defined area) affects the accumulation of plankton such that biomass
accumulation is inversely related to flow. High residence times can indirectly influence
growth rate by increasing water temperature, resulting in higher rates of production.
Blooms occur when thermal stratification occurs in conjunction with high residence time.
Extended residence time may also lead to a drawdown in nutrients associated with
phytoplankton blooms. Shorter residence times may promote the export of organisms and
nutrients to other regions of the Estuary through advection. Generally a pattern of mixed
residence times allows for nutrient exchange, moderate temperatures and the export of
organisms from high density to low density regions of the Delta.

Ball MD, Arthur JF. 1979. Planktonic chlorophyll dynamics in the northern San Francisco Bay and Delta.
In: Conomos TJ, editor. San Francisco Bay: the urbanized estuary. San Francisco (CA): Pacific Division,
American Association for the Advancement of Science. p 265-285.

Jasshy AD, Cloern JE, Cole BE. 2002. Annual primary production: patterns and mechanisms of change in a
nutrient-rich tidal estuary. Limnology and Oceanography 47:698-712.

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed_Science 2(1).
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‘ 2.17 Water Temperature

Affects: Primary production; secondary production; predators
@ Importance: High
[ : Understanding: High
Predictability: High; but primary production also subject to turbidity (PAR),
stratification, nutrients, species composition; secondary producers and predators also
subject to food availability

Drivers

@ Phytoplankton growth varies directly as a function of temperature. Temperatures
in the Delta range from 12 C in winter to 22 in summer, with a corresponding change in
productivity by season, as phytoplankton are limited by temperature and light availability
(see Turbidity) more than by nutrient availability.

@ Secondary producers and predators are also influenced physiologically by

Nutrient Supply

temperature, but increases in growth rates due to temperature are subject to food
availability. Because most calanoid copepods appear to be limited by phytoplankton

Primary. Production production, and fish by reduced copepod abundance; increased productivity due to
temperature increase may be negated by metabolic demands that cannot be
accommodated by food supply.

@ There is some evidence that mysids, particularly the native Neomysis mercedis
EEE and the shrimp Crangon franciscorum have upper temperature limits of about 22 C; thus
Organic Carbon they may be indirectly limited by low flow/high residence time conditions that promote
| higher temperatures in the summer. Mysids reproduce in the spring, leaving juveniles
especially vulnerable to high summer temperatures, when water export demands are
@ ‘ typically high.

{
Mesozooplankion suppy  H1ETDOId B, Jassby AD, Moyle PB. 1992. Status and trends report on aquatic resources in the San Francisco

Estuary. Report to the EPA San Francisco Estuary Project. 257 p.

| Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
! responses. San Francisco Estuary and Watershed Science 2(1).

Laws EA, Redalje DG, Haas LW, Bienfang PK, Eppley RW, Harrison WG, Karl DM, Marra J. 1984. High

phytoplankton growth and production rates in oligotrophic Hawaiian coastal waters. Limnology and

Oceanography 29:1161-1169.

Piscivores

Lehman, PW. 1992. Environmental factors associated with long-term changes in chlorophyll concentration
in the San Joaquin Delta and Suisun Bay, California. Esuaries 15(3): 335-348.
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2.18 Dissolved O,/Anoxia
@ Affects: Primary production (via photorespiration); secondary production; predators

Importance: High (but limited extent of impact in Delta)
— Understanding: High
Predictability: High; but anoxic conditions are subject to T, stratification, nutrients, plant
biomass, organic carbon

@ Anoxia may result from eutrophic conditions that promote high plant production

Drivers

and subsequent bacterial growth, a typical problem in many estuaries. Nutrient loads in
the Delta are derived from waste water treatment facilities, urban runoff, and agriculture.
Changes in waste water treatment throughout the SF Estuary have led to a reduction in
i nutrient and organic loads in the 1960s and 1970s, eliminating anoxic conditions in most
@ regions of the Delta. An exception is the Stockton Ship Channel, which regularly has
4

Nutrient Supply

depressed levels of dissolved oxygen. Current primary production is light limited in the
estuary (see turbidity), generally preventing eutrophication even with high levels of
Primary Production nutrient inpUtS.

@ Nichols F, Cloern J, Luoma S, Peterson D. 1986. The modification of an estuary. Science 231:567-573.

Cole BE, Cloern JE. 1984. Significance of biomass and light availability to phytoplankton productivity in
San Francisco Bay. Marine Ecology Progress Series 17:15-24.

Mesozooplankton Supply

I

Piscivores

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.
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2.19 Toxic Contaminants. Link to Chemical Stressors Model

( Werner I, Anderson S, Larsen K, and Oram J. 2008. Chemical stressors conceptual

VIEW

model. Sacramento (CA): Delta Regional Ecosystem Restoration Implementation Plan.
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| 2.21 Water Diversions.
@ Affects: Phytoplankton biomass

Importance: Potentially high

Understanding: Low

Predictability: Low; phytoplankton biomass subject to primary production (biomass x
‘ growth rate), a function of T, turbidity (PAR), stratification, nutrients, and mortality,
@ integrated over residence time and diversion rates.

Drivers

The principal water diversions are the state and federal pumping facilities in the
south Delta, and agricultural pumps situated throughout the region. These facilities may
remove nutrients, primary and secondary production, and fish directly out of the
ecosystem, and as such act as non-selective grazers to any organism entrained in the flow.

@ While export of production may be countered by growth rates, total biomass may be

Nutrient Supply

affected.

Primary Production

Jassby AD, Powell TM. 1994. Hydrodynamic influences on interannual chlorophyll variability in an
estuary: upper San Francisco Bay-Delta (California, U.S.A.). Estuarine, Coastal, and Shelf Science 39:595-
618.

|
=)

! Jassby AD, Cloern JE. 2000. Organic matter sources and rehabilitation of the Sacramento-San Joaquin
[ Delta (California, USA). Aquatic Conservation: Marine and Freshwater Ecosystems 10:323-352.

Organic Carbon

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
| responses. San Francisco Estuary and Watershed Science 2(1).

[
Mesozooplankton Supply

Y

Piscivores
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3.0 Nutrient Supply
Slide overview.
The phytoplankton of the Delta is dominated by diatoms and microflagellates. Diatom
growth rates are subject to the availability of silicates, ammonium and nitrate, and
phosphate. Microflagellates are driven primarily by nitrates. The Delta and most of the
San Francisco Estuary tend to have high nitrogen loads largely due to anthropogenic
inputs. In spite of this, the Delta and the rest of the Estuary have relatively low levels of
primary production. This is probably due to the high level of turbidity in the Delta, which
limits the photic zone and suppresses phytoplankton growth. Additional research suggests
that high levels of ammonium may lead to preferential uptake of ammonium over nitrate,
resulting in a less efficient metabolic pathway and lower growth rates for diatoms.

Key uncertainties:

1. The influence of ammonium on diatom production

2. The effect of nutrients and nutrient ratios on phytoplankton blooms and species
composition.

View Slide: Nutrient Supply
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3.11

(+) Ammonium to Diatoms
Importance: High
Understanding: High
Predictability: High

Ammonium at concentrations above 1 umol L™ may be used preferentially by
phytoplankton, inhibiting uptake of nitrate. However, some diatoms have higher rates of
primary production using nitrate rather than ammonium. As a result, bloom formation for
these diatoms tends to occur only when ammonium levels have been drawn down below
the threshold at which they can successfully utilize nitrate.

Ammonium may have increased in the estuary since the Clean Water Act with the
introduction of secondary treatment at waste water treatment facilities.

(-) Diatoms to Ammonium
Importance: Medium
Understanding: Medium
Predictability: Medium

Diatoms occasionally deplete the available NH, in embayments or sloughs or
when thermal stratification occurs, preventing nutrient exchange from proximate water
masses. Under these conditions, phytoplankton may draw down ammonium below the 1
umol L™ threshold, allowing increased nitrate uptake by certain diatoms. Blooms may
then occur as a result of increased primary production, until conditions shift back to
normally high ammonium concentrations. This has happened only rarely since 2000.

Collos Y, Vaquer A, Souchu P. 2005. Acclimation of nitrate uptake by phytoplankton to high substrate
levels. Journal of Phycology 41(3): 466-479.

Dugdale RC, Wilkerson FP, Hogue, VE, Marchi A. 2007. The role of ammonium and nitrate in spring
bloom development in San Francisco Bay. Estuarine, Coastal and Shelf Science 73:17-19.

Dugdale RC, Wilkerson FP, Hogue V, Marchi A. 2006. Nutrient controls on new production in the Bodega
Bay, California, coastal upwelling plume. Deep Sea Research Part 11: Topical Studies in Oceanography.
53(25-26): 3049-3062.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Lancelot C, Billen G. (1985). Carbon-nitrogen relationships in nutrient metabolism of coastal marine
ecosystems. Advances in Aquatic Microbiology 3: 263-321.

Schemel LE, Hager SW. 1986. Chemical variability in the Sacramento River and in northern San Francisco
Bay. Estuaries 9:270-283.

Wilkerson, FP, Dugdale RC, Hogue V, Marchi A. 2006. Phytoplankton blooms and nitrogen productivity
in San Francisco Bay. Estuaries and Coasts 29(3): 401-416.
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3.12

(+) Nitrate to Diatoms
Importance: High
Understanding: High
Predictability: High

The high nutrient conditions that exist in the Delta are largely derived from
anthropogenic inputs, including waste water treatment plants, non-point source urban and
agricultural runoff. Diatom blooms are not typically limited by nitrate, however, but
rather by light limitation (turbidity), temperature and ammonium. When these conditions
are lifted, blooms may occur.

(-) Diatoms to Nitrate
Importance: Low
Understanding: High
Predictability: High

Nitrate is non-limiting except during the conditions required to produce a bloom.
Under such conditions, usually created by warm temperature, thermal stratification, and
the drawdown of ammonium, blooms occur, which have the ability to temporarily deplete
nitrate. Once the bloom is ended and conditions change, nitrate levels are quickly
replenished, due to large inputs of NO3 from a variety of sources.

Dugdale RC, Wilkerson FP, Hogue, VE, Marchi A. 2007. The role of ammonium and nitrate in spring
bloom development in San Francisco Bay. Estuarine, Coastal and Shelf Science 73:17-19.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Jassby AD, Koseff JR, Monismith SG. 1996. Processes underlying phytoplankton variability in San
Francisco Bay. In Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 325-349.



SDWA 222

3.13

(+) Silica to Diatoms
Importance: High
Understanding: High
Predictability: High

In the euphotic zone, diatom growth may be a function of silicate abundance,
since diatoms require silicates for the production of tests. Because of high turbidity,
ammonium concentration, and mixing, silicates are not limiting in the Delta.

(-) Diatoms to Silica
Importance: Low
Understanding: High
Predictability: High

Silicate concentrations may be significantly reduced only under rare conditions
following a diatom bloom in the Delta.

Peterson DH, Festa JF, Conomos TJ. 1978. Numerical simulation of dissolved silica in the San Francisco
Bay. Estuarine and Coastal Marine Science 7:99-116.

Peterson DH, Smith RE, Hager SW, Harmon DD, Herndon RE, Schemel LE. 1985. Interannual variability
in dissolved inorganic nutrients in Northern San Francisco Bay Estuary. Hydrobiologia 129:37-58.
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3.14

(-) Ammonium to Nitrate Uptake
Importance: High

Understanding: Medium
Predictability: High

The presence of ammonium appears to inhibit phytoplankton nitrate uptake. The
threshold value for nitrate (NOs) inhibition in the Estuary occurs at ammonium (NH,)
concentrations greater than 1 pmol L™, with complete NOs inhibition above NH,
concentrations of 4 umol L™

However, diatoms exhibit higher N uptake and primary production (carbon
fixation) rates when they are able to use nitrate rather than ammonium. For certain
phytoplankton species, particularly some diatom species, nitrate uptake may be linear (or
biphasic), while ammonium uptake shows classical Michaelis-Menten kinetics, saturating
at concentrations above 5 pmol L™ NH,4. Thus, when light conditions are favorable,
phytoplankton may still contend with high NH,4 concentrations, which inhibit access to
NOs, and the capacity to achieve maximal N uptake and biosynthesis, suppressing
blooms. Optimal conditions for diatom production may occur only when thermal
stratification occurs, maintaining diatoms in the euphotic zone. Since stratification
isolates the water body, phytoplankton ammonium draw-down can occur, relieving
inhibition of NO3 uptake, allowing bloom formation as a result of high primary
production rates.

Ambient ammonium concentrations in the Delta may be increasing due to
secondary treatment in waste water treatment facilities in the region.

Collos Y, Vaquer A, Souchu P. 2005. Acclimation of nitrate uptake by phytoplankton to high substrate
levels. Journal of Phycology 41(3): 466-479.

Dugdale RC, Wilkerson FP, Hogue V, and Marchi A. 2007. The role of ammonium and nitrate in spring
bloom development in San Francisco Bay. Estuarine, Coastal and Shelf Science. 73: 17-29

Dugdale RC, Wilkerson FP, Hogue V, Marchi A. 2006. Nutrient controls on new production in the Bodega
Bay, California, coastal upwelling plume. Deep Sea Research Part 11: Topical Studies in Oceanography.
53(25-26): 3049-3062.

Huntsman S, Barber RT. 1977. Primary production off northwest Africa: the relationship to wind and
nutrient conditions. Deep Sea Research 24(1): 25-33.

Lancelot C, Billen G. (1985). Carbon-nitrogen relationships in nutrient metabolism of coastal marine
ecosystems. Advances in Aquatic Microbiology 3: 263-321.

Serra JL, Llama MJ, Cardenas E. (1978). Nitrate utilization by the diatom Skeletonema costatum. Plant
Physiology 62: 991-994.

Wilkerson, FP, Dugdale RC, Hogue V, Marchi A. 2006. Phytoplankton blooms and nitrogen productivity
in San Francisco Bay. Estuaries and Coasts 29(3): 401-416.
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3.15

(+) Phosphorus to Diatoms
Importance: High
Understanding: Medium
Predictability: Medium

Phosphorus is unlikely to be limiting in the brackish parts of the Delta. However,
some research suggests that high N:P ratios found in freshwater regions may be limiting
to primary production, including diatoms. Low phosphorus ratios may be due to the
increase in secondary treatment in wastewater treatment facilities since the 1970s and
1980s.

(-) Diatoms to Phosphorus
Importance: Low
Understanding: High
Predictability: High

Diatoms are unlikely to have an impact on phosphorus levels, due to limitation at
the source by waste water treatment facilities. Since diatoms are typically limited by
other factors (benthic grazing, nitrogen, ammonium, turbidity (PAR), temperature) in the
brackish and freshwater delta, and limited by phosphorus inputs in the freshwater delta,
blooms are rare and unlikely to be the source of phosphorus depletion.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Jassby AD, Cloern JE, Cole BE. 2002. Annual primary production: patterns and mechanisms of change in a
nutrient-rich tidal estuary. Limnology and Oceanography 47:698-712.

Lehman, PW. 1992. Environmental factors associated with long-term changes in chlorophyll concentration
in the San Joaquin Delta and Suisun Bay, California. Estuaries 15(3): 335-348.

Van Nieuwenhuyse, EE. 2007. Response of summer chlorophyll concentration to reduced total phosphorus
concentration in the Rhine River (Netherlands) and the Sacramento — San Joaquin Delta (California, USA).
Canadian Journal of Fisheries and Aquatic Science 64(11):1529-1542.
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3.21

(+) Nitrate to Microflagellates
Importance: High
Understanding: High
Predictability: High

The high nutrient conditions that exist in the Delta are largely derived from
anthropogenic inputs, including waste water treatment plants, non-point source urban and
agricultural runoff. Microflagellate blooms are not typically limited by nitrate, however,
but rather by light limitation (turbidity), temperature and benthic grazing. When these
conditions are lifted, blooms may occur.

(-) Microflagellates to Nitrate
Importance: Low
Understanding: High
Predictability: High

Nitrate is non-limiting except during the conditions required to produce a bloom.
Under such conditions, usually created by warm temperature, thermal stratification, and
low turbidity, blooms may occur, which have the ability to temporarily deplete nitrate.
Once the bloom peaks and conditions change, nitrate levels are quickly replenished, due
to large inputs of NO3 from a variety of sources, primarily waste water treatment
facilities and non-point agricultural and urban sources.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Jassby AD, Koseff JR, Monismith SG. 1996. Processes underlying phytoplankton variability in San
Francisco Bay. In Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 325-349.
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3.22

(+) Phosphorus to Microflagellates
Importance: High

Understanding: Medium
Predictability: Medium

Phosphorus is unlikely to be limiting in the brackish parts of the Delta. However,
recent research suggests that high N:P ratios found in freshwater regions may be limiting
to primary production, including microflagellates. Low phosphorus ratios may be due to
the increase in secondary treatment in wastewater treatment facilities since the 1970s and
1980s.

(-) Microflagellates to Phosphorus
Importance: Low

Understanding: High

Predictability: High

Microflagellates are unlikely to have an impact on phosphorus levels, due to
limitation at the source by waste water treatment facilities. Since microflagellates are
typically limited by other factors (benthic grazing, nitrogen, turbidity (PAR),
temperature) in the brackish and freshwater delta, and limited by phosphorus inputs in the
freshwater delta, blooms are rare and unlikely to be the source of phosphorus depletion.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Jassby AD, Cloern JE, Cole BE. 2002. Annual primary production: patterns and mechanisms of change in a
nutrient-rich tidal estuary. Limnology and Oceanography 47:698-712.

Lehman, PW. 1992. Environmental factors associated with long-term changes in chlorophyll concentration
in the San Joaquin Delta and Suisun Bay, California. Estuaries 15(3): 335-348.

Van Nieuwenhuyse, EE. 2007. Response of summer chlorophyll concentration to reduced total phosphorus
concentration in the Rhine River (Netherlands) and the Sacramento — San Joaquin Delta (California, USA).
Canadian Journal of Fisheries and Aquatic Sciences 64(11):1529-1542.



L

SDWA 222

3.23

(+) Ammonium to Microflagellates
Importance: High

Understanding: High

Predictability: High

The high nutrient conditions that exist in the Delta are largely derived from
anthropogenic inputs, including waste water treatment plants, non-point source urban and
agricultural runoff. Microflagellate blooms are not typically limited by ammonium,
however, but rather by light (turbidity) and temperature. When these conditions are lifted,
blooms may occur.

(-) Microflagellates to Ammonium
Importance: Low

Understanding: High

Predictability: High

Ammonium is non-limiting except during the conditions required to produce a
bloom. Under such conditions, usually created by warm temperature, and thermal
stratification, blooms may occur, which have the ability to temporarily deplete
ammonium (and nitrate). Once the bloom is ended and conditions change, nitrate levels
are quickly replenished, due to large inputs of NH3 (and nitrate) from a variety of
sources.

Dugdale RC, Wilkerson FP, Hogue, VE, Marchi A. 2007. The role of ammonium and nitrate in spring
bloom development in San Francisco Bay. Estuarine, Coastal and Shelf Science 73:17-19.

Hager SW, Schemel LE. 1992. Sources of nitrogen and phosphorus to northern San-Francisco Bay.
Estuaries 15:40-52.

Jassby AD, Koseff JR, Monismith SG. 1996. Processes underlying phytoplankton variability in San
Francisco Bay. In Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 325-349.
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4.0 Primary Production
Slide Overview:

Because primary production is limited by turbidity and ammonium levels in the
brackish Delta, there is limited support for secondary production. This standing stock of
biomass appears to be further susceptible to high levels of benthic grazing by the invasive
overbite clam, Corbula amurensis, which was became abundant in 1987. It is likely that
competition for primary production is responsible for food limitation in the copepod
Eurytemora affinis and the native mysid Neomysis mercedis. Blooms of phytoplankton
tend to occur rarely because the necessary conditions for biomass accumulation can only
occur when stratification occurs, isolating a potential bloom from the benthos. Under
typical conditions, energy from primary production is largely routed from the water
column directly to the benthos (via the clams), where it becomes less available to key
constituents of the Delta foodweb.

Key uncertainties:

1. The role of microflagellates in the microbial loop.

2. The role of microflagellates in zooplankton and clam diets.

3. The formation of nuisance blooms and their effect on the foodweb and human
health.

View Slide: Primary Production
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4.11

(+) Diatoms to Macrozooplankton
Importance: Medium
Understanding: High

Predictability: High

Diatoms are an important food source for mysids, particularly juvenile stages.
Adults are omnivorous filter feeders that are also capable of raptorial feeding. The
decline of phytoplankton since 1987 corresponds to a similar decline in mysids,
suggesting that the benthic grazer Corbula amurensis is an effective competitor.

The amphipod Gammarus daiberi became more abundant as mysids declined,
suggesting G. daiberi may utilize a wider variety of foods, possibly including detritus as
well as diatoms and zooplankton, allowing it exploit a developing niche in the Estuary.

(-) Macrozooplankton to Diatoms
Importance: Low

Understanding: High
Predictability: High

It is unlikely that the macrozooplankton of the Delta have a large grazing effect
on diatoms, in large part because of reduced populations of crustacean zooplankton, and
because diatoms are largely controlled by the efficient benthic grazers Corbula amurensis
and Corbicula fluminea.

Interagency Ecological Program Estuarine Ecology Team. 1995. Working conceptual model for the food
web of the San Francisco Bay/Delta Estuary. IEP Technical Report 42. August.

Kimmerer WJ, Orsi JJ. 1996. Causes of long-term declines in zooplankton in the San Francisco Bay estuary
since 1987. In Hollibaugh JT, editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific
Division, American Association for the Advancement of Science. p 403-424.

Kost ALB, Knight AW. 1975. The food of Neomysis mercedis Holmes in the Sacramento-San Joaquin
Estuary. California Fish and Game 61:35-46.

Orsi JJ, Mecum WL. 1996. Food limitation as the probable cause of a long-term decline in the abundance
of Neomysis mercedis the opossum shrimp in the Sacramento-San Joaquin estuary. In Hollibaugh JT,
editor. San Francisco Bay: the ecosystem. San Francisco (CA): Pacific Division, American Association for
the Advancement of Science. p 375-401.

Siegfried CA, Kopache ME, Knight AW. 1979. The distribution and abundance of Neomysis mercedis in
relation to the entrapment zone in the western Sacramento-San Joaquin Delta. Transactions of the
American Fisheries Society 108:262-268.
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4.12

(+) Diatoms to Corbula
Importance: High
Understanding: High
Predictability: High

Diatoms are heavily grazed by Corbula amurensis. It is likely a key food source
for the clams, although it is probably supplemented by bacteria, other phytoplankton,
microzooplankton, and mesozooplankton nauplii. Thus, when phytoplankton production
is limited by temperature, turbidity, ammonium, or nutrients; C. amurensis populations
may be only slightly limited because it is able to rely substantially on bacteria or alternate
sources of food.

(-) Corbula to Diatoms
Importance: High
Understanding: High
Predictability: High

C. amurensis is the primary controlling factor on diatom abundance in much of
the brackish delta. While bloom conditions may also be constrained by other, abiotic
factors (as listed above), abundance of phytoplankton has declined since the introduction
of the clam in 1986. Thus, deep, rarely stratified areas tend to be net heterotrophic
because of clam grazing, while shallow areas without clams are often net autotrophic
exporters of primary production.

Alpine AE, Cloern JE. 1992. Trophic interactions and direct physical effects control phytoplankton
biomass and production in an estuary. Limnology and Oceanography 37:946-955.

Cole BE, Thompson JK, Cloern JE. 1992. Measurement of filtration rates by infaunal bivalves in a
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Nichols FH, Thompson JK, Schemel LE. 1990. Remarkable invasion of San Francisco Bay (California,
USA\) by the Asian clam Potamocorbula amurensis. 2. Displacement of a former community. Marine
Ecology Progress Series 66:95-101.

Werner |, Hollibaugh JT. 1993. Potamocorbula amurensis - Comparison of clearance rates and assimilation
efficiencies for phytoplankton and bacterioplankton. Limnology and Oceanography 38:949-964.
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(+) Diatoms to Mesozooplankton Calanoid and Cyclopoid Copepods
Importance: Medium

Understanding: High

Predictability: High

Copepods may rely on a variety of sources of food, including diatoms,
microflagellates, ciliates, particulate organic carbon and other zooplankton. Different
species may have different requirements, but in the Delta, diatoms are generally of
moderate importance to the most important species, particularly Pseudodiaptomus
forbesi, which relies upon diatoms as a primary food source. Other species, such as
Sinocalanus doerri and Eurytemora affinis tend to not use diatoms exclusively,
supplementing their diets substantially with particulate organic matter or ciliates.

(-) Mesozooplankton Calanoid and Cyclopoid Copepods to Diatoms
Importance: Low

Understanding: High

Predictability: High

Historically in the San Francisco Estuary, and in many other ecosystems,
copepods may have a strong top-down effect on phytoplankton blooms. However, the
effect is muted in the Estuary, because of strong limitations on copepod populations from
predation, primarily benthic grazing by clams, and because diatoms are mostly limited by
abiotic factors and by Corbula amurensis grazing.

Kimmerer WJ, Gartside E, Orsi JJ. 1994. Predation by an introduced clam as the probable cause of
substantial declines in zooplankton in San Francisco Bay. Marine Ecology Progress Series 113:81-93.

Mueller-Solger A, Hall C, Jassby A, Goldman, C. May 2006. Food resources for zooplankton in the
Sacramento-San Joaquin River Delta. Final Report, Calfed Project ERP-01-N50/2001-K221.
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(+) Diatoms to Filter-feeding Fish
Importance: Medium
Understanding: High
Predictability: High

Threadfin shad, American shad and anchovy rely on large phytoplankton such as
diatoms as well as calanoid copepods for diet. Anchovy have appear to have declined in
the brackish Delta due to depressed phytoplankton levels, presumably from competitive
grazing by the clam Corbula amurensis.

(-) Filter-feeding Fish to Diatoms
Importance: Low

Understanding: High
Predictability: High

Traditionally, anchovy probably had a moderate impact on phytoplankton
abundance. The behavioral shift that led to the departure of anchovy from the Delta due
to competition with C. amurensis helped to minimize some of the foodweb effects of the
invasive clam.

Kimmerer, W. 2004. Open water process of the San Francisco Estuary: from physical forcing to biological
responses. San Francisco Estuary and Watershed Science 2(1).

Kimmerer WJ. 2006. Response of anchovies dampens effects of the invasive bivalve Corbula amurensis on
the San Francisco Estuary foodweb. MEPS 324:207-218.
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(+) Diatoms to Cladocerans
Importance: High
Understanding: High
Predictability: High

Cladocerans are found primarily in the freshwater Estuary, especially in the
spring. They feed non-selectively on particles, but their abundance is strongly correlated
with chlorophyll a in the Delta, suggesting that they rely heavily on diatoms, tracking
blooms as they develop.

(-) Cladocerans to Diatoms
Importance: Low
Understanding: High
Predictability: High

While cladocerans have been well demonstrated to control the progression of
phytoplankton blooms in freshwater lakes, this effect is largely muted in the Delta due to
the competitive effects of both Corbula amurensis and Corbicula fluminea. This
competition leaves most zooplankton populations that rely on phytoplankton fairly food-
limited.

Muller-Solger AB, Jassby AD, Miiller-Navarra D. 2002. Nutritional quality of food resources for
zooplankton (Daphnia) in a tidal freshwater system (Sacramento-San Joaquin River Delta). Limnology and
Oceanography 47:1468-1476.

Obrebski S, Orsi J, Kimmerer W. 1992. Long-term trends in zooplankton abundance in the Sacramento-San
Joaquin Estuary. Sacramento (CA): Interagency Ecological Program for the San Francisco Bay-Delta
Estuary. Technical Report 32.

Sommer U, Maciej Gliwicz Z, Lampert W, Duncan A. 1986 The PEG-model of seasonal succession of
planktonic events in fresh waters. Arch. Hydrobiol. 106(4):433-471.
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(+) Microflagellates to Corbula
Importance: Medium
Understanding: Medium
Predictability: High

Microflagellates are heavily grazed by Corbula amurensis. It is likely a secondary
food source for the clams, after diatoms, which tend to be most abundant in the Delta.
When phytoplankton production is limited by temperature, turbidity, or nutrients; C.
amurensis populations may be slightly food limited because it is able to rely substantially
on bacteria or alternate sources of food.

(-) Corbula to Microflagellates
Importance: High
Understanding: Medium
Predictability: High

C. amurensis is one of the primary controlling factors on microflagellate
abundance in much of the brackish delta. While bloom conditions may also be
constrained by other, abiotic factors (as listed above), overall abundance of
phytoplankton has seriously declined since the introduction of the clam in 1986. Thus,
deep, rarely stratified areas tend to be net heterotrophic because of clam gr