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Executive Summary

The California State Water Resources Control Board (SWRCB) is developing nutrient water quality
202S0GA@Sa FT2NJ GKS {GFrdiSQa &adzNFI OS g+ iSNAZ dzaAy3
(NNE) framework. The NNE establishes a suite of numeric endpoints basedemolibgical response of

an aquatic waterbody to nutrient ovegnrichment(eutrophication, e.g. algal biomass, dissolved

oxygen). In addition to numeric endpoints for responagidators, the NNE framework must include

models that link the response indicators to nutrient loads and other management controls. The NNE
framework is intended to serve as numegigidane to translatenarrativewater quality objectives. The

NNE frameworls currently under development for estuarid@ecause San Francisco Bay represents

I FEATF2NYALFQa I NBSad Saddza NB o6tm: o6& |NBI 2F Saiadz
estuaryspecific NNE framework. The purpose of this document iswi@weliteratureand datarelevant

to the assessment of eutrophication in San Francisco Bay, with the goal of providing information to
formulate a work plan to develop NNEs for this estudtlye review had three objectives: 1) Evaluate

indicators to assegsutrophication and other adverse effects of anthropogenic nutrient loading in San
Francisco Bay, 2) Summarize existing literature in SF Bay using indicators and identify data gaps, and 3)
Investigate what data and tools exist to evaluate the trends iniantioading to the Bay.

Recommended NNE Indicators for SF Bay

TheNNE assessment framewdskthe structured set of decision rules that helps to classify the
waterbody in categories from minimally to very disturbed, in order to determine if a waterisody
meeting beneficial uses, or to establish TMDL numeric targets. Development of an assessment
framework begins by choosimgsponse indicatorsvhichwere reviewed using four criteria: 1) strong
linkage to beneficial uses, 2) welktted means of measement, 3) can model the relationship

between the indicatornutrient loads and other management controls, and 4) has an acceptable signal:
noise ratio to assess eutrophication. Indicators varied among four habitat types: 1) unvegetated
subtidal, 2) seagrasand brackish SAV, 3) intertidal flats, and 4) tidally muted habitats (e.g. estuarine
diked Baylands). Two types of indicators were design&ediary indicatorgre those which met all
evaluationcriteriaand would therefore be expected to be a priméine of evidence of the NNE
assessment framework for SF B&upporting indicatorgell short of meetingevaluation criteria but

may be used as supporting lines of evidence. This terminology is used in order to provide a sense of
level of confidence ihow the indicators should be employed in a multiple lines of evidence context.

The review found four types of indicakimet all evaluation criteria and are designated as primary:
dissolved oxygen, phytoplankton biomapsoductivity,and assemblage&nd cyanobacterial abundance
and toxin concentration (all subtidal habitats), macroalgal biomass and cover (intertidal habitat, tidally
muted habitats, and seagrass habitat®ther indicators evaluated met three or fewer of the review
criteria and designateds supporting indicators: HARII counts and toxin concentration, urea and
ammonium (all subtidal), light attenuation and epiphyte load (seadosaskishSAV).Ultimately, the
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as multiple lines of evidence in an NNE assessment is entirely dependent on indicator group and

particular applications to specific habitat types. Some primary indicators (e.g. dissolved oxygen) could

be standalone, while for dbers such as phytoplankton biomass, productivity and assemblage, the SF

Bay Technical Advisory Team strongly recommends using them as multiple lines of evidence, as use of

any one alone is likely to be insufficiently robust.

The use of ammonium as an indior received review, due to its hypothesized role in limiting
phytoplankton primary production via nitrate uptake inhibition in Suisun Bay and the lower Sacramento
River. The SF Bay Technical Advisory Team chose to include it as a supporting indiaaser thec
importance of ammonium inhibition of diatom blooms relative to other factors controlling primary
productivity Bay wide is not well understood. Additional review and synthesis are recommended,
pending currently funded studies, to identify potentahmonium thresholds.

To What Extent is SF Bay Demonstrating SymptormEutrophication, UtilizingNNE Indicator8

Of the four habitat types, only unvegetated subtidal habitat had adequate data to make an assessment
of eutrophication. Dissolved oxygen$f Bay subtidal habitat is much higher and phytoplankton

biomass and productivity is lower than would be expected in an estuary with such high nutrient
enrichment, implying that eutrophication is controlled by processes other than a simple nutrient
limitation of primary production.However, all regions of the SF Beave experienced significant

increases in phytoplankton biomass since the late 19%¥xent analysis of water quality d&allected

by USGS from 1978 to 2088ow a significant increasewater column chlorophyt (30-50% per

decade from Suisun to South Bay respectively) and a significant dedh ¢oncentrations (1.6 to

2.5% per decade in South Bay and Suisun Bay respectiMalg) #idence is building that the historic
resilience ofSF Bay to the harmful effects of nutrient enrichment is weakeriihg causes for the Bay

wide trends include changes in water clarity due to less suspended sediment, lower metal inhibition due
to improvements in wastewater treatment, increased seedimgrfrocean populations, declines in
consumption by bivalves due to increases in predation by juvenile English sole and speckled sanddabs,
and declines in phytoplankton consumption ciynsumersiue to recent new invasive species

introductions. Data suggestdh primary productivity in Suisun Bay is limiteddtsong grazing pressure

by invasive clas) light limitation by high turbidity, andmmonium inhibition of diatom uptake of

nitrate. Few harmful algal blooms (HABs) have been reported recen8yBay However, there have

been historical occurrences, and recently cyanobacteria and dinoflagellate blooms have been
increasinglydocumented.

What Are the Nutrient Load$o SF Bay From Various Sources?

Nutrients loads to SF Bay from external sources are poodgrstood, though data exist with which to
improve published load estimates from some sources. For the most part, published load estimates are
outdated by one or even two decades or based on data that were not collected for loads estimation.
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Data Gapsaind Recommended Next Steps

TheSF Bay NNE framework consists of two principle components: 1) primary and supporting indicators
used in an assessment framework to assess eutrophication of SF Bay habitats and 2) models that link
these indicators back to nrént loads and other management controls on eutrophication. There are

five major recommendations: 1) develop an NNE assessment framework for SF Bay, 2) quantify external
nutrients loads, 3) develop a suite of models that link NNE response indicatorgignhioads and

other cofactors, 4) implement a monitoring program to support the use of the NNE in SF Bay to manage
nutrients, and 5) Coordinate development of the SF Bay NNE workplan with nutrient management
activities in Sacramento and San Joaquind&he SF BayethnicalAdvisory Teamassumael the San
Francisco Bay Water Board will prioritize these next stemsth review/feedbackfrom its advisory

groups.

Develop an NNE assessment framework for SF Bay

Development of an NNE assessment frameworlSieBay involves specifying how primary and
supporting indicators would be used as multiple lines of evidence to diagnose adverse effects of
eutrophication. The table belosummarizes data gaps and recommended next steps for development
of an SF Bay NNE assment frameworloby habitat type Data gaps and recommendations generally fall
into four categoriesl) Monitoring to assess baseline levels of indicators of interdwtre data are
currently lacking, 2ihnalysis of existing dat&) Field studies or ex@iments to collect data required for
endpoint developmentand 4)Formation of expert workgroups to recommend approach to assessment
frameworkdevelopmentand synthesize information to be used in setting numeric endpoints

Type | Indicator Designation Data Gaps Recommended Next Steps
Dissolved Primary Wealth of data exists. Consider update of science supporting Basi
oxygen Technical Advisory Team Plan dissolved oxygen objectives, if warrant

does not have expertise | by additional review by fisheries experts.
to review adequacy of DQ Review could be for entire Bay or limited to

E objectives. Review did the tidally muted areas of the Bay.

g not address dissolved

I oxygen data in the tidally

3 muted habitatsof SF Bay.

_ug) Phytoplankton | Primary Need a review of science] Recommend development of a white paper
biomass, supporting selection of | and a series of expert workshops to develoy,
productivity, endpoints. Improved NNE assessment framewkofor
and assemblage prediction of factors phytoplankton biomass, productivity,

controlling assemblage | taxonomic composition/assemblages,
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Type | Indicator Designation Data Gaps Recommended Next Steps
HAB species Cyanobacteria 7 Little data on HAB toxin | abundance and/or harmful algal bloom toxir]
abundance and| primary; concentrations in surface| concentrations. Recommend augmentation
toxin conc. Other HAB waters and faunal tissueg of current monitoring to include
=supporting measurement of HAB toxin concentrations i
water and faunal 8sues.
Ammonium and| Supporting Lack of understandg of | Recommend formulation of a working groug
urea importance of ammonia | of SF Bay scientists to synthesize available
limitation of nitrate data on factors known toantrol primary
- uptake in diatoms on Bay| productivity in different regions in the Bay,
3 productivity visa-vis and evaluate potential ammonium endpoint
2 other factors. Lack of Recommend collecting additional data on
‘g data on urea in SF Bay | urea concentrations in SF Bay via USGS
g/ water quality sampling over a two year
8 period.
=
rEG Macrobenthos | Cofactor Lack of information on Recommend utilization of IEMP dataset to
= taxonomy; how to use combination | explore use of macrobenthos to be used
S abundance and of taxonomy, abundance, reliably to diagnose eutrophicatin distinctly
v biomass and biomass to assess | from other stressors in oligohaline habitats.
eutrophication This may involve including biomass in the
protocol to improve ability to diagnose
eutrophication.
Phytoplarkton | Phytoplankton | Poor data availability of | Recommend 1) Continuadonitoring of
biomass, biomass = data on stressors to SF | aerialextent of seagrass eveB¢5 years
epiphyte load primary, Bay seagrass beds. (currently no further system scale monitorin
andlight epiphyte load | Studies needed to is planned beyond 2010), 2) studies to
attenuation and light establish light establish light requirements for SF Bay
= attenuation = requirements for seagras| seagrass species, 3) development of a
% secondary and to assess effects of | statewide workgroup to develop an
T light attenuation assessment framework for seagrass based
@ Macroalgae Primary Data gaps include studie ph_ytoplankton biomass, ma_croalgae, ar_1d
> biomass and to establish thresholds of epiphyte load an(_j 4) collection of baseline
o . data to characterize prevalence of macroalg
<) E
n cover macroalgal blomass, blooms on seagrass beds.
cover and durationhat
adversely affect seagrasqy Studies characterizing thresholds of advers
habitat effects of macoalgae on seagrass currently
underway in other California estuaries shou
be evaluated for their applicability to SF Bay
Macroalgal Primary Lack of baseline data on | Recommend collection of baget data on
I biomass and frequency, magnitude macroalgae, microphytobenthos and
'-g cover (biomass and cover) and| sediment bulk characteristics.
c*Ig Sediment Suppoting gluratlon_ of macrpalga_l Recommend inclusion of SF Bay scientists
< . ooms in these intertidal .
L nutrients flats stakeholders on statewide workgroup to
T MPB taxonomy | Sa - develop an assessment framework for
k= X y pporting macroalgae on intertidal flats
‘GE) and biomass

Vi
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Type | Indicator Designation Data Gaps Recommended Next Steps
Macroalgae Primary Lack of baseline data | Recommend collection of baselinatd
on biomass and cover | on macroalgae, dissolved oxygen,
in muted habitat types | phytoplankton biomass, taxonomic
Phytoplankton | Phytoplankton | Lack of baseline data composmo'n apd HAB spgmes/toxm
5 biomass, biomass, on biomass and concentration in thesdabitat types.
3 assemblage, | cyanobacteria =| community Recommendation to develop an
T HAB toxin primary; composition, HAB toxin assessment framework based on
_-S conc. assemblage and| concentrations macroalgae, phytoplankton and
-§ other HABs= dissolved oxygen in thedwmbitat types.
2 supporting One component of this discussion
5 - -
é Dissolved Primary Some datapn dissolved tsr:] ;tuvl\(/j 03%12?;32: eg? Ok?epnril;g:é?ilot:]se
oxygen oxygen exist. Unclear

what levels of DO
required to protect
muted habitat
beneficial uses

and to what extent the level of
protection or expectation for this
habitat type differfrom adjacent
subtidal habitat.

Vii
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Quantify Nutrient Loads

The table below provides a summary of data gaps and recommended next steps. Recommendations
generally fall into two catgories: 1) Revising and updating estimates of nutrients from the different
sources, based on existing data and 2) Identification of data needed to develop a dynamic loading

model.

Source

Data Gaps Identified

Recommended Next Steps

Atmospheric

No recently published

Loads likely relatively small. Literature review to determine rang

Deposition data on wet & dry N and P deposition rates for West Coast coastal urban areas.
atmospheric deposition | Recommend baseline atmospheric deposition monitoring of we
and dry N and P deposition over2lyear period to better constrain
estimates.
Terrestrial Dry weather Loads likely large. Recommend analysis of exjsRNIP data to
Loads from concentrations available| estimate dry weather nutrient loads. Initiate wet weather data
Delta through RMP. No data | collection of nutrients at the Mallard Island DWR sampling loca
available on wet weathe| (head of Suisun Bay) to support improved daily loads estimateg
concentrations 1995present.
Municipal Data ava#ble through 15 Loads likely large. Synthesize nutrient discharge and concentrg
Effluent of approx. 40 Bblicly data to estimate loads over period of last-20 years. Encourage
Owned TreatmentWorks | treatment plants that discharge to the Bay to begin aralyg
effluent for total and dissolved inorganic nutrients and to submi
these data to the SFWQCBnN a regular basis. Recommend that
POTWs conduct a laboratory inteomparison on nutrient method
to assure comparability of estimates.
Industrial Some data available froi Loads likely small relative to municipal wastewater. Synthesize
Effluent the 1990s available data to provide information for prioritization of any futy
steps.
Stormwater Lack of wet weather dati Loads likely large. Synthesize data to provide an updated estim
sufficient to develop a | of stormwater contributions to assist prioritization of next steps.
dynamic loathg model | Scope the data needs associated with the development of a
dynamic loading model.
Groundwater | Data availablerbm 79 Loads likely small. Refine current loads estimates after reliiew

USGS monitoring statior
Flow data not well
understood

local USGS groundwater experts in order to support prioritizatig
next steps if any.

Exchange with
Coastal Ocean

Some daa available for
fluxes of water and

sediments during select
tides and seasons

Initiate a workgroup of local experts to design a sampling progr
for nutrient flux at the Golden Gate boundary. The intent with th
program would be to develop models thatrailate flux at the
oceanbay interface.

viii
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Develop LoadResponse Models

An important component of implementing the NNE framework in SF Bay is the development-of load
response models that can simulate the ecological response of the Estuary to nutmenbsheer

important cofactors. Severalypes of modelsieed tobe developed fitting into two general categories:

1) Air, oceanic and watershed loading model(s), which estimate the amount of nutrients and sediment
reaching the SF Bay estuary and where theginate and 2) arEstuary water quality model, which
simulates the ecosystem responsertotrient loads and other management contro®&ifficient dataand
knowledge of SF Bay muestist to support the development of system wide dynamic simulation nsodel
to predict phytoplankton biomass/community response and relationships to models of secondary
productivity. This is not likely in the short term, so it is important to consider that the development of a
more complex model should follow the testing outkafy concepts and assumptions in smaller, simpler
models.

Scoping the development of these NNE load response models should begin through use of empirical
data and studies to develop coarse nutrient budgets for SFBasting data that describe the timing

and magnitude of external sources, internal sources, sinks, and pathways of transformation such as
benthic nutrient flux, nitrification, denitrification, etc. would be compiled in order to synthesize current
understanding of sources and fate of nutrieaswell as identify critical data gaps in advance of the
modeling strategy development.

Second, a review of existing models and their applications should be undertaken, with the intent of
understanding what existing tools may be used to leverage efforts.

During this strategy workshop, participants would describe the modeling objectives, determine whether
existing tools can be used in this effort, identify key data gaps and studies, and identify additional work
elements needed to begin this major work elent. The product of thigffort would bethe

identification of the appropriate models, phased workplan, timeline and budget to develop these
models and identification of and coordination among key institutions, programsssakeholdersThis
information could be synthesized into a workplan to develop the loading and estuary water quality
models and a preliminary timeline and budget for Phase | of the effort.

Conduct a Monitoring Program to Develop and Implement the NNE Framework in SF Bay

The developrant and use of an NNE framework for San Francisco Bay is completely contingent on the
continued availability of monitoring data to formulate, test and periodically assess the status of the Bay
with respect to eutrophication. Over the past forty years, th8GS has conducted a research program in
the subtidal habitat of SF Bay, with partial support by the SF Bay Regional Monitoring Program (RMP)
since 1993. This USGS research program cannot be considered replacement for a regularly funded
monitoring programThe SF BayethnicalAdvisoryTeamstrongly recommends that a
nutrients/eutrophication monitoring strategy be developed and funded for successful development and
implementation of the NNE in SF Bay.
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Coordinate Development of the SF Bay NNE FrameworkNwittient Management in th®elta

Development and implementation of a NNE framework for SF Bay will require improve coordination
with nutrient management activities in the San Joaquin and Sacramento River Delta. Preliminary
discussions on this topic havwes} begun with the Central Valley Water Board staff. Other entities, for
example, the Interagency Ecological Program should be engaged. Coordination should be improved, at
minimum, with respect to any future monitoring and/or modeling of nutrient loadingnsport and

source identification, as SF Bay and the Delta exchange nutrients across their aquatic and terrestrial
boundaries. Coordination would be further enhanced by a similar review of NNE candidate indicators,
summary of existing science, and mtiéication of data gaps and recommended next steps specifically

for the Delta.
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1. Introduction

1.1 Background

Cultural eutrophication of estuaries and coastal waters is a globaleemaintal issue, with

demonstrated links between anthropogenic changes in watersheds, increased nutrient loading to
coastal waters, harmful algal bloor(tdABs) hypoxia, and impacts on aquatic food wekaliela,

Foreman et al.,1992; Kamer and Stein, 2008gse ecological impacts of eutrophication of coastal

areas can have faeaching consequences, including flshs and lowered fishery production (Glasgow
and Burkholder, 2000), loss or degradation of seagrass and kel beilley, 1985; Burkholder,dga et

al., 1992; McGlathery, 20013mothering of bivalves and other benthic organisms (Rabalais and Harper
1992), nuisance odors, and impacts on human and marine mammal health from increased frequency
and extent ofHABsand poor water qualityBates efal., 1989; Bates, DeFreitas et al., 1991; Trainer,
Hickey et al., 2002)hese modifications have significant economic and social costs, some of which can
be readily identified and valued, while others are more difficult to as€Bssier, Qureshi et al1,998)
According to United States Environmental Protection AgedSEPA eutrophication is one of the top
GKNBS fSIFIRAy3d Ol dzaSa 2F MSERRNAYSYy(Ga 2F (GKS ylFiAz2y

In California, the impacts of nutrient loading on estuaries and coasttdra/ have not been well

monitored (Bricker, Clement et al., 199%yith the notable exception of San Franci¢SéBay where

there has been research and ongoing publication by a number of autBtoern, 1982; Cloern, Cole et

al., 1985; Cloern, 1991;delrn, 1996; Cloern, 1999yVithout management actions to reduce
anthropogenic nutrient loads and other factors controlling eutrophication, symptoms are expected to
develop or worsen in the majority of systems, in part due to projected population incredssg the

coastal areas. Scientificalbhased statewide water quality objectives and tools that relate these
objectives to management controls are needed to prevent eutrophication from occurring and to provide
targets for restoration or mitigation of systes where adverse effects of eutrophication have already
occurred.

TheUSEPAnitiated the National Nutrient Management Strategy in 1998 to begin addressing the

pervasive impacts of excessive nutrient loading to both fresh and marine waters (Wal3@8) A

primary goal of the strategy was to develop numeric nutrient criteria to measure the progress of the
management strategy. TH8SEPAssued a series of technical guidance manuals for the development of

nutrient criteria. Initial national guidance on mignt criteria development advocated the use of a

statistical approach to establish thresholds based on the nutrient concentrations in surface waters
(USEPAL998). In this approach, reference conditions were based 8mp@&centiles of all nutrient

concentration data including a comparison of reference condition for the aggregate ecoregion versus

the subecoregions. These™percentile concentrations were characterized as criteria

recommendations that could be used to protect waters against nutrient-@gNA OKYSy i & ¢ KS 6ab
I NAGSNRAIF ¢SOKYAOFf 3IdzARFYyOS al ydz f YSERPAA004: NAY S | YR

Several studies have demonstrated the shortcomings of using ambient nutrient concentration criteria
alone to predict eutrophicationin streamgWelch, Horner et al., 1989; Fevold, 1998; Chetelat, Pick et
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al., 1999; Heiskary and Markus, 2001; Dodds, Smith et al., 2682 stuarie¢Cloern, 2001; Dettman,

Kohn et al., 2001; Kennison, Kamer et al., 2008¢ of ambient, surface watautrient concentrations

is generally not effective for assessing eutrophication and the subsequent impact on beneficial use
because ambient concentrations reflect the biological processing that has already occurred. In addition,
biological response to nugnts (e.g,algal productivity) depends on a variety of mitigating factors such

as basin morphology and substrate characteristics, tidal energy, stratification, temperature, light
availability, biological community structure, and seed populations. Thylsduncentrations are not an
obligatory indicator of eutrophication and low concentrations do not necessarily indicate absence of
eutrophication.

Given these problems, in 1999 thkSSEPARegion 9 and the California State Water Resources Control
Board (SWRG@Bhose an alternative approach to developing nutrient objectiidSHPA2006). This
approach, known as the Nutrient Numeric Endpoint (NNE) framework, establishes a suite of numeric
endpoints based on thecological responsef an aquatic waterbodjo nutrient overenrichment
(eutrophication,e.g.,algal biomass, dissolved oxygen). It was suggested that numeric endpoints, if
successfully developed, would servegasdane to translatenarrativewater quality objectives (State of

/[ £ AT 2NV ALl Qduality SriveNa) fér Autidendslarid idbstimulatory substances. A key
component of the NNE framework is the availability or development of streesgponse tools that link
the ecological response indicators with nutrient loads and other potential manageaontrols for

TMDL development and implementation.

The California NNE framework was first developed for streams and ldsEP2006) and is currently
under development for estuaries. A scientific framework has been presented to support the
developmant of numeric endpoints for a suite of biological response indicators and highlight data gaps
and research recommendations for their developmdaSEPA2007). A subsequent document

articulated a broad work plan to address data gaps, develop numeric emtdpaind support the

efficient and costeffective development of stressaesponse TMDL tool&)SEPA2008). Within this

work plan, one key step was to summarize existing literature relevant to the development of a set of
NNEs and TMDL tools in relationnmnitoring and assessment of eutrophicatiorSRBay estuary. A

key outcome of this initial step is a work plan vetted by the scientists and stakeholders that work and
live around the estuary.

1.2 Objective, Geographi&copeand Organization of this Regt

The purpose of this document is to present the review of literatumd monitoring programeelevant to
the assessment of eutrophication 8/ Bay, with the goal of providing a baseline of available
information to formulate a work plan to develop NN&sthis estuary The review had four specific
objectives:

e Evaluate appropriate indicators to assess eutrophicatioBFBay;

e Summarize existing literature and identify data gaps on the status of eutrophication in SF Bay
with respect to these indicators
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e Describe what data and tools exist to evaluate the trendsuimient loading to the Bay; and

¢ Summarize, to the extent possible (Wit do they reveal about trends in nutrient loads over
time?)

For the purposes of this literature review, the geographapscof this effort is limited to the areas of

the Bay included within the San Francisco Bay Regional Water Quality Control &Ho&vdier Boajd

jurisdiction (Figure 1). The upstream boundary of 8feWater Boari$ roughly coincident with the 2

pptiso £t AyS 2F 062002Y g (i S1084). Ohis %2 isbhalime lias aisigriificatl 8 46 & S
statistical relationship with measures 8Festuary resources, including: 1) supply of phytoplankton and
phytoplanktonderived detritus, 2) benthic macroinvetieate, 3) larval fish survival, and the abundance

of fish.

The intention is this will be a living document, updated over time to reflect input from scientists,
stakeholder groups, and the interested public. Drafts will be identified by date of releageshanld be
cited as suchThe report is organized into six sections:

Section 1 gives the introduction, purpose of the document, the organization, and definitions of key
terms used throughout the report.

Section 2 gives a brief summary of the conceptuahiEwork of the NNE, preliminary classification
and consideration of habitat types, and candidate estuaNiNE(EENNE) indicators.

Section 3 provides an overview of relevant physiographic information for the Bay Area including
human population trends, chiate, habitats (both in Bay and fringing), beneficial uses and
water quality criteria designated by the State of California through the San Francisco
wSIAA2Y Lt 2 GSNIvdzk fAGe [/ 2y aIRRKEGS NI .NRF MKSNG (i :

Section 4 provides aview of the current understanding of external nutrient loads and ambient
nutrient concentrations irSFBay.

Section 5 reviews and summarizes existing information on candidate NNE indicators $¢Bihe
estuary. The section focuses sevenmain indicaor groups: phytoplankton blooms and
HAB specieglissolved oxygen (Hypoxia and anoxia), macroalgae, submerged aquatic
vegetation (sea grass and brackish submerged aquatic vegetdigmtjic
macroinvertebrates, jellyfistand ammonim including ammoniumitrate ratio, urea,
and toxicity

Section 6 summarizes the review, identifies important data gaps and recommends next steps.
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Figure 11. Geographic scope of the literature review, defined BF Water Boarglrisdiction.

1.3 Important Definitions

C2NJ 0K2aS 2dziaARS (GKS NB3Jdz F2NE ¢2NIRZ RAAGAYOUA
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the terms that are linked closely to how the NNE feamork will be implemented.

Eutrophication Eutrophication is defined as the acceleration of the delivery, in situ production of
organic matter, and accumulation of organic matter (Nixt®05). One main cause of eutrophication in
estuaries is nutrient oweenrichment (nitrogen, phosphorus and silica). However, other factors influence
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primary producer growth and the buHdp of nutrient concentrations, and hence modify (or buffer) the
response of a system to increased nutrient loads (hereto referred to-#éactors). Theseco-factors
include hydrologic residence times, mixing characteristics, water temperature, light climate, grazing
pressure and, in some cases, coastal upwelling.

Indicator. A characteristic of an ecosystem that is related to, or derivesh, a measure of biotic or
abiotic variable, that can provide quantitative information on ecological condition, structure and/or
function. With respect to the water quality objectives, indicators are the ecological parameters for
which narrative or numec objectives are developed.

Water Quality Standard: Water quality standards are the foundation of the water qualised
control program mandated by the Clean Water Act. Water Quality Standards define the goals for a
waterbody by designating its usesgtting criteria to protect those uses, and establishing provisions to
protect water quality from pollutants. A water quality standard consistthade basic elements:

1. Designated usesf the water body (e.g., recreation, water quip, aquatic life, agridture)

2. Water quality criteriato protect designated uses (numeric pollutant concentrati and
narrative requirements)

3. Antidegradation policyto maintain and protect existing as and high quality waters

Water Quality Criteria:Section 303 of the Cleanatér Act gives the States and authorized Tribes power
to adopt water quality criteria with sufficient coverage of parameters and of adequate stringency to
protect designated uses. In adopting criteria, States and Tribes may:

e Adopt the criteria thatUSEPAublishes under §304(a) of the Clean Water Act;
e Modify the 8304(a) criteria to reflect sigpecific conditions; or
e Adopt criteria based on other scientificaltiefensible methods.

CKS {dFGS 2F /ITEAT2NYALFQA 41 (1§ 8N2ORBDENIIIS AIZNE | BY RS
Water Code (of the Porter Cologne Act; for further explanation, see below).

States and Tribes typically adopt batmericand narrative criteria. Numericcriteria are quantitative.
Narrative criteria lack specific numertargets but define a targeted condition that must be achieved.

Section 303(c)(2)(B) of the Clean Water Act requires States and authorized Tribes to adopt numeric
criteria for priority toxic pollutants for which the Agency has published 8304 (a) criteraldition to
narrative and numeric (chemicapecific) criteria, other types of water quality criteria include:

e Biological criteriaa description of thelesiredbiological condition of the@quatic community, for
example, based on the numbers and kindefanisms expected to be present in a water body.

e Nutrient criteria a means to protect against nutrient ovenrichment and cultural
eutrophication.
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e Sediment criteriaa description of conditions that will avoid adverse effectsmitaminated
and unconaminated sediments.

Water Quality ObjectivesThe Water Code (Porté€Cologne Act) provides that each Regional Water
Quiality Control Board shall establish water quality objectives for the waters of theiga{ground and
surface waters) which, in thRegional Board's judgment, are necessary for the reasonable protection of
beneficial uses and for the prevention of nuisan€he State of Californtgpically adops both numeric

and narrative objectives Numericobjectivesare quantitative Narrative objectives present general
descriptions of water quality that must be attained through pollutant control measures. Narrative
objectives are also often a basis for the development of numerical objectives.

Numeric EndpointWithin the context of the NNE framewk, numeric endpoints are thresholds that

define the magnitude of an indicator that is considered protective of ecological health. These numeric
endpoints serve as guidance to Regional Boards in translating narrative nutrient or biostimulatory
substancew G0 SNJ ljdzt t Aileé 202SO0GAGPSad ¢KS& NBE OFffSR aGydz
202S00A@®Sae G2 RA&AGAYy3IdZAaK GKS RAFFSNBYOS gAGK NB
through a public process and incorporated into basin plans. Numeric endpara guidance that can

evolve over time without the need to go through a formal standards development process.
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2. NNEConceptualApproach, Classification, and Key Indicators

This section describes the NNE conceptual approach, estuarine classifasaditey habitat types and

the rationale for selection of candidate NNE indicators identified for SF Bay estuary. The material in this
section is derived from Sutula et al. (2011), which conducted an extensive review of candidate NNE
indicators for Califoria estuaries.

2.1 NNE Conceptual Approach

The Nutrient Numeric Endpoin{BINE)Yramework is a term coined to describe the SWREH strategy

for developing nutrienbbjectivesfor the State of California. This draft strategy includes developing a
narrative objective, plus numeric guidance that would be incorporated by default into the Basin Plans of
the Regional Water Quality Control Boards. The purpose of developing NNEs for California estuaries is to
provide the State Water Resources Control BoardthrdRegional Water Quality Control Boards with a
scientificallydefensible framework that can serve as guidance for adopting water quality objectives for
nutrients.

The development of an NNE assessment framework for SF Bay is consistent with the dihtfiags

review of candidate indicators for California estuaries (Sutula et al., 2011), but this work represents a

more focused effort to develop a framework for assessment eutrophication in SF Bay, with the intent to
incorporate specific indicators andtiieK 2 f Ra Ay 2 GKS {C wS3aA2yIlf 21 G4SN
OKSNBG2 NBFSNNBR G2 a a{C 2FGSNJ.2FNRe€0 .laAry LI

2.1.1  Why NutrientConcentration§hould Not Be Used to Set Nutrient Water Quality Objectives in Estuaries

Nutrient objectives are scientificglchallenging. Nutrients are required to support life, but assessment

2T K2¢g YdzOK Aa ai22 YdzOKé Aa y20 aGNIXAIKGTF2NBI NRO
contaminants do not apply, in part because adverse effects of nutrientevéchmernt are visible at

orders of magnitude below recognized toxicity thresholdsaimmoniumand nitrate.

USEPAuidance on nutrient objective development generally recommends three means to set nutrient
criteria USEPA, 20011) reference approach, 2) empalcstressresponse approach, and 3) cause

effect approachThe reference waterbody approach involvésuiacteriation of the distributions of

Yydzi NASyd Ay aYAyAY!l iNGtdent Bohcriraidid Sachosah bt bl Fa@idionlS a
percentile d those reference waterbodies. The empirical stressponse approach involves establishing
statistical relationships between the causal or stressor (in this case nutrient concentrations or loads) and
the ecological response (changes in algal or aquadiat fliomass or community structure, changes in
sediment or water chemistry (e.g., dissolved oxygen, pH). The digst approach involves identifying

the ecological responses of concern and mechanistically modeling the linkage back to nutrient loads and
other cofactors controlling response (e.g., hydrology, grazers, denitrification, etc.).

SWRCB staff and USEPA Region 9 staff evaluated these three approaches for setting nutrient objectives
in California waterbodies and determined that, while it may cleotmsultimately incorporate some
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heavily on the causeffect approach. There were several reasons for this. First, the eftesd

approach has a merdirect linkage with beneficial uses and is generally thought to lend itself to a more

precise diagnosis of adverse effects. Second, the alternative approaches require a tremendous amount

of data not currently available in such a large state. Third, ¢fierence approach is particularly

problematic because it automatically relegates a certain percentage of the reference sites to an

GAYLI ANBR:¢ adlddzad LY FTRRAGAZ2YS F2NI Ylye 6FGSNDB2R
unavailable. Fourthstatistical stressesponse relationships can be spurious, or have lots of unexplained
variability (i.e., poor precision). This poor precision is translated to a larger margin of safety required

(more conservative limits) for load allocations and pediniits. While waterbody typology, to some

degree, can assist in explaining some of this variability, it cannot completely remove the concern. Thus,

while simpler than the causeffect approach, the empirical stresssponse approach will result in more

false negative and false positive determinations of adverse effects and in the end will be more costly to

the public.

For estuaries, reliance on the causkect approach is strongly suggestdusbcause in the majority of
circumstances, the reference or emipatl stressesponse approaches are simply untenable (Cloern
2001).Estuaries within California are highly variable in how they respond to nutrient loading due to
differences in physiographic setting, salinity regime, frequency and timing of freshwatey; flo
magnitude of tidal forcing, sediment load, stratification, residence time, denitrification, etc. This
combination oftt Gf&ctors results in differences in the dominant primary producer communities, (
phytoplankton, macroalgae, benthic algae, suligesl aquatic vegetation, emergent macrophytes). It
also creates variability in the pathways that control how nutrients cycle within the estaatimes,

these cofactors can play a larger role in mitigating estuarine response to nutrient loads or
concentations, blurring or completely obscuring a simple prediction of primary productivity limited by
nutrients (e.g., Figure 2.1). For example, in many lagoonal estuaries, benthic algal blooms can act to
reduce surface water concentrations of nutrients to rdetectable levels. Thus while the estuary may
be in a clearly impacted state, it would appear to meet N and P ambient water quality objectives. In
estuaries such as SF Bay, synthesis by Cloern and Dugdale (2010) have clearly shown that ambient
nutrient corcentrations do not correlate with measures of primary productivity , in part because of
important cofactors that override simple nutrient limitation of primary production.
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Figure 2.1.Mean chlorophylla concentrations as a function of mean nitratettrite (NOx) concentrations irSF
Bay for the period January 1999 to Biiary 2009 (Data Source: US@&p://sfbay.wr.usgs.gov/access/wqdatd.

2.1.2 Key Tenets of the NNE Approach

The NNE framework fcCalifornia waterbodies is basely largely on the caaf§ect approach. The

framework has three organizing principé&&reager, Butcher et al., 2005)

1. Ecological response indicators provide a more direcbaslkd linkage to beneficial uses than
nutrient concentrations or loads alonghus the NNE framework is based on the diagnosis of
eutrophicationor other adverse effecnd its consequences rather than nutriener enrichment

Except in extreme casesich as unionized ammonium causing toxjaiytrients themselves do not
impair beneficial uses. Rathagologicaresponse to nutrient loadingauses adverse effects thiatpair
uses. Instead of settingbjectivessolely in terms of nutrient concentrations, it is preferable to use an
analysis that tais into account the risk of impairment of these uses. The NNE framework needs to
target information orecologicaresponse indicators such as dissolved oxygen, surface water
phytoplankton and HABiomass €.g., chlorophylg, water clarity), macroalgal hisass and percent
cover, benthic algal biomass (sedimecttlorophylla) andsubmerged aquatic vegetation (SAV) density
and percent coverandaesthetics €.g.,foul odors, unsightliness). Theseologicakesponse indicators
provide a more direct riskasedlinkage to beneficial uses than the ambient nutrient concentrations or
nutrient loads. Given this approach, it is critical that tools be developed that link the response indicators
back to nutrient loadsind other cefactors and management controls (hydlrgy, etc.)

2. A weight of evidence approach with multiple indicators will produce a more robust assessment of
eutrophication.


http://sfbay.wr.usgs.gov/access/wqdata
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robust means to assess ecologicahdition and determine impairment. This approach is similar to the
multimetric index approach, which defines an array of metrics or measures that individually provide

limited information on biological status, but when integrated, functions as an ovedadator of

biological condition (Karr and Chu, 1999).

3. Use of models to convert response indicators tesptecific nutrient loads or concentrations.

Akey premise ofhe NNE framework is the use of models to convert numeric endpoints, based on
ecologcal response indicators, to sitepecificnutrient load goalsappropriate for assessment,
permitting, and TMDLs

Thusthe intent of the NNE frameworls to control excess nutrient loads to levels such that the risk or
probability of impairing the designetl uses is limited to a low level. If the nutrients presentgardless
of actual magnitude; have a low probability of impairing uses, then water quality standards can be
considered met.

2.2 HowResponsdndicators Would Be Used: Development of a Diaghos
Assessment Framework

Within the regulatory context, waterbody assessments are made in order to make determination of
whether the waterbody is meeting beneficial uses or impaired, as an example, for nutrients. In this
context, a diagnostic assessmerdrfrework is the structured set of decision rules and guidance for
interpretation that helps to classify the waterbody in categories of minimally disturbed (fully sustaining
beneficial uses) to moderately disturbed (still sustaining beneficial uses, buidnsceduced), to very
disturbed (clearly not meeting beneficial uses). Although scientists can provide a lot of guidance and
data synthesis to illustrate how the assessment framework could be formed, ultimately the decision of
what levels to set threshdk that separate the categories (e.g., minimally versus moderately and very
RAAUGAINDSRO Aa | LRfAO& RSOAAA2Y P ¢KSaS (GKNBaKz2f Ra
SYRLIRAY(a®dE

Development of the diagnostic assessment framework begins by choodingtiors that would be

measured and used to determine waterbody status. It is important to distinguish between three types of
indicators for an NNE assessment framework:

1. Primary indicators
2. Supporting indicators

3. Cofactor indicators required for data intpretation

Primary indicators will play a central role in the NNE assessment framework. Designation of these
AYRAOFG2NAR a4 GLINARYINEBE AYLIASAE I KAIKSNI £ S@St 27
assessment of adverse effects, based on altvext experience and knowledge about how this indicator

captures and represents ecological response. Primary indicators are those which are considered to meet

all explicit criteria (see Section 2.5) established to evaluate candidate NNE indicators.

10



McKee et al., 2011 NNEDevelopment for SF Bay
Literature Review & Data Gaps ralysis

Suppating indicators are those which could be collected to provide supporting lines of evidéhese
indicators may have met many, though not all evaluation criteria, but are consider important because
they are commonly used to assess eutrophication in sifieistudies, albeit with a lower level of

confidence to assess adverse effects of eutrophication. Use of the indicator as supporting evidence over
GAYS YI@&@ AYyONBlFaS O2yFARSYyOS FyR OFdzaS AG G2 o068
Finally, o-factors are indicator¢hat could be part of a routine monitoring program and important for

data interpretation and trends analysis.

2.3 Context forIndicator Selection: Estuarine Classes and Major Habitat Types

Discussion a#stuarinenumericnutrient endpoint (ENNE) candid&t ecological response indicators
requires mention of estuarine classes and key habitat types. The approximately 400 estuaries found in
the State of California afgighly variable in terms of physiographic setting, salinity regime, frequency
and timing of feshwater flows, magnitude of tidal forcing, sediment load, stratification, residence time,
etc. (Engle et al., 2007Fhis combination of factors results in differences in the dominant primary
producer communitiesi.g., phytoplankton, macroalgaanicrophytobenthos submerged aquatic

vegetation, emergent macrophytes). It also creates variability in the pathways for nutrient cycling within
estuaries As a result of these differences, estuaries expected to be variable in how they respond to
nutrient loadng (NRC, 2000Partitioning this apparent natural variability into classes will improve the E
NNE framework by eliminating the need to research and define indicators for each of the 400 individual
estuaries. Instead, indicators will be defined and tedtadeach estuarine class (numbering just six).

Classification approaches can by driven by conceptual, empirical or statistical approaches. The NNE
Technical Team has proposed a preliminary classification of California estuaries, based on a conceptual
approach modeled after the Coastal Marine Ecological Classification Standard (CMECS; Madden et al.,
2005;Sutula et al., 2001 The preliminary classes are shown in Table 2.1.

Table 2.1. Preliminary classification of California estuaries.

GEOFORM SEASONALYTOF SURFACE WATER CONNECTION TO O(
Enclosed Bay Perennial
Lagoon Perennial
Intermittent
Ephemeral
River mouth Perennial
Intermittent

According to this classification, SF Bay estuary is an enclosed bay. Halvesstuary contains at least
four compartments that are hydrologically distinct from each otAdre extreme northern

11
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compartment of the estuary receives the largest inflow of fresh water into the estuary. The central

component of the estuary receives very little freshwater input argtéstly influenced by tidal action.

¢tKS f26SN) G662 O2YLI NILIYSyGa AyOfdzRS (GKS aaz2dzik ol @&
encompasses the area between San Jose and the Dumbarton Bridge andhydestagically distinct

FYR KFa | Axt32 NI NISET flidkad K/ Alda y2NIKSNY ySAIKOo2N GKS
the Dumbarton Bridge to just south of the OaklanBay BridgeGiven the size and geomorphic

complexity of the estuary, a more detailed review of estuarine classification amihdnt habitat types

of SFBayestuary is required in order to understand relevagblogical response indicamfUSEPA,

2007)

Within these classes, several key habitat types can be distinguished that organize what indicators may
be relevant to conside For example, Table 2.2 summarizes the relevant aquatic primary producer
groups that could be used to diagnose eutrophication, expressed across a range of water depth and
salinity regime (Table 2.2.; Day et al., 1989). Thus within each estuarine lotasslitators appropriate

to assess eutrophication can change by habitat type.

Table 2.2.Dominant primary producer groups present in California estuaries as a function of water depth and
salinity range

Depth Dominant Primary Producers

Intertidal Macroalgae
Microphytobenthos
Seagrass (intertidal Central & No.Calif.)

Shallow subtidal Macroalgae

(<10 m) Microphytobenthos
Brackish water SAV and Seagrass
Phytoplankton

Deep or light limited | Microphytobenthos
subtidal (>=10 m) Phytoplankton
Drift or Floating Macroalgae (in oligohaline habitats)

2.4 Conceptual Models and Candidate Ecological Response Indicators

Eutrophication isdefined as the acceleratioof the deliveryin situ production of organic matteand
accumulation of organic madr within an aquatic ecosysteowarth 1988; Nixon1995; Cloern

2001) One of themain caussof eutrophication in estuaries is nutrienver enrichmeninitrogen,
phosphorus and silica). Other factors influence primary producer growtmatrgent awailability, and
hence modify (or buffer) the response of a system to increased nutrient lpefisred to ao-factors).
Theseco-factorsinclude hydrologic residence times, mixing characteristics, water temperature, light
climate, grazing pressure and,some casg coastal upwellingFigure 2.1)A simple conceptual model

12
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of estuarineecological esponse tceutrophication can be described (Figure 2.1). The increased nutrient
loads and alterations in efactors can result in:

1. Changes to aquatic primapyoducers,
2. Altered water and sediment biogeochemistry, and

3. Altered community structure of secondary (invertebrates) and tertiary consumers (fish, birds,
mammals).

A. Increased Nutrient/Organic Matter Loads, and/or Altered
N:P:Si Ratios

J L

B. Ecological Response?

C. CeFactors, e.g.:

Hydraulic Residence Time
Climate
Suspended Sediment
Stratification
Estuarine circulation
Hyposgraphy
Top-down grazing
Denitrification

Ecosystem Services and Beneficial Uses
Ecological Services Beneficial Uses

Figure 2.2 Conceptual framework odfinkage of nutrient loading (A)ecological respnse (B), which includes
altered primary producers, sediment and water biogeochemistry, and secondary & tertiary consumers), co
factors modulating response (C), and altered ecolog®atvices and beneficial uses

13
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This cascade of effects has a direceeffon the ecosystem services and beneficial uses an estuary
provides, including reduced:

e Habitat for aquatic life (including EST, MAR, WILD)

e Protection of biodiversity including rare, threatened and endangered species and migratory and
spawning habita{RARE, SPWN, MIGR)

e Productivity ofcommercial and recreational fisheri€SHELL, COMM, AQUA)
e Good aesthetics and lack of odors (REC2)
e Maintenance of good water quality (REC1, COMM, AQUA, SHELL)

The three identified components of the ecological respotseutrophication (Figure 2.component

(B), Figure 2)can be used as an organizing framework within which to list and review possible
indicators for the ENNE.Each component is further explained below, along with a list of corresponding
indicators unde consideration for the fNNE framework.

Ecological Response Indicator Groups

Altered
Altered Sediment &
Primary Producers Tertiary Consumar
Sysbiri et abio s
Irvertebrates
O Accuimiletion
ap

Water Clarty

Seagrass and
Brackah SAY

Tome Metabodites

Figure 2.3.Ecological indicator groups, which include altered primary producers, sediment and water
biogeochemistry, and secondary & tertiary consumers. MBicrophytobenthos, OM= sediment organic
matter accumulation.

2.4.1 Changes in Aquatic Primary Produ@&PP)Community Structure

As an estuary becomes increasing eutrophic, predictable changes occur with respect the types and
relative abundance of the primary producer communities, as depicted in F@@reEstuaries in a
GYAYAYFEte RA&AGAINDSRE O2yRAGAZ2Y IINB G(GeLMAOLFffte R2Y
conditions, such as microphytobenthos (benthic microalgae), seagrasses, or, in deep or turbid estuaries,

a high diversity of phytopfkton at relatively low biomass. As nutrient availability increases, the growth

of epiphytic micre, macroalgae as well as opportunistic ephemeral macroalgdavored in shallow

subtidal estuaries. In deep or turbid estuaries, phytoplankton biomass deess favoring nutrient

14
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tolerant and often, HAB species that can produce toxins harmful to marine life and humans (Fong et al.,
1993, Valiela et al., 1997, Viaroli et al., 2008).the extreme end of the eutrophication gradient,
macroalgae and cyanobactaet mats dominate intertidal and shallow subtidal habitat, while in
deepwater or turbid habitat,cyanobacteria and/or picoplankton bloomsan dominate, causing
dystrophy.

These changes along a gradient of increasing nutrient availability provide thefdrasédecting one or

more primary producers as indicators for theNRIE framework. The precise indicators that will be
relevant are dependent on the habitat type and estuarine class. Table 2.3 lists the indicator groups and
specific metrics under evaluati for the ENNE framework. Literature used to evaluate these indicators

is summarized in Sutula (2011).

a) Intertidal flats b) Shallow subtidal (unvegetated and aquatic
beds)
cyano T Cyanobacterial mats/
i \ “_Phytoplankton
8 atc 8 \\ ‘xk'“‘*-._
5 7 g\ /{\
£ c |\ \
£ E [\
[a) Q A \
L 2 + \Macroalgae |\
O S-?. \ “'u
micr \
phyto éepi- II
benthosy phytes
benthos i Seagras‘s\_______ N ||I
_ o i >
Nutrient Availability Nutrient Availability
c) Deepwater (<10 m) and turbid
subtidal
Eutrophic . .
Giitrlitiion Species * Depends on water residence time
Harmiul algal blooms . .
(HAR) and HAB taxin + Mediated by herbivory

preduction

% Dominance

L?;];:;E High phytoplanktcn Chi
& Biomass

Oligotrophic

phytoplankton

BpECies

Microptntobenthos

-
Mutrient Availability

Figure 2.4.Conceptual model of relationship between nutrient availability and relative dominance of primary
producers in California estuaries by major habitat typg) intertidal flats, (b) shallow subtidal and (c)
deepwater or turbid subtidal.
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Table 2.3. List of primary producer indicator groups and specific metrics reviewed as candidate indicators for
the ENNE.

Primary Producer Indicator Indicator or Metric

Group

Macroalgae Percent Cover
Biomass

Phytoplankton Chlorophylla Concentration(Biomass)
Productivity

Assemblage/Taxonom{composition
Harmful Algal Bloom Species Abundance
Harmful Algal Bloom Species Toxin Concentrat

Microphytobenthos Sediment Chlorophyd
Taxonomic Composition

Seagrass and Brackish Water | SAV Aerial Distribution

Submerged Aquatic Vegetation] sav Taxonomic Composition

SAV Biomass

SAV Density

Epiphyte Load on SAV

Macroalgal Biomass/Cover on SAV
Water Céumn Chlorophyla

Water Column Light Attenuation

2.4.2 Altered Water and Sediment ChemigiBjogeochemical Cycling)

As the process of eutrophication progresses, elevated live and dead aquatic primary producer (APP)
biomass provide an elevated supplfylabile organic matter, setting off a cascade of altered
biogeochemical cycling in the sediments and surface waters. These effects include increased respiration
in the sediments and surface waters, increased extent, frequency and duratiypokia and

increased concentrations of sediment pore water ammonium, sylfitiereasing the potential for

toxicity to benthic organismgD'Avanzo and Kremer, 1994; Nixon, 1995; Diaz, 2001; Howarth, Sharpley

et al., 2002)The efficiency of nitrogen and carbon cgglidecreases, which fuels increased organic

matter accumulation in the sediments.

16



McKee et al., 2011 NNEDevelopment for SF Bay
Literature Review & Data Gaps ralysis

With respect to review of candidate MENE indicators, changes in biogeochemical cycling in estuarine
sediments and surface waters due to eutrophication can be broken dioterfour general categories
(Table 2.4) each having a set of discrete candidate indicators:

o0 Changes in water clarity, due to increased suspended live and dead biomass

0 Altered rates of system metabolism, which capture the relative rates of carbon
production and respiration within a system

o0 Increased sedimerdrganic matter accumulation, which the rate at which organic
matter is accumulates within sediments

0 Altered rates of nutrient cycling, which can be defined as the rates of in key
transformation mechaisms for nitrogen, phosphorus, and associated elements involved
in redox reactions such as sulfur, iron and manganese

Table 2.4.Table of candidate water column and sediment chemistry indicators reviewed for tHeNE
framework (from Sutula, 201}

Indicator Group | Indicator or Metric

Nutrients Ammonia
Urea
N:P Ratio

Water Clarity Secchi Depth
Kd (Light Extinction)
Turbidity

Dissolved Oxygef] Dissolved Oxygen Concentration
Biological or Chemical Oxygen Demand
Sediment Oxygen Demand

Benthic Benthic Production: Respiration Ratio
Metabolism Benthic TCO2 Flux

Organic Matter | Sediment %0C, %N, and %P

Accumulation Sediment C:N: P Ratio
and Sediment

Redox Status Sediment TOC:TS and Degree of Pyritization

Nitrogen Cycling | Denitiification Efficiency
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2.4.3 Altered Community Composition of Secondary and Tertiary Consumers

Poor habitat quality and altered abundance of primary producers causes shifts in the secondary
consumers (benthic infaunal, epifauna and pelagic invertebrdted)are directly impacted by

alterations in primary producer community structure and degradation in water and sediment chemistry.
Higher level consumers, such as fish, birds, mammals, and other invertebrates that prey upon these
secondary consumers (refedd to here as tertiary consumers), experience reduced food availability and
quality, reduce reproductive success, increased stress and disease, and increased mortality.

While secondary and tertiary consumers are closely linked to ecosystem servicesragfidibl uses
(Figure 2.1), use of these organisms as indicators for4KBIE framework is problematic because
organism and population measures of health are impacted by a variety of different stressors in a
complex environment which is not easy to modalithin the group of secondary and tertiary
consumers, benthic macroinvertebrates are the sole taxonomic group recommended pursuing for
possible inclusion as anNENE indicator in some key habitat types and estuarine classes.

Because invertebrates thadve in or on sediments are exposed to environmental stressors on an
ongoing basis, the benthic life present at a particular location often provides a good indicator of
sediment habitat quality. Benthic community composition can be impacted by contamination
eutrophication as well as natural variations in habitat and physical disturbance. The State of
California has been developing a benthic response iB&%) for bays and estuaries with salinities

of 18 ppt or greaterBenthic indices apply standard nm@matical formulas to data on the number

and diversity of benthic organisms at a particular location to find a score that rates the disturbance
of the community. This provides a simple means for communicating complex ecological data to
environmental mangers.¢ KS . wL Aa I O2YLRYySyd 2F (GKS {2w/.
(www.waterboards.ca.gov/water_issues/programs/bptcp/sediment.shimihich establishes

numeric endpoints for sediment quality due to toxic contaminants.

2.5 Indicator Review Criterimand Candidate NNE Indicators for SF Bay

Sutula (2011) reviewed candidate indicators for use in assessing eutrophication in California estuaries.
The following criteria were used in the reviews of existing science to evaluate the utility of each
indicatorfor the ENNE assessment framework.

IndicatorsShould

w Have well documentetinksto estuarinebeneficial usesnd, if possible, organisms at multiple
trophic levels

w Have a pedictive relationship with causal factossich as nutrient concentrations/loadsd
other factors known to regulate response to eutrophication (hydrology, etc.). This relationship
could be empirical (modeled as a statistical relationship between load/concentration and

18
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response or modeled mechanistically through tools such as a sspptadsheet or dynamic

simulation models)

w Have asientifically sound and practical measurement prodiss can be accurately and

precisely measured over large areas and over multiple years (long term) to quantify the spatial

and temporal variability ithe forcing and response variables typical of California estuaries

w Must be able to show a trend either towards increasing or/and decreasing eutrophicaition
an acceptableignal: noiseatio

Based on the review by Sutula (20hhyd early discussions Wwithe SF Bay Technical Team, the
followingindicatorswere shortlisted for further review andgynthesis of existing data for the SF Bay

estuary (Table 2.5).

Table 2.5. Shotlist of candidate ENNE indicators foSFEstuary by applicable habitat typeh@ded boxes

represent applicable habitat.

Indicator Habitat Type
Tidal Flats | Shallow Seagrass/iackish | Deepwater/Turbid
Subtidal SAV Qubtidal
Unvegetated
Dissolved oxygen ~ ~ N
Macroalgae biomass/%@uer N N N
Epiphyte load v
Phytoplankton lbmassand v v v
productivity
Phytoplankton taxonomy, v v N
abundance, and/or harmful algal
bloomtoxin concentrations
Macrobenthos taxonomygiomass v v
Ammonium and urea ~ v v
Light attenuation ~ v v

Note that seagrass areal extent and densityl macrobenthos taxonomy are known to be affected by a

variety of stressors including eutrophication, but cannot be considered to be specific diagnostic
indicators of eutrophication (seButula, 2011 These indicators would be considered if part of a
multimetric assessment protocol for eutrophication, but not as stahahe indicators.
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3. Geographic Setting and Regulatory Context

3.1 Geographic Setting: San Francisco Bay Estuary

¢tKS {Iy CNIyOA&alO2aychMaQS addadidedbedbenttc B&ramentBan
Joaquin Delta and the Pacific Ocean and receiv@sffom approximately 160,000m* (37% of
California). Thé dzND | ebthan(S Ro / 2 Y 2 Y 2 & isGusréuddedby ming togndies with a total
resident population of 6.78 niibn (2000 census) (Figure 3.1).0%of whom reside within watersheds
draining to the Bay south of the Richmond San Rafael Bridge (Hw{t&@entral and Southern
portions of the Bayyvithin and south of the cities dfarkspur and El Cerrito

Populaton increase has not been uniform and buildt has occurred mainly through conversion from
agriculture to urban land use. By far the most rapid population growth occurred in the Bay Area during
the decades of 1940, 1950 and 1960 largely through mediumityenesidential urban infill adjacent to

the Bay (the populations of Contra Costa, Santa Clara and San Mateo increasgdirng$and the
population of Marin increased by 4 times from the 1940 census to the 1970 census). However more
recently (197Q; 2000 census), the largest population increases have been occurring in outlying cities of
Napa Countyd.g.,Calistoga, Napa, and American Canyon more than doubling in population), Solano
County €.g.,Suisun City increasing by 9 times), Contra Costa CaeigtyHercules, Oakley, San Ramon,
Brentwood, Clayton averaged together increasing by a staggering 25 times), Alargedidasanton
increasing 3.5 times) and Santa Clara County.Gilroy and Morgan Hill increasing by over 3 and 6
times respectively)Duringthe more recent decadesirban build out has been through conversion from
mainly agricultural land to a mix of medium density urban and lower density suburban residimial.
likely thatagricultural and urban lands are continuing to releastriants that getto the Bay via river

and urban stormwater runoff and this release might be exacerbated by disturbances during land use
conversion and related construction activities.

The climate in the area is generally miédierage €mperature in the sonmer ranges from the low to

KAIK cnQ&asz FyR Ay Gfdtds tomidhOND aCS HeCS SyNBK © OWORD 51 & f
region range from 9.5 to 15 per day. Available data for 2008 iretaéan hourly solar radiation was

362 Ly/hr in OaklandJakland Hills gage), 415 Ly/hr in the Napa area (Carneros gage) and 408 Ly/hr in

Santa Clara (Morgan Hill gage) (hourly data, CIMIS, 2008). Peak daily solar radiation occurred during

June and July at all three stations.

According to analysis of precipitah data available between 1907 and 1956 from gauges across the Bay
Area, mean annual rain directly over the Bay ranges between 14.75 inches (375 mm) in the far South
Bay to 28 inches (710 mm) on the western margins of San Pablo Bay in the North (Blgureg&neral,

rain over the land area of the nine counties adjacent to the Bay is greater than over the Bay itself
ranging from about 14 inches (350 mm) near sea level to 48 inches (1,220 mm) on high western facing
slopesat higher elevations
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Figue 3.1 Population totals in the nine Bay Area Counties on a decadal time series since 1850. Source: Census
Bureau.
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Figure 32. The monthly average temperature. Data downloaded from the Western Regional Climate Center.
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Figure3.3. Distribution of rainfall (mm) in the Bay Area fter Rantz, 1971).

The estuary itself has an open water surface area of 46Q~1200 krf) at mean sea level (msl)

with a maximum depth of 469 ft (143 m) below msl under the Golden Gate Bridge, and an
average depth aoss the estuary of 23 ft (7nepmbiningto a total msl volume of 8.4 kinTides

are mixed semidiurnal with a tidal amplitude (mean high water to mean low water) at San
Francisco near the Golden Gate Bridge (NOAA station 18649 established 1854) eff A P%em)
http://co -ops.nos.noaa.gov/geo.shtml?location=94142%0e latest information from NOAA shows
that mslpresently rising at a mean rate of 2.01+0.21 mm (0.08+0.008 in) @er Water temperatures
range from about 4&0°F (810°C) in the winter to 687°F (225°C) in the summer. Of interest to
both phytoplankton productivity and density gradient driven water fluxes, temperatures at the
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Golden Gate are warmer in the wintdran in the South or North Bays. In contrast the reverse is
true in the summer months (Table 3.1).

Table 3.1.Water temperatures in San Francisco Bay (Source: USGS SiWfatar Data for USA, URL:
http://wa terdata.usgs.gov/nwis/sw.

Bay Segment Representative Gage| Winter Mean Low (°C) | Summer Mean High (°C)
Lower South Bay Marker 17 9.5 25

South Bay San Mateo Br 10 24

Central Bay Alcatraz 10 19.5

San Pablo Bay Point San Pablo 9 22

Carquinez Straight Caquinez 8.5 22.5

Suisun Bay Benicia Br 8 23

Major components of the freshwater flux into the estuary include precipitation, evaporation, STP
effluent influx, river flow and runoff. Smith and Hollibaugh (2006) computed a water budggtefor
northern andsouthern segments of thEFBay for the period 1992995 (Figure 3.4). Based on this work

it appears that the NorttsFBay is overwhelmingly dominated by river inflows and runoff. In contrast, all
inputs are important in the South Bay budget (Smith andibsugh, 2006). STP effluent (assumed to be
constant) is particularly important in the South Bay, as are evaporative losses in the summertime which
sometimes results in net water loss from the South Bay during summer periods. Other important notes
includethe strong seasonality in runoff between winter and summer months, as well as high inter
annual variability€.g.,1993 and 1995 are much wetter than the other years). The North and South Bays
each exchange water with the Central Bay segment (budgetarapated for this segment), which in

turn exchanges water with the Pacific Ocean.

San Francisco Bay, like most estuaries, is a complex mix of a variety of habitats which can be
conceptually categorized as subtidal, intertidal, and seasonal (fringing)naist{ocally many of these
are diked Baylands) (Figure 3.5). AlthougHact there is a continuum with multiple subcategories
within each, SFEI has mapped the intertidal and diked Baylargsogkaphic information system (GIS)
georeferenced map obathymetry (Figure 3.6) along with substrate character (texture) and habitat
types is important for managing and modeling nutrient related water quality, especially, the linkage
between nutrient loads and endpoint respondéie proportions of habitat and bagmetry vary
between Bay segments Table 3.2). The most common habitat isBgishannelfollowed by shallow
Bay/channel. Historically there were about one third more tidal marshes but this was converted to

! Definitions of habitat type.
Deep Bay/Channel: Bottom is deeper than 18 ft (5.5 m) below MLLW.

Diked Wetland: Areas of historical tidal marshes that have been isolated from tidal influence by dikes or levees, but which remain
primarily wetland features.

Shallow Bay/Channel: Bottom is entirely between 18 ft (5.5 m) below Mean Lower Low Water (MLLW) and MLLW.

Tidal Flat: Occurs from below MLLW to Mean Tide Level (MTL) and supports less than 10% cover of vascular vegetation,
other than eelgrass. Includes mudflats, sandflats, and shellflats.
Tidal Marsh: Vegetated wetland that is subject to tidal action.
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either dike wetland or salt pond habitat. Toddnere is a large effort to restore many of the salt pond
areas following the South Bay Salt Pond Restoratieye20 Restoration Pl&n
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Figure3.4. Water budget for the northern and southern segments 8FBay (reproduced without permission
from Snith and Hollibaugh, 2006)

2 South Bay Salt Pond Restoration official website http://www.southbayrestoration.org/
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Figure 3.5. Habitat types @FBay and adjacenBaylands. Primary sources underlying map data include: CA

State Lands Commission, US Geological Survey, US Fish and Wildlife Service, US National Aeronautical and Space
Administration, and local experts. Science coordination, GIS and map design by the San Francisco Estuary

Institute (1997).
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Table 3.2.Relativepercent of habitat types by RI® segment for select habitat categorieBiked wetlands are those isolated frortidal influence and
dominated by mudflats and marsh. Source: SFEI Ecoatiasw(.sfei.org/ecoatlas/gis)

Rivers Suisun Bay Carquinez Str.| San Pablo Bay Central Bay South Bay Lower South Bay

km?) | @) | M) | (%) | kM) | %) | km) | ) | km) | %) | m) | (%) | km’) | (%)
Tidal Marsh 4.0 19 51 14 5.9 14 61 14 4.5 1.0 20 6.2 19 13
Tidal Flat 0 0 3.7 1.0 2.2 55 34 8.1 14 3.1 36 11 28 19
Shallow 5.6 27 80 22 10 25 212 50 201 45 174 55 13 8.8
Bay/Channel
Deep Bay/Channel| 5.4 26 31 8.5 13 31 39 9.3 216 49 26 8.4 2.4 1.7
Diked Wetland 6.0 28 198 54 5.0 12 35 8.5 5.3 1.2 8.6 2.7 11 7.3
Lagoon 0 0 0 0 0 0 4.0 1.0 2.7 0.6 2.7 0.84 0 0
Salt Pond 0 0 0 0 2.7 6.5 30 7.2 0 0 48 15 68 47
Storage or 0 0 3.1 0.84 1.9 4.6 4.6 1.1 1.5 0.34 2.3 0.74 5.0 3.4
Treatment Pond
Tatal 21 367 41 420 445 317 146
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Figure3.6. Segmentation and bathymetry osFBay (Source: NOAA bathymetric soundingSyeen lines show
the Regional Water Quality control BoardRiWQCBsegmentation scheme and the brown lines show the
Regimal Monitoring Program for Water QualityRMP segmentation schemeleveloped at San Francisco
Estuary Institute (SFEI)
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Recently, aeries oinew mays of habitat typeshave beerdevelopedfor subtidal areas of the Bay that
define soft substrate, rockyutcrops, artificial structures, shellfish beds (Olympia oys@strea lurida
California musseldlytilus californianushybridized Bay musseldytilus trossulus/galloprovinciallis
SAV (Widgeon gragguppia maritina, Eelgras€ostera maring and macralgaeinsufficient data for
map developmentlva spp., Gracilaria pacifica, Fucus gardreerd introducedSargassum muticujfi
(NOAA, 2010).

The Regional Water Quality Control Board divides3ABay into seven hydrological segmefus

regulatory purposs based oi€alWaterUSGS drainage basin maps and largely defined by major
bridges In 2002 a Regional Monitoring Program Work Group developed a new segmentation scheme
based on expert opinion of natural hydrological and ecological boundaries, as veatlaster and

partition analyses using 10 years of sediment and water quality data (Grosso and Lowe, 2002; Lowe et
al., 2005). The most dramatic difference in the two segmentation schemes is the division between the
Central and South Bay segments. The(®B makes this division at the Bay Bridge, while the RMP
defines this division at the San Bruno Shoal (Figure 3.6).

3.2 San Francisco Bay Beneficial Uses and Existing Water Quality Objectives Relevant
to Eutrophication

TheSF Water Boarlas existing stathards forSFBay estuary, consisting of designated beneficial uses,
narrative and numeric water quality objectives, and an implementation plan to achieve these standards.
The purpose of this section is to summarize the beneficial uses and water quadityivdg relevant to

the development of NNEs BFBay estuary.

3.2.1 Beneficial Uses

Aquatic ecosystems have many resources, services, and qualities that provide the basis for a variety of
benefits to the people of the stat@eneficial uses are designatadiquely to aquatic systems based on
resources, services, and qualitiesK S 2 F 1 SNJ . 2 NRQa RSFAYAlGA2ya F2N S|
in Table B below (see RWQCB Basin Plan, 20t inore information aboutach beneficial use
category).TheWater Board is charged with establishing water quality objectives and discharge limits to
protect these beneficial uses from pollution and nuisance (RWQURB).20 general most Bay segments
have similar designation however there are some exceptiondé3t). For example, the northern

reaches of the Bay (Sacramefan Joaquin Delta) are managed for freshwater and therefore are
designated for agricultural, municipal and freshwater uses. The SacrarBamdoaquin Delta, Suisun

Bay, andSFBay Centralgaches are used for industrial process supply and all reaches south of San Pablo
Bay (inclusive) are designated for harvesshgllfish (e.g., clams, oysters, and mussels) for human
consumption, commercial, or sport purposes.

3 Marilyn Latta at the Coastal Conservancy is heading up the Subtidal Goals project for San Francisco Bay.
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Table 3.3. Definitions oBeneficial Uses Designated within SF Bay.

OCEAN, COMMERCIAL, AND SPORT FISHING (QB3kBWf water for commercial or recreational collectiof
of fish, shellfish, or other organisms in oceans, bays, and estuaries, including, but not limited to, ols@sg
organisms intended for human consumption or bait purposes.

SHELLFISH HARVESTING (SHKEEEK)of water that support habitats suitable for the collection of crustacea
and filterfeeding shellfish (e.g., clams, oysters, and mussels) for humanroptism, commercial, or sport
purposes.

ESTUARINE HABITAT (ES3@s of water that support estuarine ecosystems, including, but not limited to,
preservation or enhancement of estuarine habitats, vegetation, fish, shellfish, or wildlife (e.g., estuarine
mammals, waterfowl, shorebirds), and the propagation, sustenance, and migration of estuarine organis

FISH MIGRATION (MIGRses of water that support habitats necessary for migration, acclimatization betw
fresh water and salt water, and protection ajatic organisms that are temporary inhabitants of waters
within the region.

PRESERVATION OF RARE AND ENDANGERED SPECIES=@R#REYers that support habitats necessary
for the survival and successful maintenance of plant or animal species establislder state and/or federal
law as rare, threatened, or endangered.

FISH SPAWNING (SPWMBes of water that support high quality aquatic habitats suitable for reproduction
early development of fish.

WILDLIFE HABITAT (WILD8es of waters that suppbwildlife habitats, including, but not limited to, the
preservation and enhancement of vegetation and prey species used by wildlife, such as waterfowl.

WATER CONTACT RECREATION (RE&4 pf water for recreational activities involving body contach wit
water where ingestion of water is reasonably possible. These uses include, but are not limited to, swim
wading, waterskiing, skin and scuba diving, surfing, whitewater activities, fishing, and uses of natural h
springs.

NONCONTACT WATER RECRBEARBC2)Jses of water for recreational activities involving proximity to
water, but not normally involving contact with water where water ingestion is reasonably possible. Thes
uses include, but are not limited to, picnicking, sunbathing, hiking, beachinig, camping, boating, tide poc
and marine life study, hunting, sightseeing, or aesthetic enjoyment in conjunction with the above activit

NAVIGATION (NAVises of water for shipping, travel, or other transportation by private, military, or
commergal vessels.
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Table 3.4. Designated beneficial uses for segmentSEBay based on the 2011 basin plan.

Human Consumptive
&———— Uses ——>
Wildlife

&— Agquatic Life Uses —————> Use Recreational Uses

% w z s o

© O @]
O < E ul w <>(
O o N o o =z
Suisun Bay E E E E E E
Carquinez Straight E E E E E E
San Pablo Bay E E E E E E
San Francisco Bay Central E E E E E E
San Francisco Bay Lower E E P E E E
San Francisco Bay South E E P E E E

*Adapted from Tabletn Ay GKS . F&Ay tfly oéw2v/.X uwunntood {S3ayvySyia

mears existing beneficial use.

3.2.2 Existing Water Quality Criteria Related to Nutrients and/or Eutrophication

SF Water Board numeric and narrative objectives relevant for SF Bay are given in Tabk&.5

quality criteria specifically for nutrients in surface waters are not @efiim the Basin Plan.
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Table 3.5. Numeric objectives for constituents related to nutrient over enrichment or eutrophication in SF Bay.

Constituent

Numeric Objectives

Ammonia

The discharge of wastes shall not cause receiving waters to contain coatdemsérof urionized
ammonia in excess of the following limits:

Un-ionized ammonia (md.* as N)
Annual Median 0.025
Maximum, Central Bay 0.16
Maximum, Lower Bay 0.4

The intent of this objective is to protect against the chronic toxic effects of anferin the receiving
waters. An ammonia objective is needed for the following reasons: 1) Ammonia (specifically u
ionized ammonia) is a demonstrated toxicant. Ammonia is generally accepted as one of the
principle toxicants in municipal waste discharggésme industries also discharge significant
gquantities of ammonia, 2) Exceptions to the effluent toxicity limitations in Chapter 4 of the Plar
allow for the discharge of ammonia in toxic amounts. In most instances, ammonia will be dilut
degraded to a antoxic state fairly rapidly. However, this does not occur in all cases, the South
being a notable example. The ammonia limit is recommended in order to preclude any buildug
ammonia in the receiving water, and 3) A more stringent maximum objeigiedirable for the
northern reach of the Bay for the protection of the migratory corridor running through Central E
San Pablo Bay, and upstream reaches.

Dissolved
Oxygen

For all tidal waters, the following objectives shall apply:

Location Tidal minium (mgL™)
Downstream of Carquinez Bridge 5.0
Upstream of Carquinez Bridge 7.0

Dissolved oxygen is a general index of the state of the health of receiving waters. Although
minimum concentrations of 5 rrig1 and 7 mg_"1 are frequently used as objeuts to protect fish
life, higher concentrations are generally desirable to protect sensitive aquatic forms. In areas
unaffected by waste discharges, a level of abou?¥@% oxygen saturation exists. A threeonth
median objective of 8@60f oxygen saturabn allows for some degradation from this level, but sti
requires consistently high oxygen content in the receiving water.
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4. Summary of Trends in Nutrient Loading to San Francisco Bay

4.1 Introduction

Development of the NNE framework fiire SFBay requires an accurate understanding of the sources,
magnitude and timing of nutrient loads delivered to the Bay. These data are important to properly
calibrate our understanding of the biological effects of nutrients on the Bay. It is also important to
understand the primary sources and predominant forms of nutrients delivered to the Bay. The purpose
of this section is to assess the availability of data and summarize, to the extent possible, the trends in
nutrient loading toSFBay. In most cases it was hpossibleto find loading information specific to the

three major Bay segmentthgé northern reaches north of the Richmoi®hn Rafael Bridge, Central Bay
between the Richmon&an Rafael Bridge and San Bruno shoals (RMP Central Bay segment) and the
southemn portions of the Bay south of the San Bruno shoals (RMP south Bay and Lower South Bay
segments)Spatial resolution of data overall remains a pervasive gap in current knowledge. In addition,
there was generally a lack of understanding of irdanual varmbility of nutrient loads. This is of

particular concern given that the freshwater inflow to the estuary can vary considerably between dry
years and wet years.

4.2 A Primer on Nutrients: Sources and Forms

Nutrients are supplied t&FBay via a variety ofgthways including:

e Atmospheric deposition (both wet and dry) directly to the Bay surface,

e Stormwater from watersheds that drain to the Bay from the nine counties adjacent to the Bay,
e Groundwater from these same tributaries,

e Terrestrial runoff from 37%f the Central Valley via the Sacramento and San Joaquin Rivers,

e Urban wastewater,

e Industrial wastewater, and

s Exchange with coastal ocean (via Golden Gate).

Although each of these pathways is not entirely mutually exclusive (for example atmospherididapos

is probably a large component of urban runoff for some nutrient forms), this section focuses on what
passes into the Bay via the main pathways rather than the ultimate source. Should a call for
management of nutrient supply to the Bay occur in thwife, it will become important to learn more

about ultimate sources and the processes that causedease of andransport ofvarious forms of
nutrientsintotheBay.L Yy  RRAGA2Yy X Ad A& AYLRNIFIyG G2 y203S
nutrients to SF Bay and makes no attempt to account for additional sources or sinks for nutrients within
the Bay. As an example, within an estuary, nutrients can undergo a variety of transformations and
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Nutrients that are deposited to the estuafyom a watershedcan undergo a series bfological and

chemical processes cause the buildup net release ofiutrients (and other compound$jom the

sedimentpore watersi 2 A dzNF I OS 4 G SNER Ay | (BeiNn® OSONa&tbentffie sy | &
fluxes of nutrients in some estuaries can support a major percentage of primary productivity (e.g. Cowan

and Boynton 1996). By the same token, processes such as dedtitoifi can be responsible for the loss

of nitrogen from an estuary.

Analytically, nutrients are divided into a number of forms (Table 4.1). Practically, in terms of estimating
nutrient loads in relation to standing nutrient concentrations and impactsewoeficial uses iSFBay, a

nutrient budget should primarily focus on total nitrogen and total phosphorus and the main dissolved
inorganic species of each. The organic components for nitrogen can then be derived by subtraction using
the equationthat follows Table 4.1.
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Table 4.1. Nutrient species relevant to estimating nutrient loads in relation to standing nutrient concentrations
and impacts to beneficial uses in San Francisco Bay.

Nitrogen Phosphorus
Dissolved Nitrate (NQ) + nitrite (NQZ') collective called NQO| Phosphate (P£) mostly in dissolved phase
Inorganic almost wholly in the dissolved phase but also adsorbs readily to particles
NHyY/NH," (in a dynamic equilibrium in natural
waters influenced mainly by temperature and pk
Dissolved Dissolved organic nitrogen (often a large portior] Dissolved organic phosphorus (can be a lar
Organic of total nitrogen in natural waters especially thog portion of total phosphorus in natural waters
less impacted by human activities) unless impacted by hnan activities or there
is a natural source of phosphate from miner
or animal (guano) origin
Particulate | Particulate organic nitrogen (detritus left from | Particulate organic phosphorus (detrituedtl

pieces of undecayed or partially decayed organi
matter)

from pieces of undecayed or partially decay
organic matter)

Particulate inorganic nitrogen (insignificant in
natural waters and usually not considered)

Particulate inorganic phosphorus ( P@orbs
readily to inorganic and organic particle; als
associated with minerals)

Organic nitrogen =Total nitrogeng (Nitrate+nitrite (NQ)) cammonium (NkE) (making the
reasonable assumption that negligible inorganic nitrogen is particulate)

or from laboratory analysis dfotal Kjeldahl Mrogen (TKN) whiclis the sum of organic nitrogen, and
ammonium (Ni)

Organic nitrogen TKNg NH,"

Similarly, total nitrogen can be determined by the addition of concentrations found in analyzed natural

water samples:

Total nitrogen =TKN + NO

Organic forms are typatly only a small portion of total phosphorus. As such, in most cases, literature

describing studies of phosphorus in watersheds and estuaries largely ignores organic forms. That said,

with effort, all forms of phosphorus can be determined and relate w&following equation:

Total phosphorus =issolved inorganic phosphorus (DIP, phosphate® P©Odissolved organic
phosphorus (DOP) + total particulate phosphorus (TPP).

Practically, quantification of these forms is made using just two methods, tighaate blue method
for phosphate and the perdiate method applied to filtered samples and whole water samples.
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4.3 Freshwater budget for the Estuary

Freshwater enters the Estuary predominantly via freshwater flow from the Central Valley and from flo
from smaller tributaries in the nireounty Bay area (Figure 4.1). Freshwater flow from the Central
Valley via the Delta dominates (89%) and flow from the smaller tributaries in thecoimgty Bay Area is
about double that of wastewater input. Flows drighly variable. For example, annual flow into the Bay
from the Central Valley via the Delta varied by 26 times between wetter years and drier years from
19712000 (McKee et al., 2006). Daily inflow from the Delta is even more variable ranging from near
zero to 1,540 million Mon which occurred on February 201986 (Figure 4.2). In order to measure
accurate loads of any contaminant of interest including nutrients, it will be important for future studies
to focus on capturing data during high flow evemtisen daily flow exceeds about 40,000 cfs (98 million
m°day) (e.g. David et al., 2009 who discussed monitoring design in relation to mercury).

Flow from local small tributaries is much more difficult to qualify given there are more than 250
individual drénages that flow to the Bay within the nirswunty Bay Area. Recently SFEI has developed a
5-station index for the South Bay south of the Bay Bridge andstat®n index for the North Bay north

of the Bay Bridge (L. McKee unpublished). These indexesdeeedoped for the period Water Year

1971 to 2010 (40 years) and adjusted using average annual flow from a calibrated-raivdéflimodel
developed for the whole watershed of the nioeunty Bay Area (Lent and McKee, 2011). Based on this
analysis, annddlow from the small tributaries south of the Bay Bridge has varied fror,829 million

m® and maximum daily flow was 121 milliorf on February 19, 1986 (Figure 4.3) and annual flow from
the small tributaries north of the Bay Bridge has varied fr@2011 million M and maximum daily

flow was 348 million rhon February 17, 1986 (Figure 4.3). It is interesting to note that flow from
northern watersheds peaked on a different day in the northern watersheds although all were wet for a
full 7 days of kavy rain during, this, the largest storm in the past 40 years. It is also interesting to note
that the maximum daily discharge entering the Bay from the Central Valley via the Delta is of the same
magnitude at the average annual flow from the small trdmigs in the ninecounty Bay Area (1,589

million n? for the period WY 197:2000).
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Figure 4.1. Relative flow from each of the freshwater main sources to the Bay (miIIiSpemyear).
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Figure 4.2. Daily Delta outflow from the Dayflow model (SoarDWR website:
http://www.water.ca.gov/dayflow/output/Output.cfm ).
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Figure 4.3. Daily flow from the local tributaries in the nisgwunty Bay Area to the South Bay south of the Bay
Bridge based on an 5 station index (Dry Creek at Union City, AlameedakGat Niles, Guadalupe River at Hwy
101,San Francisquito at Stanford Universjtgnd Saratoga Creek at Saratogadjusted to the annual average
flow (586 million m°‘) for water years 1972000 (Lent and McKee, 2011).
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Figure 4.4. Daily flow fromhte local tributaries in the ninecounty Bay Area to the North Bay north of the Bay
Bridge based on an 3 station indekl¢vato Creek at NovatoNapa River near Napa, ar®hn Ramon Creek at San
Ramon) adjusted to the annual average flow (1,003 miIIion3)'n‘or water years 19742000 (Lent and McKee,
2011).
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4.4 Atmospheric Nutrient Loads Direct to the Bay Surface

Nutrients derived from atmospheric deposition to estuary surfaces has gained attention especially in
oligotrophic(low nutrient)systems or systemwith a small watershed area to surface area ratio where
direct load to the surface may be a larger portion of the overall annual loads. In addition, there is some
evidence that atmospheric derived nitrogen may be more bioavailable than terrestrialiyedddads
(Paerl, 1995). There is a wide variety of methods used to collect and analyze natnespheric
depositionwith some studies collecting wet deposition only and others focusing on dry depoditien
portion of deposition in wet and dry loads variable. For example, in the case of nitrogen, perhaps only
an additional 20% is associated with dry deposition over the ocean (P888H). In contrast, Jassby et

al. (1994) reported dry deposition on Lake Tahoe comprising 28% of nitrate input, 38% ofput,

70% of phosphate input, 58% of total nitrogeput (equivalent to 1.4:1 dry:wetind 70% of total
phosphorus inpufequivalent to 2.3:1 dry:wet). The estimates of Kratzer et al. (2010) for the Central
Valley ranged between 1-Z.8 dry:wet fortotal nitrogen deposited on land surfaces.

There was only one previous estimate of nutrient depositioBkBay. Russell et al. (1980) estimated an
annual wet and dry deposition of total nitrogen and total phosphorus of 980 anainE2fic tons(mt)
respectively (Table 4.2) however they did not disclose the source of data or methods for their
calculations. These estimates were made for the whole Bay only and are not spatially resolvable.
Normalizing them to the whole area of the Bay (1,200)kRussell et f ®Qa SadAYlI §S5& | NB
817 and 10&kg km?y™. Comparison of these measurements to thosé.éke Tahoe provided by Jassby

et al. (1994)562 kg Nm?y™* and 32.6 kg Rm?y™) suggest that the estimates of Russell et al. (1980)
might bereasonable Recently, estimates were made for the Central Valley of between 1.18 (1987) and
3.55 (1998) tons ritiy” (Kratzer et al., 2010) equivalent to 413243 kg N\m?y™. These also bracket

wdza & St f Q &owBv@riipbprlatiorSritiee Bay Area hiasreased by 31% from 19€D00 (2010

census data pending), vehicle miles traveled has also increased, laws regarding vehicle emissions have
improved, industrial land use has decreased, and trends in fossil fuel combustion for home and office
heating havaundoubtedly occurred. All these changagarticularlikely render previous estimates of
nitrogen deposition outdated. That said, in comparisorcworently availableutrient loads from

wastewater and stormwater, atmospheric loads appear to be aboubbt#te annual average load. It is
recommended that recent data on nitrogen and phosphorus in wet and dry deposition from western US
cities (losAngeles Portland, and Seattle) be reviewed and used to make mof®ufate estimates for

the Bay Area

4.5 Nutrient Loads from the Delta via Delta Outflow to the Bay

Nitrogen and phosphorus loads entering the Bay fromDle#tahave been estimated bsixauthors.

Russell et al. (1980) estimated annual inputs of total nitrogen and total phosphorus of 13,02@a6ad

mt respectively for 1978 but did not describe their calculation methods or data sources. Russell et al.
speculated that loads would decrease due to the balance of sediment load trends, continuing changes in
population and wastewater treatment and ahges to agricultural drainage water practices. Jassby and
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Cloern (2000) made an estimate of total organic nitrogen load from the Central Valley to the Bay of
6,205mt. Smith and Hollibaugh (2006) made an estimate of total dissolved inorganic nitrogen

(NO+NH/4) and phosphate entering the Bay from the Delta of 13,404 and If@8ier year
NEaLISOGAgSted wdzaaSttQa SadAaylLiSa NB RglFINFSR o8
concentration measurements from tH&F BayRegional Monitoring Program (RMP)leoted during base

flow conditions at the most upstream Bay locations with average annual Delta outflow. These estimates
were 45,200, 5,100, and 6,40 for nitrate, ammonium, and phosphate respectivéljrrough a large

data synthesis exercise to suppamanagement of drinking water supply in the Delta, Heidel et al.

(2006) estimated monthly nutrient loads exported from the Delta by combining monthly Dayflow Delta
outflow with total nitrogen (sum of nitrate, nitrite, and TKN) and total phosphorus conceoria They

estimated loads of 7,435 metric t for dry years and 30,885 metric t for wet years for total N and 1049

metric t and 4473 metric t for total P for dry and wet years. Most recently, Kratzer et al. (2010) reported
loads based on a thorough compitn of data collected throughthp ®{ @ DS2t 23A Ot { dzZNIBBS
Water Information System databasthe Californa Department of Water Resourcake University of
CdiforniaatDavis | YR (GKS | ®o{ ® 9y BANRYYSy Gl tdnRBoasS§OGAZ2Y ! 3
They estimated loads at Freeport on the Sacramento River and at Vernalis on the San Joaquin River from
1974 to 2004. Taking the average for and summing the two stations (assuming no storage or losses
between these stations and the head of thayBat Mallard Island) the loads in metric t were nitrate

(6,593), ammonia (1,857), total nitrogen (16,642), phosphate (1,130), and total phosphorus (2,635).

These loads are equivalent to a flow weighted average of 0.265'migrate, 0.075 mg t ammonia

and 0.045 md* phosphate assuming an annual average flow of 24,900 millibfMtKee et al., 2006).

These concentrations are very similar to averages calculated from the RMP monitoring at the head of

the estuary (sites BG20 and BG30) (nitrate: 0.28& mghosphate: 0.069 mg").

Comparing all these estimates (Table 4.2) it can be seen that the available estiondéenot make a

lot of sense. For example, the estimates of dissolved forms of nitrogen (Davis et al., 2000; Smith and
Hollibaugh, 20063re greater than the estimate of total nitrogen load by Russell et al. (1980). Similarly,
the estimate of phosphate load by Davis et al. (2000) is about 3 times greater than the estimate by
Smith and Hollibaugh (2006) and greater than the total phosphloag estimate that Russell et.al

made. Some of these discrepancies are probably due to temporal trends, however, in truth, no data
used by these authors were collected during high flow or for the purposes of calculating loads.

The RMP has continued toltected data in the northern segments of the Bay. While these deganot
collected during wet weathetow, they can be used to make more-tgpdate estimate of nutrient

loads during the dry season that are relatively accurate; wet season loads estiambe improved by
careful manipulation of the data taking into account knowledge about sediment transport (McKee et al.,
2006). It is recommended that some effort be put into making these improved estiraatas interim
measure to help support immediaf@anning efforts and decisions about priority information
development.

In the medium term, to support the development of a hydrodynamic model on estuarine nutrient
response, it is recommended that wet weather data collection of nutrients be initiatdteaDWR
sampling location at Mallard Island at the head of Suisun Bay. Nutrient forms monitored should include
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nitrate, ammonium, total nitrogen, phosphate and total phosphorus. Given the existence of a long term
turbidity data set at Mallard Island (supgted by the USGS) and the likelihood that total phosphorous
and total nitrogen correlate at least to some extent with turbidity, just a few years of data will likely
support a reasonable estimate of daily loads during wet and dry seasons for the peried ¥éar 1995

¢ presentif we make the assumption that nutrient loads are not trending. Given the size of the
Sacramento River system and the fact that it can take many days to weeks for a flood wave to pass
down the system, a daily time step is entirelyfsient for describing loading dynamics at the head of

the estuary. Sampling and interpretation methods have been developed by McKee et al. (2006) and
further refined by David et al. (2009). These methods could be augmented with automated sampling
technobgy.

4.6 Nutrient Loads from tributaries in the Nin€€ounty Bay Area

There have been severahnual scalestimates of nutrient loads entering the Bay via urlaamd norx

urban tributary flowemanating from the nine counties that fringe the Bay. Russeill.€1.980)

estimated that approximately 2,300 and 470 mt of total nitrogen and phosphorus was entering the Bay
on average in 1978 and suggested that there would likely be no change into the future. The estimate for
total nitrogen appears consistent witlhé estimate of 1,500 mt of nitrate per year made by Davis et al.
(2000) in contrast to the estimate of Smith and Hollibaugh (2006) for total dissolved inorganic nitrogen
(nitrate andammoniumammonium) of just 245 mt. The estimates for phosphate (34 nd)samilarly

not in agreement with other estmagd ¢ 6t S n®H O P { YA UK | yiRaddiRthef A 0 | dzZaA K
absence of any data on nutrient concentrations in local tributaries and were based on assuming
concentrations in urban runoff were the same@slta outflow. In addition, estimate of water flow from

small tributaries from around the Bay were challenged by a lack of data. There have been a number of
reliable spatially resolved estimates made of flow associated with small tributaries in theainty

Bay Area (Russell et al., 1980; Davis et al., 2000; McKee et al., 2003; Lewicki and McKee, 2009; Lent and
McKee, in preparation). For the most part, these authors have reported an annual average flow of
approximately 1,000 million fper year. Howeverunoff from Bay Area tributaries is very well

understood based on a number of currently well maintained USGS and county operated gauges. In
addition, Gilbreath and McKee (2010) collated runoff data figharbanstormwater pump stations; a

data set thatcould be continually maintained. In addition, nutrient data have been collected in the Napa
River and Sonoma Creek watersheds (McKee and Krottje, 2005), Pinole Creek watershed (Pearce et al.,
2006), Cerrito Creek and Ettie Street pump station watershed/MEB, 2010), and in Zone 4 Line A
watershed (Gilbreath and McKee et al., in preparation) and perhaps others. It is recommended that
these data be used to make new estimates of nutrient loads for tributamésring the Bay from the
urbanized counties arouhthe Bay to support planning efforts to prioritize new information

development Depending on the data needs of an estuarine nutrient response model, new data

collection may need to be initiated to support either improved empirical loads calculationg or th
development of a watershed loads model with outputs at needed at potentially an hourly if not daily

time step.
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4.7 Nutrient Loads from Municipal Wastewater

Modern sewage treatment practices are designed to remove solids, biological oxygen demand, and
pathogensduring primary andgecondary treatmenphases Duringthe first two phasesome

phosphorus and, to a lesser extent, nitrogen is removed through sedimentdtigrgreater nutrient

removal is achieved through tertiary treatmer@®n average, abo@71 million n? of wastewater is

currently discharged to the Bay annually (Oram et al., 2008), just 10% less than that of stormwater
discharggMcKee et al., 2003). There have been three estimates of nutrient loads from wastewater.
Smith and Hollibaugh (2006marked on the importance of wastewater nutrient loads; they found that
wastewater accounted for 50% of the wet season nutrient loads and 80% of the dry season loads in the
South Bay. They collated flow information from 12 wastewater treatment plantsatréent

concentration data for five of the larger plants for the period 199®5 and interpolated the data to

make estimates for all of the plants. Using these data, estimates of 5,983 and 1323 mt of dissolved
inorganic nitrogen (NOx+Nk) and dissolve inorganic phosphorus (DIP or ff@ere made were made

for the South Bay and 1,994 and 230 mt of DIN and DIP were made for the North Bay. These estimates
appear to be similar to those of Davis et al. (2000) for nitrogen and about 4 times lower for pteaspha

In contrast, the load estimasdfor total nitrogen by Russell et al. (1980) appear to be much greater

(given most nitrogen discharged after secondary treatment is likely to be nitratamnaonium. In

contrast, the total phosphorus loa estimate ofRussell et al. is 10 100timeslower. Again these
numbersare not making senséhere are large discrepancies between authors and partitioning between
total and dissolved phases are not logical
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Source or

Author

Bay Segment Time period of Total Nitrate + | Ammoniu Total Total Total Phosphate
Pathway estimate Nitrogen Nitrite m (NH4- Inorganic organic phosphorus (PO4P)
(TNN) (NOxN) N) Nitrogen nitrogen (TRP)
(TIN) (TONN)
Russell et al., 1980 Whole Bay 1978 980 120
Aerial 2000 (Authors
deposition Whole Bay estimate) 980 120
Russell et al., 1980 North Bay 1978 13,000 2,400
2000 (Authors
North Bay estimate) 78,000 1,600
Heidelet al., 2006 North Bay Wetyear 30,885 4,473
Dauvis et al., 2000 North Bay Averaye year 45,200 5,100 6,400
Average year (198(¢
Jassby et al., 1993 North Bay estimate)
Delta outflow Average year
Jassby and Cloern, 2000  North Bay (197891 estimate) 6,205
Smith& Hollibaugh, 2006* North Bay Average (199®5) 13,404 1,880
Kratzer et al., 2010 North Bay Average (197904 | 16,642 6,593 1,857 2,635 1,130
Russell et al., 1980 Whole Bay 1978 2,300 470
2000 (Authors
Whole Bay estimate) 2,400 480
Local small Davis et al., 2000 Whole Bay Average year 1,500 510
tributaries South of the
(Urban + Richmond
non-urban Bridge (Central
stormwater) and South
Smith& Hollibaugh, 2006* Bays) Average (199@5) 245 34
Russell et al., 1980 Whole Bay 1978 21,00 10
2000 (Authors
Whole Bay estimate) 24,000 15
Davis et al., 2000 Whole Bay Average year 3,110 970
Waste water South of the
Richmond
Bridge (Central
and South
Smith& Hollibaugh, 2006* Bays) Average (199@5) 5,983 1,323
North Bay Average (199@5) 1,994 230

* Converted from mads to mass using a molecular weight of 14.01 g per mol for N and 30.97 g per mol for P.
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The local Water Board issues permits effluent limits to wastewater agencies. In respdheseo

permits, a number of data sets on both flow rates and nutrient concentrations have been generated in
recent times. We are currelytawarethat 15 of the roughly 40 treatment plants in the Bay Aneave
dataavailable fomammoniumconcentrations on anonthly basis. Six of these 15 data sets are for
systems with tertiary treatmenffour of these six measure nitrate. In one case (Faidgldun WWTP)
there are also data for organic nitrogen, total nitrogen, and total phosphorus.

It is recommended thaavailable data be combined with flow data for each of the plants to make new
estimates of nutrient loads taking into account treatment methods and population trdhdbould be
possible to make estimates for annual and wet and dry season loads fa@sathe last 10 years with
reasonable confidence and for the last 20 years with lower confidencanfiononium nitrate and with
overall lower confidence for phosphat addition, all treatment plants that discharge to the Bay
should be encouraged to beganalyzing effluent for total and dissolved inorganic nutrients and to
submit these data to the SFRWQCB on a regular basis. Finally, it is recommended that the POTWs
conduct a laboratory intecomparison on nutrient methods to assure comparability ofreates.

4.8 Loads from Industrial Dischargers

Presently there is no estimate for nutrient loads for industrial discharges to the Bay. For the most part,
industrial waste is not treated on site but rather introduced to the municipal sewer system and treated
by the local wastewater treatment plant. However, in a few cases treatment is performed on site and
treated wastewater is discharged to the Bay. Examples include the oil refineries and C&H sugar (Table
4.3). While we do know that these industries have clotgrized their effluent streams in the 1990s, we
are not aware if there is more recent data available or if their reuse practices have changed in the last
15 years. It is recommended that a request be made to the industrial dischargers of the Bay Area to
provide the latest data on flow and concentrations of nutrients in their waste effluent streams.

Table 4.3. Industrial dischargers in the Bay Area with data from the 1990s on flow and nutrient concentrations.

Facility Volume (MGD) Treatment type
C&HSugar 1 Activated sludge
Tosco Corp. at Avon Pond/RBC/carbon
Tosco Corp. at Rodeo Pond/RBC/carbon

Shell Oil Company
EXXON
Chevron U.S.A.

Activated sludge/carbon

Activated sludge/carbon
Activated sludge/wetland

D W|OoO|w| o
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4.9 Nutrient Loads from Grandwater

Nutrient loads entering the Bay from groundwater sources are not available. A number of drinking water
supply agencies in the Bay Area monitor losses from their groundwater recharge systems via seepage to
the Bay (SFPUC, 1997; Hanson et al., ZDfdmas Neisgpers. comm., 2010; Muir, 1996 cited in Water
Board, 2010). Based on these four study areas, it is estimated that groundwater discharge occurs at an
average rate of 0.7 Miper km shoreline length per year. The perimeter of the Bay is appaigly

250 km thus ground water discharge for the whole Bay is estimated to be 17®Mabout 17.5% of

the surface water discharge. Given the extensive use of ground water recharge in the Bay Area for
drinking water supply, the use of extensive landscapgation which maintains dryeather flow in our

urban drainage systems, and the presence of large alluvial deltas at the months of our larger urban
tributaries that ring almost the entire Bay margin (Alameda Creek, Coyote Creek, Guadalupe River, San
Francisquito Creek, Novato Creek, Petaluma River, Sonoma Creek, Napa River, Green Valley Creek,
Walnut Creek, San Pablo/Wildcat Creeks, San Leandro Creek, and San Lorenzo Creek), this portion of
groundwater discharge seems believable despite our clay ssdlenthe surface.

Nutrient concentrations have been measured by the USGS in 79 wells tapping the ground water systems
of the Bay Area (Ray et al., 2009). Data is available for-ptibephorus (phosphate or DIP) for all 79

wells, whereas data are sparder ammonium, and NOx (Table 4.4). It can be seen that nitrate
concentrations are very high in our groundwater systems whereas ammonium and phosphate are at
lower concentrations. The nitrate concentrations in this study are not dissimilar to those odsartre
groundwater basins of Sonoma and Napa Counties where maximum concentrations of nitrate of 5.2 mg
L*were observedKulongosket al., 2010; USGientific Invesgiations Report 201¢5089. Combining
median concentrations with estimates of grouaater flow provides first order estimates of nutrient

loads to the Bay from groundwater (Table 4.4). The load of nitrate in groundwater moderately large
relative to other pathways and is greater than the nutrient loads estimate for small tributaries niade o
Smith and Hollibaugh (2006). However, as mentioned, the estimates by these authors were based on
very limited data and assumptions. Loads of ammonium and phosphate are estimated to be small
relative to other pathways. Given its overall magnitude of thgsmundwater estimates in comparison

to other pathways, further work may not be a high priority. It is recommended that we seek expert
review from the USGS groundwater section as part of the decision making and prioritization process for
any next steps wit regards to groundwater flows and loads of nutrients to the Bay.

Table 4.4. Nutrient concentrations and loads estimate for San Francisco Bay based on median concentrations
found in groundwater of 79 wells in the Bay Area (Ray et al., 2009) and an eséirohggroundwater discharge to
San Francisco Bay of 175 millior? per year.

Ammonium (mg L% NOx (mg L% PO4 (mg LY
Count (n) 22 66 79
Minimum 0.017 0.05 0.006
Maximum 3.88 12.7 1.27
Mean 0.488 3.38 0.102
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Median 0.099 3.01 0.051
Load estimate (mt per year) 17 530 8.9

4.10Exchange with Coastal Ocean

Nutrients and biogenic materials pass in and out of estuaries in response to tides and freshwater forcing.
It is well known that in systems like SF Bay which have seasonal freshwater patteme, fln& during

the wet season is from estuary to ocean (e.g., McKee et al., 2000). In contrast, during the dry season, net
flux for some nutrient forms (e.g., organic nitrogen) can be from the ocean into the estuary (McKee et
al., 2000) and this can baleanced during upwelling events when nutrient concentrations (particularly
phosphorus) in the coastal ocean can be enhanced. Over the years there have been a number of
measurements made of water and salt flux through the ocean boundary of the Bay knadlaer@slden

Gate (e.g., Largier, 1996; Fram et al., 2007). There have been no estimates of nutrients flux in this x
section that we are aware of. However, one study (Martin et al., 2007) did quantify chlorajbluyl

during a neap and spring tide duringtxsseason runoff (March 2002), summer upwelling (July 2003),

and autumn relaxation (October 2002). The found that that net flux (advective + dispersive) was large
and net seaward during the wet season observations, large and net landward during the summer
observations and small and indiscernible from zero in the autumn. It is this very type of outcome that
could be enhanced to build a statistical relationship between hydrological forcing and flux conditions
(e.g., McKee et al., 2000). In their case, theyglad during spring and neap tides during wet season,

mid and late dry season conditions (upwelling) and during three flood events of a range of sizes and use
the data to build a statistical understanding between freshwater flow and season and net fugfare

we recommend thah data sebe developed during the next deployment of ACDP instrumentation that
guantifies the nutrient concentrations in any surface layer and the bottom layer in-fleetion every 4

1.5 hours for 25 hours during spring and peales. This should be repeated for a range of seasonal and
flow conditions. Alternatively, a data set that captures the anmaaiability in the oceasestuary

gradientcould be combined with thestimates of exchange coefficier(tsram et al., 2007; Mé&n et al.,
2007)to define a net nutrient fluMark Stacey, UC Berkeley, personal communication, March 2011)
Stacey suggests that the nutrient data set shantdude samples from a few depths along a line from
Central Bay outd the Gulf of the Faraltes perhaps monthlybut ensuring that the samples are
consistently collected on the same tidal phase (like the USGS Polaris douisi@sl design of a

sampling program would need to be the subject of a workshop that would include a number of local
experts. Ultimately the data set collected should be suitable for both immediate flux estimates based on
either statistical or event modeling and would provide data to support the calibration and verification of
the ocean boundary of a system scale hydrodyitamodel.

4.11Summary and Recommendations

SF Bay is regarded as a nutrient enriched estuary, based on the ambient concentrations and estimated
loads of nutrients to the Bay (Cloern and Dugdale, 2010). As discussed in this section, estimates of
nutrientsloads from external sources and pathways are poorly understood. For the most part, published
load estimates are outdated by one or even two decades and were either based on data collection
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methods that were not designed for loads estimation, were basedssumptions that provided

guesses at best or were based on data sets that have now been substantially improved with ongoing
collection through time. Given changes to wastewater treatment technologies, increases in population,
changes to land use, home heal methods, pet husbandry, fertilizer use in agricultural and urban
areas, and other factors that influence nutrient loads, it would seem likely that nutrient loads are
changing through time. However, data sets are of limited use to make any suggedtienovkrall

effect of these factors on nutrient load trends through time.

In order to develop models that provide a linkage between indicators of SF Bay health in relation to
nutrient enrichment and the nutrient management knobs that can be turned, atewestimates of

nutrient loads are needed with sufficient temporal and spatial resolution. Given the magnitude of the
nutrient loads from the Central Valley, wastewater, and stormwater, it is recommended that these
pathway a major focus; loads from atmdspic deposition and groundwater are much smaller and

together constitute no more than 10% of the total loads to the Bay and thus should receive a smaller
emphasis. Table 4.5 provides a summary of data gaps and recommended next steps. Recommendations
geneally fall into two categories:

1) Revising and updating estimates of nutrients from the different sources, based on existing data

2) Identification of data needed to develop a dynamic watershed model.

The exercise of revising and updating estimates of nutsi&mm the various sources, based on existing
data would help to better inform our understanding of the dominant nutrient sources for each distinct
region of the Bay. This would, in turn, assist in decisiaking to prioritize new data collection to
devebp the watershed, airshed and oceanic exchange/loading subcomponents of the loading model.

The loading modekould be used to establish load allocations of nutrients that$#8ay estuary can
sustainably assimilatélthough data could be collected toake empirical estimates, the ultimate utility

of a loading model is tgenerate simulations of the past, present or future state of the Estuary and
watershed airshed and oceafe.g.,population growth, climate change, etc.) to explore potential effects
of management actions and evaluate alternatives. Thus these models would be a key component of a
strategy to adaptively manadggfFBay.The loading model, which wouidcorporate information about

land u®, industrial andvastewater plant dischargesiet anddry atmosphericdeposition, oceanic
exchangeweather and othesources,would includefour components: 1) a hydrologic subodel, 2) a
non-point source submodel(wet and dry weather runoff)3) a river submodel which routes flow and
associated nutrienloads to the Estuarfrom the Delta and other major tributaries that drain to the Bay,
and 4) a oceanic submodel that would create boundary conditions for exchange of the estuary with the
coastal ocean.
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Table 4.5. Summary of data gaps and recommendedt steps for quantification of nutrient loads to San

Francisco Bay.

monitoring stations surrounding the Bay.
Flow data currently less well understood.

Source Data Gaps Identified Recommended Next Steps

Atmospheric No recently published data on wet & dry Loads likely relatively small. Literature review to

Deposition atmospheric deposition. determine range of N and P deposition rates for

West Coast coastal urban areas.

Recommend baseline atmospheric deposition
monitoring of wet and dry N and P deposition over 1-
2 year period to better constrain estimates.

Terrestrial Data available through RMP on dry Loads likely large. Recommend analysis of existing

Loads from season concentrations. No data available RMP data to estimate dry season nutrient loads.

Delta on wet weather concentrations durin . .
storm flow 9 Initiate wet weather sampling at the DWR gauge at

' Mallard Island at the head of Suisun Bay to support
improved daily loads estimates for 1995-present.

Municipal Data available for 15 of approx. 40 Synthesize existing nutrient discharge and

Effluent POTWs. concentration data to estimate loads over period of

last 10-20 years.

Encourage all treatment plants that discharge to the
Bay to begin analyzing effluent for total and
dissolved inorganic nutrients and to submit these
data to the SFRWQCB on a regular basis.
Recommend that the POTWSs conduct a laboratory
inter-comparison on nutrient methods to assure
comparability of estimates.

Industrial Some data available from the 1990s. Synthesize available data to provide information for

Effluent Recent data availability unknown. prioritization of any future steps.

Stormwater Some data available but general lack of Synthesize data to provide an updated estimate of
land use-specific wet weather data stormwater contributions to assist prioritization of
sufficient to calibrate and verify a next steps.
watershed loads model. .

Scope the data needs for development of a dynamic
watershed loading model.

Groundwater Some data available from 79 USGS Refine current loads estimates with review from local

USGS groundwater experts in order to support
prioritization of next steps.

Exchange with
Coastal Ocean

Some data available for fluxes of water
and sediments during selected tides and
seasons in the past decade collected by
USGS and US Berkeley using comparable
methods.

Initiate a workgroup of local experts to design a
sampling program for nutrient flux at the Golden
Gate boundary, with the intent of developing a
hydrodynamic and material flux dynamic model to
describe exchange with coastal ocean
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5. Evaluationof CandidateNNE Indicatorgor Application inSan Francisco Bay
Estuary and Summary of Existing Literature

5.1 Introduction

Development of an NNE framework f8FBay estuary requires the selection of appropriate egadal
response indicators to diagnose eutrophication or other adverse effects of nutremtenrichment

The purpose of this section was to summarize existing information available on each indicator (Table
5.1.1), evaluate the appropriateness of cand&BINE candidate indicators f&FBay, and identify data

gaps in information needed to develop NNE thresholds

Table 5.1.1.Candidate indicators reviewed for potential development within the NNE framework for San

Francisco Bay.

Type Indicator Group Indicator or Metric Section to
refer to
Primary Phytoplankton Phytoplankton Biomass (chlorophyll a 5.2
Producers concentration)
Productivity (carbon fixed per unit volume and time)
Assemblage/Taxonomic Composition
Harmful algal bloom species -- cell count
Harmful algal bloom species i toxins
Macroalgae Percent Cover and Biomass 53
Seagrass and Brackish Phytoplankton Biomass 54
Water Submerged Aquatic
Vegetation Macroalgal Biomass and Cover
Epiphyte Load
Light Attenuation
Consumers Benthic Macroinvertebrate Benthic infauna taxonomic composition, abundance 55
and biomass
Jellyfish Taxonomic composition and abundance 5.6
Water Nutrient Concentrations Ammonium 5.7
Column and Ratios
Physio - Urea
chemistry - -
Dissolve d Oxygen Concentration
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The appropriateness each of the candidate indicators was evaluated relative to four criteria:

1. Ample scientific evidence demonstrating a linkag&EBBaysuary beneficial uses

2. The existence or potential to develop a predietrelationship with causal factors such as
nutrient concentrations/loads and other factors known to regulate response to eutrophication
(hydrology, etc.)

3. Availability of a scientifically sound and practical method to measure the indicator

4. The ability to Bow a trend either towards increasing or/and decreasing eutrophication with an
acceptable signal: noise ratio

5.2 Phytoplankton

Phytoplankton have a variety of characteristics that make them potentially useful as indicators of
eutrophication in estuariefhytoplankton are highly sensitive indicators of nutrient availability in
surface waters since their growth rates are relatively rapid, growth responses occur at a wide range of
nutrient concentrations and photosynthetic responses can be measured usiagay of sensitive
techniques (Paerl et a007) Phytoplankton can be described by a number of indicators that may be
relevant for use in the SF Bay NNE framework. They include:

o Biomass, as measured by water column chlorogyll

. Productivity, as masured by the rate of carbon fixed per unit timper square meter (areal) or
per cubic meter (volumetric)

. Assemblage)as measured by the speci@xonomiccomposition, the relative abundance of
species (as measured by cell counts), and/or size class cttls.

. Abundance of HABpecies and HAB toxins

In this subsection wedescribe the current understanding of spatial and temporal variation in
phytoplanktonon seasonal, interannuaind decadal scale trends, the factors affecting phytoplankton
biomass ad community structure ireFBay, and discuss the suitability of phytoplankton as an indicator
of eutrophication.

5.2.1 Applicable Habitat Types

Phytoplankton require light to photosynthesis and therefore are typically limited to the shallow to

deepwater sibtidal regions of an estuary. As depths decrease towards the shallow subtidal zone and
particularly in macrotidal estuaries, benthic microalgae and macroalgae that are attached to sediment

are at a competitive advantage over phytoplankton which can béyefisshed out during tidal cycles or

G2NY LI NI o6& GARIE OdNNByda 2N gl S SySNEHe® 2 AGK
benthic algae and rooted befdrming submerged aquatic vegetation and seagrass increases, because
phytoplankton are ale to position themselves in the upper portion of the water column and

outcompete other primary producers for light and nutrients. In shallow subtidal habitats, phytoplankton
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can be found in codominance with SAV, microphytobenthos, and macroalgae. bhaudiéepwater
subtidal habitats, particularly in wave dominated environments, phytoplankton species tends to be the
dominant primary producer, or edominant with microphytobenthos in deepwater habitats with high
water clarity (Day et al., 1989; WetzeQ@).

North, Central and South Bay are dominated by subtidal habitat (71, 96, and 68%, respectively). For this
reason phytoplankton is the largest component of primary producer biomasHay (Cloern et al.,

2000) with carbon production from planktangpecies historically making upughly70% of total

production (Jassby et al., 1998)easures of phytoplankton are thus key candidate indicators for the SF
Bay NNE framework in subtidal habitats.

5.2.2 Available Data on Phytoplankton BiomaBspductivty, and Assemblage

Although nutrient concentrations are relatively highSRBay, algal biomass has been relatively low
compared to other River dominated systenesy;, Chesapeake Bayioern 2001), though most recent
estimates for the Bay as a wholeost productivity in the normal range of other temperate latitude
estuaries (Cloern et al., 2006). Much of the annual production occurs not from theouaat baseline
persistence of phytoplankton but rather whesigae blooms occur. Algal blooms have beefingtd by
Cloern (1996) as:

Xevents of rapid production and accumulation of phytoplankton biomass that are usually responses
to changing physical forcings originating in the coastal ocean (e.g., tides), the atmosphere (wind), or
on the land surface (prgatation and river runoff). These physical forcings have different timescales
of variability, so algal blooms can be shtatm episodic events, recurrent seasonal phenomena, or
rare events associated with exceptionaingtic or hydrologic condition€bern, 1996, p 127, 133)

Cloern (1982) defined blooms 8FBay to be chlorophyl concentrations >10 pg*. Algal blooms are
natural events and are the foundation for the secondary productivity which supportSEBay food

web. There is a concern thaiicreases in the phytoplankton biomass or changes in species composition
(in particular, shifts in the frequency and duration of blooms dominated by harmful algal species) may
occur in the future in response to changing nutrient loads, turbidity and dthreting factors.

The USG@enlo Park Laboratoryjas been collecting water quality data$fBay on nutrient
concentrations and related ancillary data continuously for 39 years beginningat@6&n

phytoplankton since 197 7Theirresearch progranmcludesmeasurements of water qui#y from a

monthly ship cruse a39 fixed locations-® km apart along the 145 kilometer spine of the entire
Estuary Since the USGS samyalgllection was driven by research questions, it has not always been as
regular or syematicas would occur in a monitoring prografor example, the USG®pped sampling
completely in 181 after the spring bloom andidn't sample in the North Bay from about 198087.

That accepted, he database generated presently includes >11,000 elisdaboratory measurements of
the chlorophyllain water samples and 156,610 estimates of chlorophygilade from a linear

relationship between fluorometer voltage and discrete lab measurements. In addition to information
collected during these regular mthly cruses, realime remote observing instrumentation has greatly
enhanced the surveillance in recent years (Cloern et al., 2005b), though it should be noted that remote
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sensing captures only surface blooms and many blooms dominated by HAB specigiseasin
distinguished using readily available, mgitiectral remote sensing products.g.,MODIS). On many
occasions, the USGS group and collaborating coauthors have also carried out specialsknchtions

off transect (e.g.Cloern and Oremland,983 Cloern et al., 198%owell et al., 1988;ucas and Cloern,
2002;Thompson et al., 2008; discussed in detail bel@g}imates of pelagic primary production were
made estimated either directly using th&C radioisotope tracer method (Steeman Nigls®952, Cole

and Cloern 1984) or indirectly through an empirical model that derives productivity from biomass and
light attenuation (Cole and Cloern 1987).

More recently,continuous monitoring has also conducted by scientists at the San Francisco State

Unig S NBARoritierg@ diburon Center for Environmental Studigseyhave been collding information

on chlorophylla and a number of ancillary parameters every 6 minutes using instruments mourged ju
offshore at the end of a 20f pier adjacent to the RT€@mpus on the Tiburon peninsul@®. Dugdale

and F. Wilkerson, pers. comniThis data is part of thebserving networks of th€ouncil on Ocean

Affairs, Science and Technology (COABdYheCentral and Northern California Ocean Observing
System(CeNCOQData onchlorophylla have been collected 0.5 m below the water surface using a
flotation platform that adjusts with the tides from April 2006 to January 2009adradfixed datuni

meter below lower low tide from 12008 present. In addition, the groupas been publishing on a

number of focused research projects on the ecology and controls of diatom productivity in the northern
reaches ofSFBay. The research groups at the USGS and the RTC have been responsible for the majority
of systematically colleed measurements on phytoplanktdiiomass and community compositiomSF
Baydownstream from the SacramentpSan Joaquin confluence near the Region 2/Region 5 Water
Board boundary

5.2.3 Factors Effecting Temporal and Spatial Variation of Indicator Plarikton Biomasand Productivity

In SFBay, the biomasand primary productivitassociated with phytoplanktovaries in space and time

in response to nutrient availability from external loadsy,Wilkerson et al., 2006; Dugdale et al., 2007)
and intenal regeneration (Grenz et al., 2000), grazing (Cloern et al, 1985; Thompson et al., 2008),
stratification (Cloern, 199X loern,1996), water temperature (Cloern et al., 2007; Lehman et al., 2008),
tidal energy (Lucas and Cloern, 2002), transparency @¥lal, 2003), wind/wave energy (May et al.,
2003), the availability of seegsts (Cloern and Dufford, 2005; Cloern et al., 2007), UV radiation effects
on nitrate versug@mmoniumassimilation perhaps due to disruptions of enzyme pathways (Hogue et al.,
2005), differential uptake of nitrate and ammonium by larger versus smaller cells (Wilkerson et al.,
2006), inhibition of nitrate uptake bgmmonium(Wilkerson et al., 2006; Dugdale et al., 2007),

predation by benthic invertebrateg(g., Thompson et al.,@8), and variations in the phase of the

Pacific Decadal Oscillation and related changes to top down predation of benthic invertebrates (Cloern
et al., 2007). These factors lead to spatial gradients across shoals to the axis, between segments of the
Bay, ad temporalvariation at scales ranging from days to years to decades.
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Spatial Vriability

In the broadest sense, the Bay can be divided into two main regions, the North Bay and the South Bay.
The North Bay is a river dominated estuary where spatiatemgboral variability is driven by intrand
inter-annual variations in freshwater, sediment, and nutrient input from urban and agricultural sources
within the Sicramento and San Joaquin River watersh&igleo and Macko, 2002; Smith and

Hollibaugh, 2006yVilkerson et al., 2006). The estimated average freshwater flushing time of the North
Bay is 72 days (Engle et al., 2007). The South Bay in contrast acts more like a tidal lagoon with relatively
low freshwater input relatived basin volume; its dominatel in the summer months by wastewater
discharge (Cloern et al., 2000; Smith and Hollibaugh, 2006). The average estimated freshwater flushing
time of the South Bay is over 4,000 days (Engle et al., 2007). Within these broad classes, due mainly to
physiograpic controls on feshwater and tidal flow (Powedt al., 1986), the Bay can be further divided

into six strata or segments (see Figure 3.6 in Section 3 of this report) that have small within strata
variance relative to variability along the whole gradieetween marine and freshwater conditions

(Cloern et al., 2000).

Chlorophyllavaries laterally from shallow areas to the axis (Cloern et al., 1985; Thompson et al., 2008)
often associated with variations in turbidity and the timing of wind relative totitial cycle, fetch, and

tidal forces (May et al., 2003). For example, while the focus of an early study by Cloern et al. (1985) was
on intrarannual temporal variability in phytoplankton biomass, the paper also illustrated biomass
variability across latefaradients irSFBay (Figure 5.2.1). More recently Thompson et al. (2008)

discussed strong lateral gradients in the South Bay (Figur® 5Their observations supported the
hypothesis that bloom generation began on the east shoals in most years aratispte the channels if

the bloom persisted. There was one instance, however, when a channel produced phytoplankton bloom
was observed perhaps attributable to persistent stratification (Lucas et al., 1998).

However, by far the most persistent spatial g of phytoplankton biomass variation occurs between
the ocean entrance at the Golden Gate Bridge and the fresh water extremities in the Lower South Bay
and theSacramento River Delta (Cloeznal., 2000). Algal productivity varies widely in each region

the Bay. Based on data collected from 1995 to 2009, aveshigeophylla concentratiors vary from 13

ug Lt in the lower South Bay to 2.6 g in the riverdominated North Bay (Table 5.2.1). Suisun Bay,
although high in nutrients, exhibitelatively low meanchlorophylla concentrationgelative to the

South BayWilkerson et al., 2006). Concentrations are more temporally variable both within a year and
between years further from the Golden Gate.

The causes for theay wide trendsnclude changes iwater clarity due to less suspended sediment
(Schoellhamer, 2009)ower metal inhibition due to improvements in wastewater treatment, increased
seeding from ocean populationBigure 5.2.3Cloern et al., 2005), declines in consumption by bivalves
due toincreases in predation by juvenile English sole and speckled sanddabs, and declines in
phytoplankton consumption by bivalves and zooplankton due to recent new invasive species
introductions (Cloern et al., 2006).
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Figure 5.2.1.Lateral variability n chlorophylla concentrations based on measurements at 106 sites during 1980. Figure extracted from Cloern et al. (1985).
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Figure 5.22. Lateral variability in chlorophylla concentrations in theSouth Bay sites during 19959 stations a)
and 1994(49 stations b). Figure extracted from Thompson et al. (2008).
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Figure 5.2.3. Trends in suspended sediment concentrations in San Francisco Bay (source Schoellhamer, 2009).

55



McKee et al., 2011 NNE Eevelopment for SF Bay
Literature Review & Data Gapsnalysis

Table 52.1. Variation of chlorophyll among estuary segment$eriod 19992009. (Source: James Cloern,
USGShttp://sfbay.wr.usgs.gov/access/wqdata.

Chlorophylla
Style Segment (gL equivalent to mg/nt)
Minimum Maximum Mean
River dominated Rivers 0.4 14 2.6
Suisin Bay 0.1 12 2.6
Carquinez Straight 0.4 30 29
San Pablo Bay 0.1 44 3.5
Oceanic Central Bay 0.1 48 5.1
Lagoonal South Bay§MBay Lower) 0.9 106 93

Intra- and Interannual Temporal Variability

Temgporal variability in chlorophydand/or phytoplankton has been observed at scales ranging from
hours to years (Cloern et.all985,2000; Hogue et al., 2001; Cloern et al., 2003; Thompson et al., 2008)
and to decades (Cloern et al., 2007; Jassby, 2008; Cloern et al., 2010). In, betiethe Norh Bay and

the South Bay experience low phytoplankton concentrations duringvihéer (December, January) and
summer monthgJune, Julylypically <5 ud-* and greater concentrations during most spring periods
(Figure 5.20). The blooms in the North Bagach much lower peak concentrations than the blooms in

the Central or South Bay and can be absent all together during years of low runoff (Cloern et al., 2000).
Averaging the data since 1999, it is seen that the largest blooms occur in the South Bayhdusioigng
(February to May inclusively; Figure 5.2.4), when river runoff sufficiently stratifies the water column and
light penetrates more easily (Cloern et al., 2006). Phytoplankton biomass in the South Bay are
characterized by strong intrannual or vithin season variability; concentrations vary markedly between
months over short time scales (Cloern and Jassby, 2010). That said, larger more prolonged blooms
appear to last for 6 weeks or more during wetter years)(,1993, 1995) reaching >7@L", whereas

blooms in drier yearse(g.,1991, 1992) lasted only 2 weeks and reached concentrationsigP

(Thompson et al., 2008).

Other than supply of nutrients and stratification, bivalve grazing appears to be a strong control on
bloom magnitude, extenand longevity (Thompson et al., 2008he seasonal absence of bivalve grazers
in the winter months on the shoals sets up the potential for bloom each spring. Phytoplankton dynamics
are strongly controlled by timing and recruitment process of bivalveg;wih urn may be controlled

by predation from fall migratory birds and fish (Thompson et al., 2008). However, ultimately bivalve
biomass is also triggered and controlled by the available phytoplankton food resources; for example in
1995, bivalves that iuited on the shoal at the beginning of the bloogrew sufficiently irsixweeks

to control the shoal phytoplankton biomass (Thompson et al., 2008% concept of coupled ecosystem
capacity through the transfer of nutrients from phytoplankton biomas secondary consumers,
senescence and death, and recycling of regenerated nutrient back to primary producers was also
discussed by Cloern (2007).
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Figure 5.24. Seasonal chlorophytk concentrations in San Francisco Bay based on monthly sampling by the
USGS (Source: USGBS8p://sfbay.wr .usgs. gov/access /wqdata).
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Blooms in the North Bay occur when vertical salinity stratification occurs also in the late winter/spring
(improving light penetration) and in the presence @irlammonium(Wilkerson et al., 2006). For similar
reasons, the largest spring blooms occur after the wettest winteig. (0998, 2003) (Figure 54.

station 15 and station 6). In a similar fashion to the South Bay, averaging data collected since 1999
indicates a pattern of bloom in thepsing and again in the fall (Figure &p.

Dugdale et al. (2007) summarized workdate for the North Baydescribing a conceptual model that
includes a sequence of events thatde@ blooms in the North Bay: $jabilzation of the water column

by stratificationand or reduced tidal energy, B duced NH4 concentrations (to a critical level below 4

> a) through dilution during runoff oryphytoplankton uptake, and 3)take (secondarily) of NO

autumn blooms are charaetistically smaller than the spring blooms perhaps because phytoplankton
does not deplete the ammonium enough to switch over to;N@take (Dugdale et al., 2007). In the
spring, phytoplankton more often depletes the ammonium (especially in the North Bayaps

because ammonium in the Bay at this time is diluted by spring runoff or because ammonium
regeneration is lesser than ammonium consumption by the growing bl&dytoplankton biomass in

the North Bay is characterized by weaker variability betweenthmhut higher and dominant intra

annual variation in phytoplankton biomass (Cloern and Jassby, 2010), with some years exhibiting little
bloom activity and other years having significant events. This strongantanal variability appears to

be driven byvariation in river runoff, the balance between ammonium and nitrate (in relation to sources
that include wastewater, urban, and agricultural runoff; Wilkerson et al., 2006; Dugdale et al., 2007),
and the introduction of the nonindigenous claPotamocorbulamurensigAlpine and Cloerri992).

Many models of phytoplankton mass$&iBay have been developed over the past three decades. For
example, Cloern and Cheng (1981) developed a pseudalimensional model to simulate the

dynamics of a single dominaphytoplankton species in the North Bay. Using this model they were able
to account for most of the variability of biomass as a function of light availability, temperature, salinity
and copepod grazing; nutrients were deemed Aioniting. The model supportkthe premise that
populations established over the shoals and were enhanced by reduced transport due to estuarine
gravitational circulation. Later Lucas et al. (1998) presented a model for SéBty that included

benthic grazing, zooplankton grazingrtical phytoplankton sinking through a stratified water column,
and respiration losses. They specifically did not incorporate nutrient availability since, inSk®ati,
bloom initiation was not thought controlled by nutrients; rather bloom terminateam sometimes

occur when nutrients are depleted although this still warrants further investigation (Thompson et al.,
2008).
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Figure 5.25. Average monthly chlorophyla concentrations in San Francisco Bay based on monthly sampling by
the USGS betweeraduary 1999 and February 2009 (Source: James Cloern, USGS:
http://sfbay.wr.usgs.gov/access/wqdatd.

In a later twepaper series, Lucas et(@999 a, b)doked at the two main processes for governingdvh
formation, 1) local mechanisms such as depth, light availability, and benthic grazing, and 2) transport
related mechanisms which control the extent and distribution of the tgsybloom (Lucas et al.,
1999ab). They concluded that local conditionswt! the balance between phytoplankton loss and
production and that initiation can occur in both shallow and deeper ardasy @&lso pointed out that
dueto transport, greatest biomass may occur in areas that are not the most productive andevize
Interestingly, again they did not include nutrients in the components of the models that simulated
phytoplankton production, but in order to constrain peak biomass during long simulation times; an ad
hoc representation of nutrient limitation for bloom terrmation was included (Lucas et al., 1999a).

Lucas and Cloern (2002) explored the influence of tidal deepening and shallowing on phytoplankton
production. They also assumed nutrients were not limiting and concluded that if tidal range is large
relative to waer depth, then tidal range may significantly influence net phytoplankton growth.

Following on from this study, May et al. (2003) developed a coupled one dimensional model that
simulated vertical and horizontal mixing processes to explore the impactshdlity on phytoplankton
dynamics. Turbidity variation associated with wind strength was implicated as a control mechanism for
the development of spring blooms in the South Bay. It was suggested that during years with high wind
during the critical bloom pgod, phytoplankton productivity can be suppressed in contrast to years of
lower wind (May et al., 2003).

The concept of the role of physical and biological processes in oreegign controlling phytoplankton
biomass and bloom production in an adjaceabsegion was explored using a coupled pseio-
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dimensional model Lucas et al. (200Bhey conclude that positive couplingccurs between productive
shallow shoal areas and adjacent relatively unproductive deeper water channels. They also further
suppated the earler premise that turbidity (Mat al., 2003), benthic grazing (Thompson et al., 2008),
and vertical density stratidation (Lucas et al., 1999a,bhompson et al., 2008) control bloom
occurrence longevity, and spatial extent.

Most recently it has been proposed that the cause of the annual autumn bloom might be attributed to
sharp declines in bivalve mollusks (phytoplankton consumers) resulting from a trophic cascade caused
08 (GKS 2yasSit 2F GKS 91 aid t IdtheBduth Baydoarh &R al.(ARA7E Sé o/ f
deduced that trends are not likely caused by changes in other reasonable factors alone such as nutrients
(an observed decline), temperature (no change), stratification (no change), and turbidity (an observed
weak incease)(note ¢ this turbidity trend appears to contrast with data in Figure5.2.3: Schoellhamer,
2009). Cloern et al. (200@}gued instead that a 2fbld decrease in benthic water column filtering

herbivores ¢.g.,Corbula amurensis, Venerupis japonicaskldistasenhousiaandMya arenarid has

coincided with phytoplankton increases in southern areaSkBay in part caused by an collective

increase in shrimp, craland sole biomass of about 4x (Cloern et al., 2007). An argument is now
presented that theclassic model of nutrient enrichment and light limitation as primary controls on
phytoplankton inSouth SBay (and other estuaries) may be overshadowed by shifts ialéoyn control
sometimes associated with connective shifts in sea surface temperaancksipwelling In the case of

SF Bay, sea surface temperatures and upwelling are a functibe &facific Decadal Oscillation (PDO)

and the broader ocean Basin (Smetacek and Cloern, 2008).

Decadal Scale Temporal Trends in Phytoplankton Biomass and friguc

Long term monitoring data indicate decadal scale trends. Blooms are generally on the rise in the marine
domains of the Bay with the exception being the River dominated Suisun Bay (Cloern et al., 2006) where
Corbula amurensus implicated as providg high grazing pressuf@lpine and Cloern, 1992) and
ammoniummay be inhibiting growth (Wilkerson et a&2006; Dugdale et al., 2007). In an analysis of
chlorophylla concentrations since 1980, Cloern et al. (2006) showed that spring blooms since ¥899 ha
been much larger than those prior to 1999, and that autuwinter blooms are now occurring where

GKS®@ RAR y20 LINBQGA2dzat e NBIdzZ I NI e 200da2NE 'y 206aSN.
2006; 2007; 2010). In addition, baseline chlordpagoncentratiors have increased since the mid

1990s and these trends are significant year round in all locations from San Pablo Bay south. Suisun Bay
and the Delta appear to bdifferent (Jassby, 2008). Althougkerall since 1970 there has been a

decrease on productivity in Suisun Bay and the Delta, since 1996 phytoplankton biomass appears to
have stabilized in Suisun Bay and shown a positive increase throughout the Delta (Jassby, 2008).
Beginning in 1999, the Bay began exhibiting autumn/winter blodsepiember to December

inclusively) (Figure 5.2.4lthough these are generally hal@ver biomass than the annual spring

bloom. In later years this annual autumn/winter bloom, although mainly comprised of diatoms, even
included dinoflagellate red tidesIf@rn et al., 2007) (sedABdiscussion below). Increasing

phytoplankton in the central and southern sectors of the Bay is manifested as increasing baseline
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concentrations of small cell plankton, increasing magnitude of spring blooms (larger cell djaaohs)
occurrence of small cell autumn/winter blooms (Cloern et al., 2007).

While the causes of these majors changes are still bemafuated over all, from San Pablo Bay to the

lower South Bay, mean annual primary production has increased 75% ovef@&3&els (Cloern et al.,
2006).Carbon production by phytoplankton was estimated to be 200,000 USdomabout 150 g C

in 1980 (Jasshy et al., 1993). At that time, the carbon budget of the south Bay was dominated by
autotrophic production (92%); icontrast North Bay carbon was 68% allochthonous and supplied from
Rivers (Jassbhy et al., 1993). Phytoplankton was responsible for 67% of the autochthonous production in
the South Bay and 70% in the North Bay. Estimates of autochthonous total carbon prodnct993-

1996 were about 120 g Chisimilar to the 1980 figure) and most recently production has increased
again to an annual average of about 215 g €associated with both enhanced bloom and Holeom
biomass (Cloern et al., 2006). This has thetba more than doubling of the autumn/winter (August
December) production from 32 g'hfpre-1998 mean) to 73 g M(post 1998 mean). Based on an

analysis of monthly trends, eight out of 12 months distributed across the whole year showed an upward
trend (Cloern et al., 2007Rresently, a reanalysis of data is being completed to further evaluate summer
trends. Preliminary data analysis conducted by Alan Jassby and James Cloern shows increasing
chlorophyllain South Bay, San Pablo Bay, and Suisun Baytseno@d-late 1980sat an average rate of

3-5% per year (James Cloern Personal Communication, March Z0gse new analyses provide

further evidencethat the Bay is changingerhaps motivating further interest to understand the effects

of nutrient loadsand other cefactors.

Future trends are hard to predict. One hypothesis for the northern Bay (particularly Suisun Bay) is that
any alleviation of the mechanisms currently limiting phytoplankton growth during the spring bloom,
whether it is ever proven weguivocally what these mechanisms are, should lead to greater dominance

of larger celled diatoms (Wilkerson et al., 2006). Because many of the HAB species common to the West
coast are large celled (R. Kudela, personal communication March 2011), it isaravkhether

additional factors may promote the dominance of HABs, including the toxic diatom genus Pseudo
nitzschia, versus neharmful diatoms which better support Bay beneficial uses. In contrast, if the

autumn bloom increases due to increased ammonmegeneration, phytoplankton species which have

a preference for ammonium, including HAB species such as Rse@adchia and many toxic

dinoflagellates, may become more prevalent (Kudela et al. 2010).

5.2.4  PhytoplanktonrAssemblageand Harmful Algal Blooms

The benefits of enhanced primary production during blooms are directly correlated with the species that
dominate the bloomLarge cell diatom production tends to fuel the pelagic food web supporting
zooplankton including jellyfish, filter feeding shedhfiand crustaceans, fishes, and mammals including
humans. In contrast, blooms of toxic smaller celled flagellatessome largeelled HAB speciesan

suppress herbivores and impact beneficial uses for aquatic wildlife and humans (CE#8nNing et

al., 2000; Cloern et al., 2005b0his section covers two types of indicators: 1) assessment of health

based on phytoplankton community structure and 2) abundance of HAB species and HAB toxin
concentrations.
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Phytoplankton Assemblage

San Francisco Bay contsiover 500 phytoplankton taxa. Based on analysis using light microscopy, it
appears that 10 and 20 species account for 77% and >90% of the total biomass respectively (Cloern and
Dufford, 2005). Diatoms (Bacillariophyta) dominate the biomass making up Btt#total cumulative
biomassgdinoflagellates and cryptophytes (Pyrrophyta and Cryptophyiajleup 11% and 5%

respectively (Cloern and Dufford, 2005). Cell sizes range between <3 and >100 um but in the nutrient
enrichedSFBay systemlargecells >30 pntontribute 40% of the biomass; attributed to the lack of a
competitive advantage for smaller species. Like many nutrient enriched syss&Bay is characterized

by a Boom-bust cycle of larger cell species periodically dominating a more stable comrofisityall

cell species (Hogue et al., 2001; Cloern and Dufford, 2005; Wilkerson et al., 2006); an observation
attributed to the close coupling of small cell consumers in the microbial food web, the lagged response
of metazoan consumers (Cloern and Duff@dQ5), and the take up of nitrate by larger cells (Wilkerson
et al., 2006). Presently there is no explanation as to why diatoms domin&ieBiay during blooms;
hypotheses range from bottom up (inherently fast division rate, high N assimilation undteniliate
conditions, high growth rate in relatively low light conditions, ability to utilize bicarbonate) or a top
down view (silica cell wall is better at resisting predation and/or buoyancy regulation allows avoidance
of bottom dwelling filter feedersni shallow estuarine conditions).

In contrast there is a more constant crop of small cell picoplankton composed primarily of cyanobacteria
andsmall eukaryotegNannochloropsis spleleaulax amphioxeia, Plagioselmis prolonipat occur

across a wide rarggof salinities and seasonal conditions (Ning et al., 2000; Cloern and Dufford, 2005).
Picoplankton make up <15% of the Bay biomass and <2% during blooms (Ning et al., 2000; Cloern and
Dufford, 2005) and 11% of the total measured spatially and temporedlsaged results for the whole

North and South Bay combined. In relation to the possibility of using phytoplankton community
structure as an ecological response indicator, some phytoplankton Bmagcentrum aporum
Coscinodiscus anginatus Protoperidinium depressunEucampia zodiaclyhave not been seen since

1996 while othersKHrotoperidinum bipePseudenitzschia delicatissim&crippsiella trochoidea
Thalassiosira nodulolinedthave appeared perhaps attributable to the Pacific Decadal Oscill&ip@)
(Cloern and Dufford, 2005).

One use of data on phytoplankton community structure is to combine it into an index of biological
integrity (IBI) IBls are becoming more common for assessment of estuarine ecological condition and
management focus in thete of physical and chemical transformation, habitat destruction, and

changes in biodiversity (Borja et al., 2008). An IBI describes the biological condition of an assemblage of
plants or animals, typically based on the diversity and relative abundargpeoies or the presence or
absence of pollution tolerant species. A key element of developing an IBI is the ability to describe the
community response of the assemblageg(,benthic invertebrates, phytoplankton, etc.) along gradient

of physical orchemicft a4 G NBaad FNRBY YAYAYIff& RAA&UGdzNBISaR 2 NJ & NE
most commonly used in stream bioassessment, but several examples exist for estuarine environments
as well including submersed aquatic vegetation (Dennison €t393; ©@rbett et al., 2005), benthic
macroinvertebrates (Weisberg et al., 1997; Graves et al., 2005), fish populations (Deegan et al., 1997;
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Bortone et al., 2005), zooplankton (Carpenter et al., 2006), nalgae (Paerl et al., 2005) and
phytoplankton (Lacouturet al., 2006).

IBIs developed and used in Chesapeake Bay present an example of how phytoplankton community
structure data can be synthesizémprovide information about the ecological health of the Estuary and
about the ability to support specific beneial usesA Phytoplankton Index of Biotic Integrity-i) was
developed in Chesapeake Bay using an 18 year dathastfture et al., 2006 .hirty-eight

phytoplankton metrics were tested for their ability to discriminate between impaired and-legsired
habitat conditions. Twelve discriminatory metrics were chosen from a tested set of 38 to discriminate
between impaired and leasipaired habitat conditions. Combinations of these twelve metrics were
scored and used to create phytoplankton commuiitgexes for spring and summer in the four salinity
regimes.The RIB|, thus developed, combinettie scores of pollutiorsensitive, biologically important
metrics of the phytoplanktorommunity into a single index. Like other muitéetric indexes, the #Blis
more sensitive tdhabitat conditions than its component méts, which include chlorophy the
abundances o$everal potentially harmful species, and various indicators of cell function and species
composition(Lacouture et al., 2006).

Following orfrom the work of Dennison et al. (1993) on the usswbmergedaquatic vegetation (SAY)
Carpenter et al. (2006), who developed an IBI for zooplanktod,Lacouture et al. (2006) on the
development and testing of aBI for the Chesapeaka,Bay Healthndex (BHI) that combined three
water gquality and three biological measures was developed to assess the ecological effects of nutrient
and sedimentoading in Chesapeake Ba¥illiams et al., 2009)A Water Quality Index (WQI) was
generated by averagincancentrations of chlorophyh, dissolved oxygen, and Secchi depth-IBIRand
B-IBl was developed from the biological measures of the phytoplanktorbanthic community
composition and combined with the area of SAV to create the Biotic Index (Bl). Tihend/8I were

then averagedo give a BHI for the growing seas(MarclgOctober) (Figure 5.2;@ttp://www.eco-
check.org/reportcard/chesapeake/20091L east impaired regions of Chesape&as exhibitedow
chlorophylla, high dissolved oxygen, greater transparerggher phytoplankton and benthic indices
relative to ecological healtbased thresholds, and great8AV area. All three indexes were significantly
correlated with nitrogen (N)phosphorus (P) and sediment loads and the sum of developed and
agricultural land use. The BHI is used annually to track progress as part of the annual environmental
report card.

The development of muHinetric indexes of estuarine quality are not withotiatlenges which include

the formation of multidisciplinary scientific teams and stakeholder groups that are committed to the
outcome more than representation of their individual interest, long term rapdtiameter data sets on a
wide range of biotic and aditic indicator species, efactors, and stressors, and empirically

demonstrated and perhaps modeled cause and effect relationships that can demonstrate trends with a
high signal to noise ratio. Following from the example set in Chesapeak€&agfiter €al., 2006;
Lacouture et al., 2006; Williams et al., 20@@]liams et al.2010); it would seem thatSFBay, with its

rich multiparameter long term data sets, may be a suitable living laboratory to develop such an index.
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Figure 5.2.6. TheChesapeake Bay Report Card. The report card aims to provide a transparent, timely, and
geographically detailed annual assessment of Chesapeake Bay health. (See Chesapeake EcoCheck: Assessing and

Forecasting Ecosystem Statdattp://www.eco-check.org/reportcard/chesapeake/2000/

64


http://www.eco-check.org/reportcard/chesapeake/2009/

McKee et al., 2011 NNE Eevelopment for SF Bay
Literature Review & Data Gapsnalysis

Harmful Algal Blooms and Toxins

Harmful algal bloomare blooms of phytoplankton, algae, or cyanobacteria that can produce potent
toxins, nuisance levels of bi@ss, and suppress oxygen causing harm to humans, fisheries resources,
and coastal ecosystems. While increased anthropogenic nutrients increase the potential for HAB
development, the conversion of nutrients into biomass is dependent on other factors inglaldirity,
temperature, stratification, and seed populations (Cloern et24105b).

Despite the persistent nutrient enriched status of San Francisco Bay, few harmful algal blooms (HABS)
have been reported recently in San Francisco Bay, apparently enatrgent enriched turbid

conditions in the estuary favor larger celled diatoms associated with new production as opposed to
nutrient regeneration (Cloern, 1996; Ning et al., 2000). A lack of monitoring may also play a role, given
the large number of potetially harmful algae present in San Francisco Bay (Cloern dfatd2005).
However, there have been historical occurrences (see Cloern et al., 1994 referenced in Cloern, 1996),
and recently cyanobacteria and dinoflagellate blooms have been documdre@xample, blooms of

the cyanobacteridMicrocystis aeruginoshave been occurring in the late summer/autumn in the

northern reaches of the Bay since 1999 (Lehman et al., 2005), the raphiddiptgmsigma akashiwo
created a red tide in the Central Baysummer 2002 (Herndon et al., 2003), and the dinoflagellate
Akashiwo sanguineeaused a red tide in the Central and South Bay areas during September 2004
(Cloern et al., 2005&able 5.2.2; Figure 5.2.7). The conditions under which these blooms occtered a
presented in greater detail below.

Microcystis aeruginosblooms have occurred in the Delta and the North Bay during July through
November of each year since 1999. The colonial forM.aderuginosas the first recorded toxic

phytoplankton bloom in th northern reach of SF Bay and may have been recently introduced because it
was not recorded in historic samples taken between 1975 and 1982 (Lehman and Smith, 1991 in Lehman
et al., 2005)M. aeruginosaan form surface scums and is a nuisance to re@patiusers, reduce

aesthetics and oxygen and can produce microcystin, a hepatoxin to humans and wildlife (Lehman and
Walker, 2003; Lehman et al., 2005; Lehman et al., 2008). Concentrations found at Benicia, in Suisun Bay,
and at Chips Island were low relat to upstream locations (Lehman et al., 2005) perhaps because of
dilution or cell death at higher salinities (Lehman et al., 2008). Blooms occurred at salinities less than 18
ppt, although growth was probably limited <7 ppt (Lehman and Walker, 2008himan et al., 2005;

Lehman et al., 2008)

Several surveys &f. aeruginosablooms have documented that the blooms can be widespread, often
with microcystin concentrations that exceed World Health Organization guidelines for risks to humans
and wildlife (eg., Lehman and Walker, 2003; Lehman et al. 2005; Lehman et al., 2008). For example,
Lehman et al(2005 documented that an extensid. aeruginosabloomwas found toextend 180 km

from Benicia to near Rio Vista on the Sacramento River to 20 km downstresniracy on the San
Joaquin River side of the Deltaith toxicity exhibitedat all stations Caocentrations of microcystin were
measured in greater concentrations in zooplankton and clam tissue relatalgabtissualthough

65



McKee et al., 2011 NNE Eevelopment for SF Bay
Literature Review & Data Gapsnalysis

concentrations were nogreater than lethal limits known to cause acute deétehman et al., 2005

Lehman et al., 2008 This appears to support the hypothesis that microcystin are transferred or perhaps
biomagnified in the food web, the exceptions being clams which appear &bleeto depurate toxins

from their tissue rapidly (Lehman et al., 2008). However, concentrations they found may be chronically
obstructive to food quality, feeding ability, growth, and fecundity in zooplankton (Lehman et al., 2008).
GivenM. aeruginosaseems to prefer high light and warm shallow water eutrophic conditions, any
change in the management of the flows from the Sacramento River that leads to increased or more
persistent but steady flow rate and improved salinity stratification may expand tpelption in the

late summer/autumn. Given the potential threats to humans and wildlife, Lehman et al. (2005)
recommended annual monitoring and further assessment of the causes and controls on this species.

Table 5.22. Reported harmful algal blooms in &arancisco Bay since 1995 (See Figure 5.2.5 for approximate
locations and extent of blooms).

Map ID Author Bloom Type Bloom Location(s) Bloom Date(s)
Lehman and VWaller, Cyanobacteria: Microcystiz July-Mowvember,
1 2003 geruginozs Delta 555-2002
Red Tide: raphidophyte June, July, and Sept
2 Hernden &t al., 2003 Heterozigma akashiwo Richardzon Bay 2002

Red Tide: raphidophyte
3 Clesrn =t al., 2003 Heterozigma akashiwo Central Bay September 2002

180 km of waterwayz in northern SF

Cyancbacteria: Microcystiz | Bay (Carguinez Straight to Suizun and
4 Lehman &t al., 2005 geruginozs Riverz zegmentz). October 2003
Cyvancbacteria: Microcystiz August, September
5 Lehman &t al., 2008 geruginozs Riverz 2004
Red Tide: dincflagellate Central and Scuth Bay (Angel lzland
3] Cloern et al., 2005 Arzshive sanguings down into South Bay) September 2004

Red tides associated with a bloomHéterosigma akashiwbave occurred in Richardson Bay (Herndon

et al., 2003). Three bloom events were observed in norilfeichardson Bay during the summer and
autumn of 2002 and all coincided with clear skies, warm air temperatures >25°C, and calm and warm
(>20°C) waters (Herndon et al., 2003). The blooms weesar monocultue with other species

comprising <7% of the sargs (by cell count) (Herndon et al., 2003). A fourth bloom occurred between
September 1 and 12 and covered a wider geographic area including most of the coastline of Tiburon
Peninsular over to the Berkeley frontage (Herndon et al., 2003). That same wearidentified by

hQl FEEt2Nry SG FftdX ounnco Fd GKS . SN]StSe@ LIASNI Ay
occurrence and has been associated with fish kills in other coastal ecosystems (Cloern et al., 2003). In
this case it was widespread outeidf the Golden Gate with similar reports at Stinson Beach and in
Bodega Bay. Although there was some evidence that the bloom was seeded from tHeltkacean, it
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is not clear what other factors including nutrients supplied from terrestrial sources,fence, and
temperature played in bloom sustenance and degradation.

Figure 5.27. Harmful algal bloom (HAB) occurrences reported in the literature since 1995. Large segments show
locations of HABs as reported in the literature (usually from a diag)eand small segments indicate general
location of HAB in which more descriptive location information was not provided in the literature. Locations are
approximated based on location description in the referenced journal publication.
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