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Executive Summary 

The California State Water Resources Control Board (SWRCB) is developing nutrient water quality 

ƻōƧŜŎǘƛǾŜǎ ŦƻǊ ǘƘŜ {ǘŀǘŜΩǎ ǎǳǊŦŀŎŜ ǿŀǘŜǊǎΣ ǳǎƛƴƎ ŀƴ ŀǇǇǊƻŀŎƘ ƪƴƻǿƴ ŀǎ ǘƘŜ bǳǘǊƛŜƴǘ bǳƳŜǊƛŎ 9ƴŘǇƻƛƴǘ 

(NNE) framework. The NNE establishes a suite of numeric endpoints based on the ecological response of 

an aquatic waterbody to nutrient over-enrichment (eutrophication, e.g. algal biomass, dissolved 

oxygen). In addition to numeric endpoints for response indicators, 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 numeric guidance to translate narrative water quality objectives. The 

NNE framework is currently under development for estuaries. Because San Francisco Bay represents 

/ŀƭƛŦƻǊƴƛŀΩǎ ƭŀǊƎŜǎǘ ŜǎǘǳŀǊȅ όтл҈ ōȅ ŀǊŜŀ ƻŦ ŜǎǘǳŀǊƛƴŜ Ƙŀōƛǘŀǘ ǎǘŀǘŜǿƛŘŜύΣ ƛǘ ƳŜǊƛǘǎ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀƴ 

estuary-specific NNE framework. The purpose of this document is to review literature and data relevant 

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 estuary. The review had three objectives: 1) Evaluate 

indicators to assess eutrophication 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 in nutrient loading to the Bay.  

 
Recommended NNE Indicators for SF Bay 

The NNE assessment framework is the structured set of decision rules that helps to classify the 

waterbody in categories from minimally to very disturbed, in order to determine if a waterbody is 

meeting beneficial uses, or to establish TMDL numeric targets.  Development of an assessment 

framework begins by choosing response indicators, which were reviewed using four criteria: 1) strong 

linkage to beneficial uses, 2) well -vetted means of measurement, 3) can model the relationship 

between the indicator, nutrient 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) seagrass and brackish SAV, 3) intertidal flats, and 4) tidally muted habitats (e.g. estuarine 

diked Baylands). Two types of indicators were designated. Primary indicators are those which met all 

evaluation criteria and would therefore be expected to be a primary line of evidence of the NNE 

assessment framework for SF Bay.  Supporting indicators fell short of meeting evaluation criteria, but 

may be used as supporting lines of evidence.  This terminology is used in order to provide a sense of 

level of confidence in how the indicators should be employed in a multiple lines of evidence context.  

The review found four types of indicators met all evaluation criteria and are designated as primary: 

dissolved oxygen, phytoplankton biomass, productivity, and assemblage, and cyanobacterial abundance 

and toxin concentration (all subtidal habitats), macroalgal biomass and cover (intertidal habitat, tidally 

muted habitats, and seagrass habitats).  Other indicators evaluated met three or fewer of the review 

criteria and designated as supporting indicators: HAB cell counts and toxin concentration, urea and 

ammonium (all subtidal), light attenuation and epiphyte load (seagrass/brackish SAV).  Ultimately, the 
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ǊŜŀƭ ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ άǇǊƛƳŀǊȅέ ŀƴŘ άǎǳǇǇƻǊǘƛƴƎέ ŀƴŘ Ƙƻǿ ǘƘŜǎŜ ŎƭŀǎǎŜǎ ƻŦ indicators would be used 

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 stand-alone, while for others 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 indicator 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 indicator because the 

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 potential ammonium thresholds.  

 
To What Extent is SF Bay Demonstrating Symptoms of Eutrophication, Utilizing NNE Indicators? 

Of the four habitat types, only unvegetated subtidal habitat had adequate data to make an assessment 

of eutrophication. Dissolved oxygen in SF 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 Bay have experienced significant 

increases in phytoplankton biomass since the late 1990's. Recent analysis of water quality data collected 

by USGS from 1978 to 2009 show a significant increase in water column chlorophyll a (30-50% per 

decade from Suisun to South Bay respectively) and a significant decline in DO concentrations (1.6 to 

2.5% per decade in South Bay and Suisun Bay respectively). Thus evidence is building that the historic 

resilience of SF Bay to the harmful effects of nutrient enrichment is weakening. The 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 seeding from ocean populations, declines in 

consumption by bivalves due to increases in predation by juvenile English sole and speckled sanddabs, 

and declines in phytoplankton consumption by consumers due to recent new invasive species 

introductions. Data suggest that primary productivity in Suisun Bay is limited by strong grazing pressure 

by invasive clams, light limitation by high turbidity, and ammonium inhibition of diatom uptake of 

nitrate. Few harmful algal blooms (HABs) have been reported recently in SF Bay.  However, there have 

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

increasingly documented. 

 
What Are the Nutrient Loads to SF Bay From Various Sources? 

Nutrients loads to SF Bay from external sources are poorly understood, 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 Gaps and Recommended Next Steps 

The SF 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 nutrient 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 indicators to nutrient loads and 

other co-factors, 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 Joaquin Delta. The SF Bay Technical Advisory Team assumed the San 

Francisco Bay Water Board will prioritize these next steps, with review/feedback from its advisory 

groups. 

Develop an NNE assessment framework for SF Bay 

Development of an NNE assessment framework for SF Bay involves specifying how primary and 

supporting indicators would be used as multiple lines of evidence to diagnose adverse effects of 

eutrophication. The table below summarizes data gaps and recommended next steps for development 

of an SF Bay NNE assessment framework by habitat type.  Data gaps and recommendations generally fall 

into four categories: 1) Monitoring to assess baseline levels of indicators of interest where data are 

currently lacking, 2) Analysis of existing data, 3) Field studies or experiments to collect data required for 

endpoint development, and 4) Formation of expert workgroups to recommend approach to assessment 

framework development and synthesize information to be used in setting numeric endpoints. 

 

Type Indicator Designation  Data Gaps Recommended Next Steps 

S
u

b
tid

a
l 
H

a
b

ita
t 

Dissolved 
oxygen 

Primary  Wealth of data exists. 
Technical Advisory Team 
does not have expertise 
to review adequacy of DO 
objectives. Review did 
not address dissolved 
oxygen data in the tidally 
muted habitats of SF Bay.  

Consider update of science supporting Basin 
Plan dissolved oxygen objectives, if warranted 
by additional review by fisheries experts. 
Review could be for entire Bay or limited to 
the tidally muted areas of the Bay.  

Phytoplankton 
biomass , 
productivity, 
and assemblage 

Primary  Need a review of science 
supporting selection of 
endpoints. Improved 
prediction of factors 
controlling assemblage 

Recommend development of a white paper 
and a series of expert workshops to develop 
NNE assessment framework for 
phytoplankton biomass, productivity, 
taxonomic composition/assemblages, 
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Type Indicator Designation  Data Gaps Recommended Next Steps 

HAB species 
abundance and 
toxin conc. 

Cyanobacteria = 
primary;  
Other HAB 
=supporting  

Little data on HAB toxin 
concentrations in surface 
waters and faunal tissues.   

abundance and/or harmful algal bloom toxin 
concentrations. Recommend augmentation 
of current monitoring to include 
measurement of HAB toxin concentrations in 
water and faunal tissues.  

S
u

b
tid

a
l H

a
b

ita
t (
C

o
n

tin
u

e
d

) 

Ammonium and 
urea 

Supporting Lack of understanding of 
importance of ammonia 
limitation of nitrate 
uptake in diatoms on Bay 
productivity vis-à-vis 
other factors. Lack of 
data on urea in SF Bay 

Recommend formulation of a working group 
of SF Bay scientists to synthesize available 
data on factors known to control primary 
productivity in different regions in the Bay, 
and evaluate potential ammonium endpoints. 
Recommend collecting additional data on 
urea concentrations in SF Bay via USGSΩs 
water quality sampling over a two year 
period.  

Macrobenthos 
taxonomy, 
abundance and 
biomass 

Co-factor Lack of information on 
how to use combination 
of taxonomy, abundance, 
and biomass to assess 
eutrophication 

Recommend utilization of IE-EMP dataset to 
explore use of macrobenthos to be used 
reliably to diagnose eutrophication distinctly 
from other stressors in oligohaline habitats. 
This may involve including biomass in the 
protocol to improve ability to diagnose 
eutrophication.  

S
e

a
g
ra

ss
 H

a
b

ita
t 

Phytoplankton 
biomass, 
epiphyte load 
and light 
attenuation  

Phytoplankton 
biomass = 
primary, 
epiphyte load 
and light 
attenuation = 
secondary 

Poor data availability of 
data on stressors to SF 
Bay seagrass beds. 
Studies needed to 
establish light 
requirements for seagrass 
and to assess effects of 
light attenuation 

Recommend 1) Continued monitoring of 
aerial extent of seagrass every 3-5 years 
(currently no further system scale monitoring 
is planned beyond 2010), 2) studies to 
establish light requirements for SF Bay 
seagrass species, 3) development of a 
statewide workgroup to develop an 
assessment framework for seagrass based on 
phytoplankton biomass, macroalgae, and 
epiphyte load and 4) collection of baseline 
data to characterize prevalence of macroalgal 
blooms on seagrass beds.   

Studies characterizing thresholds of adverse 
effects of macroalgae on seagrass currently 
underway in other California estuaries should 
be evaluated for their applicability to SF Bay. 

Macroalgae 
biomass and 
cover 

Primary Data gaps include studies 
to establish thresholds of 
macroalgal biomass, 
cover and duration that 
adversely affect seagrass 
habitat 

In
te

rt
id

a
l 
F

la
t 

H
a

b
ita

t 

Macroalgal 
biomass and 
cover 

Primary Lack of baseline data on 
frequency, magnitude 
(biomass and cover) and 
duration of macroalgal 
blooms in these intertidal 
flats 

Recommend collection of baseline data on 
macroalgae, microphytobenthos and 
sediment bulk characteristics. 

Recommend inclusion of SF Bay scientists and 
stakeholders on statewide workgroup to 
develop an assessment framework for 
macroalgae on intertidal flats. 

Sediment 
nutrients 

Supporting 

MPB taxonomy 
and biomass 

Supporting 
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Type Indicator Designation  Data Gaps Recommended Next Steps 

M
u

te
d

 S
u

b
tid

a
l H

a
b

ita
t 

Macroalgae  Primary  Lack of baseline data 
on biomass and cover 
in muted habitat types 

Recommend collection of baseline data 
on macroalgae, dissolved oxygen, 
phytoplankton biomass, taxonomic 
composition and HAB species/toxin 
concentration in these habitat types. 

Recommendation to develop an 
assessment framework based on 
macroalgae, phytoplankton and 
dissolved oxygen in these habitat types. 
One component of this discussion 
should be a decision on beneficial uses 
that would be targeted for protection 
and to what extent the level of 
protection or expectation for this 
habitat type differ from adjacent 
subtidal habitat. 

Phytoplankton 
biomass,  
assemblage, 
HAB toxin 
conc. 

Phytoplankton 
biomass, 
cyanobacteria = 
primary; 
assemblage and 
other HABs= 
supporting 

Lack of baseline data 
on biomass and 
community 
composition, HAB toxin 
concentrations    

Dissolved 
oxygen 

Primary  Some data on dissolved 
oxygen exist. Unclear 
what levels of DO 
required to protect 
muted habitat 
beneficial uses  
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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 categories: 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 
Deposition 

No recently published 
data on wet & dry 
atmospheric deposition 

Loads likely relatively small. Literature review to 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 
Loads from 
Delta 

Dry weather 
concentrations available 
through RMP. No data 
available on wet weather 
concentrations  

Loads likely large. Recommend analysis of existing RMP data to 
estimate dry weather nutrient loads. Initiate wet weather data 
collection of nutrients at the Mallard Island DWR sampling location 
(head of Suisun Bay) to support improved daily loads estimates for 
1995-present. 

Municipal 
Effluent 

Data available through 15 
of approx. 40 Publicly 
Owned Treatment Works 

Loads likely large. Synthesize nutrient discharge and 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 
POTWs conduct a laboratory inter-comparison on nutrient methods 
to assure comparability of estimates.  

Industrial 
Effluent 

Some data available from 
the 1990s  

Loads likely small relative to municipal wastewater. Synthesize 
available data to provide information for prioritization of any future 
steps. 

Stormwater Lack of wet weather data 
sufficient to develop a 
dynamic loading model 

Loads likely large. Synthesize data to provide an updated estimate 
of stormwater contributions to assist prioritization of next steps. 
Scope the data needs associated with the development of a 
dynamic loading model.  

Groundwater Data available from 79 
USGS monitoring stations. 
Flow data not well 
understood 

Loads likely small. Refine current loads estimates after review by 
local USGS groundwater experts in order to support prioritization of 
next steps if any.  

Exchange with 
Coastal Ocean 

Some data available for 
fluxes of water and 
sediments during selected 
tides and seasons 

Initiate a workgroup of local experts to design a sampling program 
for nutrient flux at the Golden Gate boundary. The intent with this 
program would be to develop models that simulate flux at the 
ocean-bay interface.  
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Develop Load-Response 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 nutrients and other 

important co-factors. Several types of models need to be 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 they originate, and 2) an Estuary water quality model, which 

simulates the ecosystem response to nutrient loads and other management controls. Sufficient data and 

knowledge of SF Bay must exist to support the development of system wide dynamic simulation models 

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 out of key 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 SF Bay. Existing 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 nutrients as well 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 element. The product of this effort would be the 

identification of the appropriate models, a phased workplan, timeline and budget to develop these 

models, and identification of and coordination among key institutions, programs and stakeholders. This 

information could be synthesized into a workplan to develop the loading and estuary water quality 

models and a preliminary timeline and budget for Phase I of the effort. 

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

The development 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, the USGS 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 program. The SF Bay Technical Advisory Team strongly 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 Framework with Nutrient Management in the Delta 

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 have just 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 loading, transport 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 identification 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 global environmental issue, with 

demonstrated links between anthropogenic changes in watersheds, increased nutrient loading to 

coastal waters, harmful algal blooms (HABs), hypoxia, and impacts on aquatic food webs (Valiela, 

Foreman et al.,1992; Kamer and Stein, 2003). These ecological impacts of eutrophication of coastal 

areas can have far-reaching consequences, including fish-kills and lowered fishery production (Glasgow 

and Burkholder, 2000), loss or degradation of seagrass and kelp beds (Twilley, 1985; Burkholder, Noga et 

al., 1992; McGlathery, 2001), smothering 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 of HABs and poor water quality (Bates et al., 1989; Bates, DeFreitas et al., 1991; Trainer, 

Hickey et al., 2002). These modifications have significant economic and social costs, some of which can 

be readily identified and valued, while others are more difficult to assess (Turner, Qureshi et al., 1998). 

According to United States Environmental Protection Agency (USEPA), eutrophication is one of the top 

ǘƘǊŜŜ ƭŜŀŘƛƴƎ ŎŀǳǎŜǎ ƻŦ ƛƳǇŀƛǊƳŜƴǘǎ ƻŦ ǘƘŜ ƴŀǘƛƻƴΩǎ ǿŀǘŜǊǎ όUSEPA, 2001).  

In California, the impacts of nutrient loading on estuaries and coastal waters have not been well 

monitored (Bricker, Clement et al., 1999), with the notable exception of San Francisco (SF) Bay where 

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

al., 1985; Cloern, 1991; Cloern, 1996; Cloern, 1999). Without 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 increases along the 

coastal areas. Scientifically-based 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 systems where adverse effects of eutrophication have already 

occurred.  

The USEPA initiated the National Nutrient Management Strategy in 1998 to begin addressing the 

pervasive impacts of excessive nutrient loading to both fresh and marine waters (Wayland, 1998). A 

primary goal of the strategy was to develop numeric nutrient criteria to measure the progress of the 

management strategy. The USEPA issued a series of technical guidance manuals for the development of 

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

statistical approach to establish thresholds based on the nutrient concentrations in surface waters 

(USEPA, 1998). In this approach, reference conditions were based on 25th percentiles of all nutrient 

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

the subecoregions. These 25th percentile concentrations were characterized as criteria 

recommendations that could be used to protect waters against nutrient over-ŜƴǊƛŎƘƳŜƴǘΦ ¢ƘŜ άbǳǘǊƛŜƴǘ 

/ǊƛǘŜǊƛŀ ¢ŜŎƘƴƛŎŀƭ ƎǳƛŘŀƴŎŜ aŀƴǳŀƭΥ 9ǎǘǳŀǊƛƴŜ ŀƴŘ /ƻŀǎǘŀƭ ²ŀǘŜǊǎέ ǿŀǎ ǊŜƭŜŀǎŜŘ ōȅ USEPA in 2001. 

Several studies have demonstrated the shortcomings of using ambient nutrient concentration criteria 

alone to predict eutrophication, in streams (Welch, Horner et al., 1989; Fevold, 1998; Chetelat, Pick et 
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al., 1999; Heiskary and Markus, 2001; Dodds, Smith et al., 2002) and estuaries (Cloern, 2001; Dettman, 

Kohn et al., 2001; Kennison, Kamer et al., 2003). Use of ambient, surface water nutrient 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 nutrients (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. Thus high concentrations are not an 

obligatory indicator of eutrophication and low concentrations do not necessarily indicate absence of 

eutrophication. 

Given these problems, in 1999 the USEPA Region 9 and the California State Water Resources Control 

Board (SWRCB) chose an alternative approach to developing nutrient objectives (USEPA, 2006). This 

approach, known as the Nutrient Numeric Endpoint (NNE) framework, establishes a suite of numeric 

endpoints based on the ecological response of an aquatic waterbody to nutrient over-enrichment 

(eutrophication, e.g., algal biomass, dissolved oxygen). It was suggested that numeric endpoints, if 

successfully developed, would serve as guidance to translate narrative water quality objectives (State of 

/ŀƭƛŦƻǊƴƛŀΩǎ ǘŜǊƳ ŦƻǊ ǿŀǘŜǊ quality criteria) for nutrients and biostimulatory substances. A key 

component of the NNE framework is the availability or development of stressor- response tools that link 

the ecological response indicators with nutrient loads and other potential management controls for 

TMDL development and implementation.  

The California NNE framework was first developed for streams and lakes (USEPA, 2006) and is currently 

under development for estuaries. A scientific framework has been presented to support the 

development of numeric endpoints for a suite of biological response indicators and highlight data gaps 

and research recommendations for their development (USEPA, 2007). A subsequent document 

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

efficient and cost-effective development of stressor-response TMDL tools (USEPA, 2008). 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 relation to monitoring and assessment of eutrophication in SF Bay 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, Geographic Scope and Organization of this Report 

The purpose of this document is to present the review of literature and monitoring programs relevant to 

the assessment of eutrophication in SF Bay, with the goal of providing a baseline of available 

information to formulate a work plan to develop NNEs for this estuary. The review had four specific 

objectives:  

 Evaluate appropriate indicators to assess eutrophication in SF Bay; 

 Summarize existing literature and identify data gaps on the status of eutrophication in SF Bay 

with respect to these indicators; 
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 Describe what data and tools exist to evaluate the trends in nutrient loading to the Bay; and 

 Summarize, to the extent possible (What do they reveal about trends in nutrient loads over 

time?)  

 

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

the Bay included within the San Francisco Bay Regional Water Quality Control Board (SF Water Board) 

jurisdiction (Figure 1). The upstream boundary of the SF Water Board is roughly coincident with the 2 

ppt isohŀƭƛƴŜ ƻŦ ōƻǘǘƻƳ ǿŀǘŜǊǎ όŀΦƪΦŀΦ ά·нέΣ Wŀǎǎōȅ Ŝǘ ŀƭΦ, 1994). This X2 isohaline has a significant 

statistical relationship with measures of SF estuary resources, including: 1) supply of phytoplankton and 

phytoplankton-derived detritus, 2) benthic macroinvertebrate, 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 released and should be 

cited as such. The 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 conceptual framework of the NNE, preliminary classification 

and consideration of habitat types, and candidate estuarine NNE (E-NNE) indicators.  

Section 3 provides an overview of relevant physiographic information for the Bay Area including 

human population trends, climate, habitats (both in Bay and fringing), beneficial uses and 

water quality criteria designated by the State of California through the San Francisco 

wŜƎƛƻƴŀƭ ²ŀǘŜǊ vǳŀƭƛǘȅ /ƻƴǘǊƻƭ .ƻŀǊŘ όƘŜǊŜǘƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άSF ²ŀǘŜǊ .ƻŀǊŘέύΦ  

Section 4 provides a review of the current understanding of external nutrient loads and ambient 

nutrient concentrations in SF Bay.  

Section 5 reviews and summarizes existing information on candidate NNE indicators for the SF Bay 

estuary. The section focuses on seven main indicator groups: phytoplankton blooms and 

HAB species, dissolved oxygen (Hypoxia and anoxia), macroalgae, submerged aquatic 

vegetation (sea grass and brackish submerged aquatic vegetation), benthic 

macroinvertebrates, jellyfish, and ammonium including ammonium nitrate ratio, urea, 

and toxicity.  

Section 6 summarizes the review, identifies important data gaps and recommends next steps.  
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Figure 1.1.  Geographic scope of the literature review, defined by SF Water Board jurisdiction.  

 

1.3 Important Definitions 

CƻǊ ǘƘƻǎŜ ƻǳǘǎƛŘŜ ǘƘŜ ǊŜƎǳƭŀǘƻǊȅ ǿƻǊƭŘΣ ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ ǘŜǊƳǎ ƭƛƪŜ άŎǊƛǘŜǊƛŀΣέ άǎǘŀƴŘŀǊŘǎέΣ 

άƻōƧŜŎǘƛǾŜǎΣέ ŀƴŘ άŜƴŘǇƻƛƴǘǎέ Ŏŀƴ ōŜ ŎƻƴŦǳǎƛƴƎΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ǘƘƛǎ ǎŜŎǘƛƻƴ ƛǎ ǘƻ ǇǊƻǾƛŘŜ ŘŜŦƛƴƛǘƛƻƴǎ ƻŦ 

the terms that are linked closely to how the NNE framework will be implemented.  

Eutrophication: Eutrophication is defined as the acceleration of the delivery, in situ production of 

organic matter, and accumulation of organic matter (Nixon, 1995). One main cause of eutrophication in 

estuaries is nutrient over enrichment (nitrogen, phosphorus and silica). However, other factors influence 
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primary producer growth and the build-up of nutrient concentrations, and hence modify (or buffer) the 

response of a system to increased nutrient loads (hereto referred to as co-factors). These co-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 derived from, 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 numeric objectives are developed.  

Water Quality Standards: Water quality standards are the foundation of the water quality-based 

control program mandated by the Clean Water Act. Water Quality Standards define the goals for a 

waterbody by designating its uses, setting criteria to protect those uses, and establishing provisions to 

protect water quality from pollutants. A water quality standard consists of three basic elements: 

1. Designated uses of the water body (e.g., recreation, water supply, aquatic life, agriculture)  

2. Water quality criteria to protect designated uses (numeric pollutant concentrations and 
narrative requirements)  

3. Antidegradation policy to maintain and protect existing uses and high quality waters 

Water Quality Criteria: Section 303 of the Clean Water 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: 

 Adopt the criteria that USEPA publishes under §304(a) of the Clean Water Act;  

 Modify the §304(a) criteria to reflect site-specific conditions; or  

 Adopt criteria based on other scientifically-defensible methods.  

¢ƘŜ {ǘŀǘŜ ƻŦ /ŀƭƛŦƻǊƴƛŀΩǎ ǿŀǘŜǊ ŎǊƛǘŜǊƛŀ ŀǊŜ ƛƳǇƭŜƳŜƴǘŜŘ ŀǎ άǿŀǘŜǊ ǉǳŀƭƛǘȅ ƻōƧŜŎǘƛǾŜǎΣέ ŀǎ ŘŜŦƛƴŜŘ ƛƴ ǘƘŜ 

Water Code (of the Porter Cologne Act; for further explanation, see below).  

States and Tribes typically adopt both numeric and narrative criteria. Numeric criteria are quantitative. 

Narrative criteria lack specific numeric targets 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 §304(a) criteria. In addition to 

narrative and numeric (chemical-specific) criteria, other types of water quality criteria include: 

 Biological criteria: a description of the desired biological condition of the aquatic community, for 
example, based on the numbers and kinds of organisms expected to be present in a water body. 

 Nutrient criteria: a means to protect against nutrient over-enrichment and cultural 
eutrophication. 
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 Sediment criteria: a description of conditions that will avoid adverse effects of contaminated 

and uncontaminated sediments. 
 

Water Quality Objectives: The Water Code (Porter-Cologne Act) provides that each Regional Water 

Quality Control Board shall establish water quality objectives for the waters of the state i.e., (ground and 

surface waters) which, in the Regional Board's judgment, are necessary for the reasonable protection of 

beneficial uses and for the prevention of nuisance. The State of California typically adopts both numeric 

and narrative objectives. Numeric objectives are 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 Endpoint: Within the context of the NNE framework, 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 

substance wŀǘŜǊ ǉǳŀƭƛǘȅ ƻōƧŜŎǘƛǾŜǎΦ ¢ƘŜȅ ŀǊŜ ŎŀƭƭŜŘ άƴǳƳŜǊƛŎ ŜƴŘǇƻƛƴǘǎέ ǊŀǘƘŜǊ ǘƘŀƴ άƴǳƳŜǊƛŎ 

ƻōƧŜŎǘƛǾŜǎέ ǘƻ ŘƛǎǘƛƴƎǳƛǎƘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ {²w/. ǇƻƭƛŎȅΦ hōƧŜŎǘƛǾŜǎ ŀǊŜ ǇǊƻƳǳƭƎŀǘŜŘ 

through a public process and incorporated into basin plans. Numeric endpoints are guidance that can 

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

This section describes the NNE conceptual approach, estuarine classification and key 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 California estuaries.  

2.1 NNE Conceptual Approach 

The Nutrient Numeric Endpoints (NNE) framework is a term coined to describe the SWRCB staff strategy 

for developing nutrient objectives for 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 Board and the Regional Water Quality Control Boards with a 

scientifically-defensible 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 findings of the 

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 and threǎƘƻƭŘǎ ƛƴǘƻ ǘƘŜ {C wŜƎƛƻƴŀƭ ²ŀǘŜǊ vǳŀƭƛǘȅ /ƻƴǘǊƻƭ .ƻŀǊŘΩǎ 

όƘŜǊŜǘƻ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ά{C ²ŀǘŜǊ .ƻŀǊŘέύ .ŀǎƛƴ ǇƭŀƴΦ  

2.1.1 Why Nutrient Concentrations Should Not Be Used to Set Nutrient Water Quality Objectives in Estuaries 

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

ƻŦ Ƙƻǿ ƳǳŎƘ ƛǎ άǘƻƻ ƳǳŎƘέ ƛǎ ƴƻǘ ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘΦ ¢ȅǇƛŎŀƭ ǇŀǊŀŘƛƎƳǎ ǳǎŜŘ ǘƻ ǎŜǘ ǘƘǊŜǎƘƻƭŘǎ ŦƻǊ ǘƻȄƛŎ 

contaminants do not apply, in part because adverse effects of nutrient over enrichment are visible at 

orders of magnitude below recognized toxicity thresholds for ammonium and nitrate.  

USEPA guidance on nutrient objective development generally recommends three means to set nutrient 

criteria (USEPA, 2001): 1) reference approach, 2) empirical stress-response approach, and 3) cause-

effect approach. The reference waterbody approach involves characterization of the distributions of 

ƴǳǘǊƛŜƴǘ ƛƴ άƳƛƴƛƳŀƭƭȅ ŘƛǎǘǳǊōŜŘέ ǿŀǘŜǊōƻŘƛŜǎ. Nutrient concentrations are chosen at some statistical 

percentile of those reference waterbodies. The empirical stress-response 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 aquatic plant biomass or community structure, changes in 

sediment or water chemistry (e.g., dissolved oxygen, pH). The cause-effect approach involves identifying 

the ecological responses of concern and mechanistically modeling the linkage back to nutrient loads and 

other co-factors 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 choose to ultimately incorporate some 
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ŜƭŜƳŜƴǘǎ ƻŦ ŀƭƭ ŀǇǇǊƻŀŎƘŜǎ ƛƴǘƻ /ŀƭƛŦƻǊƴƛŀΩǎ ǎǘǊŀǘŜƎȅ ŦƻǊ ǎŜǘǘƛƴƎ ƴǳǘǊƛŜƴǘ ƻōƧŜŎǘƛǾŜǎΣ ƛǘ ǿƻǳƭŘ ǊŜƭȅ Ƴƻǎǘ 

heavily on the cause-effect approach. There were several reasons for this. First, the cause-effect 

approach has a more direct 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, the reference approach is particularly 

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

άƛƳǇŀƛǊŜŘέ ǎǘŀǘǳǎΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŦƻǊ Ƴŀƴȅ ǿŀǘŜǊōƻŘȅ ǘȅǇŜǎΣ ƳƛƴƛƳŀƭƭȅ ŘƛǎǘǳǊōŜŘ ǊŜŦŜǊŜƴŎŜ ǎƛǘŜǎ ŀǊŜ ƭŀǊƎŜƭȅ 

unavailable. Fourth, statistical stress-response 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 permit limits. 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 cause-effect approach, the empirical stress-response 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 cause-effect approach is strongly suggested, because in the majority of 

circumstances, the reference or empirical stress-response 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 freshwater flows, 

magnitude of tidal forcing, sediment load, stratification, residence time, denitrification, etc. This 

combination of άŎƻ-factorsέ results in differences in the dominant primary producer communities (i.e., 

phytoplankton, macroalgae, benthic algae, submerged aquatic vegetation, emergent macrophytes). It 

also creates variability in the pathways that control how nutrients cycle within the estuary. At times, 

these co-factors can play a larger role in mitigating estuarine response to nutrient loads or 

concentrations, 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 non-detectable 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 concentrations do not correlate with measures of primary productivity , in part  because of 

important co-factors that override simple nutrient limitation of primary production.  
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Figure 2.1.  Mean chlorophyll a concentrations as a function of mean nitrate+nitrite (NOx) concentrations in SF 
Bay for the period January 1999 to February 2009 (Data Source: USGS: http://sfbay.wr.usgs.gov/access/wqdata). 

 

2.1.2 Key Tenets of the NNE Approach 

The NNE framework for California waterbodies is basely largely on the cause-effect approach. The 
framework has three organizing principals (Creager, Butcher et al., 2005): 

1. Ecological response indicators provide a more direct risk-based linkage to beneficial uses than 

nutrient concentrations or loads alone. Thus the NNE framework is based on the diagnosis of 

eutrophication or other adverse effects and its consequences rather than nutrient over enrichment.  

Except in extreme cases such as unionized ammonium causing toxicity, nutrients themselves do not 

impair beneficial uses. Rather, ecological response to nutrient loading causes adverse effects that impair 

uses. Instead of setting objectives solely in terms of nutrient concentrations, it is preferable to use an 

analysis that takes into account the risk of impairment of these uses. The NNE framework needs to 

target information on ecological response indicators such as dissolved oxygen, surface water 

phytoplankton and HAB biomass (e.g., chlorophyll a, water clarity), macroalgal biomass and percent 

cover, benthic algal biomass (sediment chlorophyll a) and submerged aquatic vegetation (SAV) density 

and percent cover, and aesthetics (e.g., foul odors, unsightliness). These ecological response indicators 

provide a more direct risk-based linkage 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 loads and other co-factors and management controls (hydrology, 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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²ƘŜƴ ǇƻǎǎƛōƭŜΣ ǘƘŜ ǳǎŜ ƻŦ ƳǳƭǘƛǇƭŜ ƛƴŘƛŎŀǘƻǊǎ ƛƴ ŀ άǿŜƛƎƘǘ ƻŦ ŜǾƛŘŜƴŎŜέ ŀǇǇǊƻŀŎƘ ǇǊƻǾƛŘŜǎ ŀ ƳƻǊŜ 

robust means to assess ecological condition 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 overall indicator of 

biological condition (Karr and Chu, 1999).  

3. Use of models to convert response indicators to site-specific nutrient loads or concentrations.  

A key premise of the NNE framework is the use of models to convert numeric endpoints, based on 

ecological response indicators, to site- specific nutrient load goals appropriate for assessment, 

permitting, and TMDLs. 

Thus the intent of the NNE framework is to control excess nutrient loads to levels such that the risk or 

probability of impairing the designated uses is limited to a low level. If the nutrients present ς regardless 

of actual magnitude ς have a low probability of impairing uses, then water quality standards can be 

considered met. 

2.2 How Response Indicators Would Be Used: Development of a Diagnostic 
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 assessment framework 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, but functions reduced), 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 thresholds that separate the categories (e.g., minimally versus moderately and very 

ŘƛǎǘǳǊōŜŘύ ƛǎ ŀ ǇƻƭƛŎȅ ŘŜŎƛǎƛƻƴΦ ¢ƘŜǎŜ ǘƘǊŜǎƘƻƭŘǎ ŀǊŜ ǿƘŀǘ ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άƴǳǘǊƛŜƴǘ ƴǳƳŜǊƛŎ 

ŜƴŘǇƻƛƴǘǎΦέ 

Development of the diagnostic assessment framework begins by choosing indicators 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. Co-factor indicators required for data interpretation 

Primary indicators will play a central role in the NNE assessment framework. Designation of these 

ƛƴŘƛŎŀǘƻǊǎ ŀǎ άǇǊƛƳŀǊȅέ ƛƳǇƭƛŜǎ ŀ ƘƛƎƘŜǊ ƭŜǾŜƭ ƻŦ ŎƻƴŦƛŘŜƴŎŜ ƛƴ ǘƘŜǎŜ ƛƴŘƛŎŀǘƻǊǎ ǘƻ ōŜ ǳǎŜŘ ǘƻ ƳŀƪŜ ŀƴ 

assessment of adverse effects, based on a wealth of 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.  
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Supporting indicators are those which could be collected to provide supporting lines of evidence. These 

indicators may have met many, though not all evaluation criteria, but are consider important because 

they are commonly used to assess eutrophication in scientific studies, albeit with a lower level of 

confidence to assess adverse effects of eutrophication.  Use of the indicator as supporting evidence over 

ǘƛƳŜ Ƴŀȅ ƛƴŎǊŜŀǎŜ ŎƻƴŦƛŘŜƴŎŜ ŀƴŘ ŎŀǳǎŜ ƛǘ ǘƻ ōŜ ǇǊƻƳƻǘŜŘ ǘƻ άǇǊƛƳŀǊȅΦέ 

Finally, co-factors are indicators that could be part of a routine monitoring program and important for 

data interpretation and trends analysis.  

2.3 Context for Indicator Selection: Estuarine Classes and Major Habitat Types 

Discussion of estuarine numeric nutrient endpoint (E-NNE) candidate ecological response indicators 

requires mention of estuarine classes and key habitat types. The approximately 400 estuaries found in 

the State of California are highly variable in terms of physiographic setting, salinity regime, frequency 

and timing of freshwater flows, magnitude of tidal forcing, sediment load, stratification, residence time, 

etc. (Engle et al., 2007). This combination of factors results in differences in the dominant primary 

producer communities (i.e., phytoplankton, macroalgae, microphytobenthos, submerged aquatic 

vegetation, emergent macrophytes). It also creates variability in the pathways for nutrient cycling within 

estuaries. As a result of these differences, estuaries are expected to be variable in how they respond to 

nutrient loading (NRC, 2000). Partitioning 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 tested for each 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., 2011). The preliminary classes are shown in Table 2.1. 

 

Table 2.1.  Preliminary classification of California estuaries.  

GEOFORM SEASONALITY OF SURFACE WATER CONNECTION TO OCEAN 

Enclosed Bay 
 

Perennial 

Lagoon Perennial 
Intermittent 
Ephemeral 

 

River mouth Perennial 
Intermittent 

 

 

According to this classification, SF Bay estuary is an enclosed bay. However, the estuary contains at least 

four compartments that are hydrologically distinct from each other. The extreme northern 
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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 and is greatly influenced by tidal action. 

¢ƘŜ ƭƻǿŜǊ ǘǿƻ ŎƻƳǇŀǊǘƳŜƴǘǎ ƛƴŎƭǳŘŜ ǘƘŜ άǎƻǳǘƘ ōŀȅέ ŀƴŘ άŜȄǘǊŜƳŜ ǎƻǳǘƘ ōŀȅΦέ ¢ƘŜ ŜȄǘǊŜƳŜ ǎƻǳǘƘ ōŀȅ 

encompasses the area between San Jose and the Dumbarton Bridge and is semi-hydrologically distinct 

ŀƴŘ Ƙŀǎ ŀ ǎƭƻǿŜǊ άŦƭǳǎƘƛƴƎ ǊŀǘŜέ ǘƘŀƴ ƛǘǎ ƴƻǊǘƘŜǊƴ ƴŜƛƎƘōƻǊ ǘƘŜ άǎƻǳǘƘ ōŀȅέΣ ǿƘƛŎƘ ŜȄǘŜƴŘǎ ƴƻǊǘƘ ŦǊƻƳ 

the Dumbarton Bridge to just south of the Oakland ς Bay Bridge. Given the size and geomorphic 

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

of SF Bay estuary is required in order to understand relevant ecological response indicators (USEPA, 

2007).  

Within these classes, several key habitat types can be distinguished that organize what indicators may 

be relevant to consider. 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 class, the indicators 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 
(<10 m)  

Macroalgae  
Microphytobenthos  
Brackish water SAV and Seagrass 

Phytoplankton   

Deep or light limited 
subtidal (>=10 m)  

Microphytobenthos  
Phytoplankton  
Drift or Floating Macroalgae (in oligohaline habitats) 

 

2.4 Conceptual Models and Candidate Ecological Response Indicators 

Eutrophication is defined as the acceleration of the delivery, in situ production of organic matter, and 

accumulation of organic matter within an aquatic ecosystem (Howarth, 1988; Nixon, 1995; Cloern, 

2001). One of the main causes of eutrophication in estuaries is nutrient over enrichment (nitrogen, 

phosphorus and silica). Other factors influence primary producer growth and nutrient availability, and 

hence modify (or buffer) the response of a system to increased nutrient loads (referred to as co-factors). 

These co-factors include hydrologic residence times, mixing characteristics, water temperature, light 

climate, grazing pressure and, in some cases, coastal upwelling (Figure 2.1). A simple conceptual model 
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of estuarine ecological response to eutrophication can be described (Figure 2.1). The increased nutrient 

loads and alterations in co-factors can result in:  

1. Changes to aquatic primary producers,  

2. Altered water and sediment biogeochemistry, and  

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

mammals).  

 

B. Ecological Response

Primary Producers

Water/Sediment Chemistry

Consumers (Invertebrates, 
Birds, Fish, Mammals)

Ecological Services

Habitat, Food for Birds, Fish, 
Invertebrates, and Mammals

Protection of Biodiversity, Spawning, 

Migration and Threatened/Rare Species

Production of Commercial Recreational 
Fish and Invertebrates

Human Services

Aesthetics, Odor

Good Water Quality

Ecosystem Services and Beneficial Uses

Beneficial Uses

EST, MAR, WILD

SPWN, MIGR, RARE

COMM, SHELL, AQUA

REC2

REC1

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

C. Co-Factors, e.g.:

Hydraulic Residence Time
Climate

Suspended Sediment
Stratification

Estuarine circulation
Hyposgraphy

Top-down grazing
Denitrification

 

 

Figure 2.2.  Conceptual framework of linkage of nutrient loading (A), ecological response (B), which includes 
altered primary producers, sediment and water biogeochemistry, and secondary & tertiary consumers), co-
factors modulating response (C), and altered ecological services and beneficial uses. 



McKee et al., 2011  NNE Development for SF Bay- 
Literature Review & Data Gaps Analysis 

 14 

 

This cascade of effects has a direct effect on the ecosystem services and beneficial uses an estuary 

provides, including reduced:  

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

 Protection of biodiversity including rare, threatened and endangered species and migratory and 

spawning habitat (RARE, SPWN, MIGR)  

 Productivity of commercial and recreational fisheries (SHELL, COMM, AQUA). 

 Good aesthetics and lack of odors (REC2) 

 Maintenance of good water quality (REC1, COMM, AQUA, SHELL)  

The three identified components of the ecological response to eutrophication (Figure 2.4 component 

(B), Figure 2.5) can be used as an organizing framework within which to list and review possible 

indicators for the E-NNE. Each component is further explained below, along with a list of corresponding 

indicators under consideration for the E-NNE framework.  

 

 

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

 

2.4.1 Changes in Aquatic Primary Producer (APP) 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 Figure 2.6. Estuaries in a 

άƳƛƴƛƳŀƭƭȅ ŘƛǎǘǳǊōŜŘέ ŎƻƴŘƛǘƛƻƴ ŀǊŜ ǘȅǇƛŎŀƭƭȅ ŘƻƳƛƴŀǘŜŘ ōȅ ǇǊƛƳŀǊȅ ǇǊƻŘǳŎŜǊǎ ǘƻƭŜǊŀƴǘ ƻŦ ƭƻǿ ƴǳǘǊƛŜƴǘ 

conditions, such as microphytobenthos (benthic microalgae), seagrasses, or, in deep or turbid estuaries, 

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

of epiphytic micro-, macroalgae as well as opportunistic ephemeral macroalgae is favored in shallow 

subtidal estuaries. In deep or turbid estuaries, phytoplankton biomass increases, favoring nutrient 
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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). In the extreme end of the eutrophication gradient, 

macroalgae and cyanobacterial mats dominate intertidal and shallow subtidal habitat, while in 

deepwater or turbid habitat, cyanobacteria and/or picoplankton blooms can dominate, causing 

dystrophy.  

These changes along a gradient of increasing nutrient availability provide the basis for selecting one or 

more primary producers as indicators for the E-NNE 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 evaluation for the E-NNE framework. Literature used to evaluate these indicators 

is summarized in Sutula (2011).  

 

a) Intertidal flats 
 

%
 D

o
m

in
a

n
c
e

macroalgae

+

cyano-
bacterial 

mats

Micro-
phyto-
benthos

 
                Nutrient Availability 

b) Shallow subtidal (unvegetated and aquatic 
beds) 

 
   Nutrient Availability 

 
c) Deepwater (<10 m) and turbid 

subtidal  

 

 

 

 * Depends on water residence time 

+ Mediated by herbivory 

 
Figure 2.4.  Conceptual model of relationship between nutrient availability and relative dominance of primary 
producers in California estuaries by major habitat type: (a) 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 E-NNE.  

 

Primary Producer Indicator 
Group 

Indicator or Metric 

Macroalgae Percent Cover 

Biomass 

 

Phytoplankton Chlorophyll a Concentration (Biomass) 

Productivity 

Assemblage/Taxonomic Composition 

Harmful Algal Bloom Species Abundance 

Harmful Algal Bloom Species Toxin Concentration 

 

Microphytobenthos Sediment Chlorophyll a 

Taxonomic Composition 

 

Seagrass and Brackish Water 
Submerged Aquatic Vegetation 

SAV Aerial Distribution 

SAV Taxonomic Composition 

SAV Biomass 

SAV Density 

Epiphyte Load on SAV 

Macroalgal Biomass/Cover on SAV 

Water Column Chlorophyll a 

Water Column Light Attenuation 

 

2.4.2 Altered Water and Sediment Chemistry (Biogeochemical Cycling) 

As the process of eutrophication progresses, elevated live and dead aquatic primary producer (APP) 

biomass provide an elevated supply of labile 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 duration of hypoxia, and 

increased concentrations of sediment pore water ammonium, sulfide, increasing the potential for 

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

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

matter accumulation in the sediments.  
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With respect to review of candidate E-NNE indicators, changes in biogeochemical cycling in estuarine 

sediments and surface waters due to eutrophication can be broken down into four general categories 

(Table 2.4) each having a set of discrete candidate indicators:  

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

o Altered rates of system metabolism, which capture the relative rates of carbon 

production and respiration within a system 

o Increased sediment organic matter accumulation, which is the rate at which organic 

matter is accumulates within sediments 

o Altered rates of nutrient cycling, which can be defined as the rates of in key 

transformation mechanisms 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 the E-NNE 
framework (from Sutula, 2011).  

 

Indicator Group Indicator or Metric 
 

Nutrients Ammonia 

Urea 

N:P Ratio 

 

Water Clarity Secchi Depth 

Kd (Light Extinction) 

Turbidity 

 

Dissolved Oxygen Dissolved Oxygen Concentration 

Biological or Chemical Oxygen Demand 

Sediment Oxygen Demand 

 

Benthic 
Metabolism 

Benthic Production: Respiration Ratio 

Benthic TCO2 Flux 

 

Organic Matter 
Accumulation 
and Sediment 
Redox Status 

Sediment %OC, %N, and %P  

Sediment C:N: P Ratio 

Sediment TOC:TS and Degree of Pyritization 

 

Nitrogen Cycling Denitrification 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 invertebrates) that 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 (referred 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 services and beneficial uses 

(Figure 2.1), use of these organisms as indicators for the E-NNE 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 model. Within the group of secondary and tertiary 

consumers, benthic macroinvertebrates are the sole taxonomic group recommended pursuing for 

possible inclusion as an E-NNE indicator in some key habitat types and estuarine classes.  

Because invertebrates that live 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 index (BRI) for bays and estuaries with salinities  

of 18 ppt or greater. Benthic indices apply standard mathematical 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 managers. ¢ƘŜ .wL ƛǎ ŀ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ {²w/.Ωǎ ǎŜŘƛƳŜƴǘ ǉǳŀƭƛǘȅ ƻōƧŜŎǘƛǾŜǎ 

(www.waterboards.ca.gov/water_issues/programs/bptcp/sediment.shtml), which establishes  

numeric endpoints for sediment quality due to toxic contaminants.  

2.5 Indicator Review Criteria and 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 

indicator for the E-NNE assessment framework.  

Indicators Should: 

ω Have well documented links to estuarine beneficial uses and, if possible, organisms at multiple 

trophic levels 

ω Have a predictive relationship with causal factors such as nutrient concentrations/loads and 

other factors known to regulate response to eutrophication (hydrology, etc.). This relationship 

could be empirical (modeled as a statistical relationship between load/concentration and 
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response or modeled mechanistically through tools such as a simple spreadsheet or dynamic 

simulation models)  

ω Have a scientifically sound and practical measurement process that can be accurately and 

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

and temporal variability in the forcing and response variables typical of California estuaries 

ω Must be able to show a trend either towards increasing or/and decreasing eutrophication with 

an acceptable signal: noise ratio 

Based on the review by Sutula (2011) and early discussions with the SF Bay Technical Team, the 

following indicators were short-listed for further review and synthesis of existing data for the SF Bay 

estuary (Table 2.5). 

 

Table 2.5.  Short-list of candidate E-NNE indicators for SF Estuary by applicable habitat type. Shaded boxes 
represent applicable habitat.  

 

 Indicator Habitat Type 

 Tidal Flats  Shallow 

 Subtidal 

Unvegetated 

 Seagrass/Brackish 

SAV 

 Deepwater/Turbid 

Subtidal 

 Dissolved oxygen     

 Macroalgae biomass/% cover     

 Epiphyte load      

 Phytoplankton biomass and 
productivity 

    

 Phytoplankton taxonomy, 
abundance, and/or harmful algal 
bloom toxin concentrations 

    

 Macrobenthos taxonomy/biomass     

 Ammonium and urea     

 Light attenuation     

 

Note that seagrass areal extent and density and 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 (see Sutula, 2011). These indicators would be considered if part of a 

multimetric assessment protocol for eutrophication, but not as stand-alone indicators.  
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3. Geographic Setting and Regulatory Context 

3.1 Geographic Setting: San Francisco Bay Estuary 

¢ƘŜ {ŀƴ CǊŀƴŎƛǎŎƻ .ŀȅ ŜǎǘǳŀǊȅ όотϲнтΩ - оуϲмлΩ bΣ мнмϲпрΩ - мннϲомΩ ²ύ ƭƛŜs between the Sacramento-San 

Joaquin Delta and the Pacific Ocean and receives flow from approximately 160,000 km2 (37% of 

California). The άǳǊōŀƴƛȊŜŘ estuaryέ ό/ƻƳƻƳƻǎ όŜŘΦύΣ мфтфύ is surrounded by nine counties with a total 

resident population of 6.78 million (2000 census) (Figure 3.1) 70.0% of whom reside within watersheds 

draining to the Bay south of the Richmond San Rafael Bridge (Hwy 580) (the Central and Southern 

portions of the Bay) within and south of the cities of Larkspur and El Cerrito.  

Population increase has not been uniform and build-out 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 medium density residential urban infill adjacent to 

the Bay (the populations of Contra Costa, Santa Clara and San Mateo increased by 5-6 times and the 

population of Marin increased by 4 times from the 1940 census to the 1970 census). However more 

recently (1970 ς 2000 census), the largest population increases have been occurring in outlying cities of 

Napa County (e.g., Calistoga, Napa, and American Canyon more than doubling in population), Solano 

County (e.g., Suisun City increasing by 9 times), Contra Costa County (e.g., Hercules, Oakley, San Ramon, 

Brentwood, Clayton averaged together increasing by a staggering 25 times), Alameda (e.g., Pleasanton 

increasing 3.5 times) and Santa Clara County (e.g., Gilroy and Morgan Hill increasing by over 3 and 6 

times respectively). During the more recent decades, urban build out has been through conversion from 

mainly agricultural land to a mix of medium density urban and lower density suburban residential. It is 

likely that agricultural and urban lands are continuing to release nutrients that get to 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 mild. Average temperature in the summer ranges from the low to 

ƘƛƎƘ слΩǎΣ ŀƴŘ ƛƴ ǘƘŜ ǿƛƴǘŜǊ ōŜǘǿŜŜƴ ǘƘŜ ƳƛŘ-forties to mid-рлΩǎ C όCƛƎǳǊŜ оΦнύΦ 5ŀȅƭƛƎƘǘ ƘƻǳǊǎ ƛƴ ǘƘŜ 

region range from 9.5 to 15 per day. Available data for 2008 indicates mean hourly solar radiation was 

362 Ly/hr in Oakland (Oakland 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 precipitation 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 (Figure 3.3). In general, 

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 

slopes at higher elevations.  
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Figure 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 3.2.  The monthly average temperature. Data downloaded from the Western Regional Climate Center. 
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Figure 3.3.  Distribution of rainfall (mm) in the Bay Area (after Rantz, 1971). 

 

The estuary itself has an open water surface area of 460 mi2 (~1200 km2) 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 across the estuary of 23 ft (7m) combining to a total msl volume of 8.4 km3. Tides  

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) of 4.1 feet (1.25 m)  

http://co -ops.nos.noaa.gov/geo.shtml?location=9414290. The latest information from NOAA shows  

that msl presently rising at a mean rate of 2.01±0.21 mm (0.08±0.008 in) per year. Water temperatures 

range from about 46-50°F (8-10°C) in the winter to 68-77°F (20-25°C) in the summer. Of interest to  

both phytoplankton productivity and density gradient driven water fluxes, temperatures at the  

http://co-ops.nos.noaa.gov/geo.shtml?location=9414290
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Golden Gate are warmer in the winter than 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 Surface-Water Data for USA, URL: 
http://wa terdata.usgs.gov/nwis/sw). 

 

Bay Segment Representative Gage Winter Mean Low (ºC) Summer Mean High (ºC) 

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 Carquinez 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 budget for the 

northern and southern segments of the SF Bay for the period 1990-1995 (Figure 3.4). Based on this work 

it appears that the North SF Bay is overwhelmingly dominated by river inflows and runoff. In contrast, all 

inputs are important in the South Bay budget (Smith and Hollibaugh, 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 

include the strong seasonality in runoff between winter and summer months, as well as high inter-

annual variability (e.g., 1993 and 1995 are much wetter than the other years). The North and South Bays 

each exchange water with the Central Bay segment (budget not computed 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) wetlands (locally many of these 

are diked Baylands) (Figure 3.5). Although, in fact, there is a continuum with multiple subcategories 

within each, SFEI has mapped the intertidal and diked Baylands. A geographic information system (GIS) 

geo-referenced map of bathymetry (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 response. The proportions of habitat and bathymetry vary 

between Bay segments Table 3.2). The most common habitat is deep-Bay/channel1 followed by shallow 

Bay/channel. Historically there were about one third more tidal marshes but this was converted to 

                                                           
1
 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. 

 

http://waterdata.usgs.gov/nwis/sw
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either dike wetland or salt pond habitat. Today there is a large effort to restore many of the salt pond 

areas following the South Bay Salt Pond Restoration 30-year Restoration Plan2.  

 

 

 

 
 
 

Figure 3.4.  Water budget for the northern and southern segments of SF Bay (reproduced without permission 
from Smith and Hollibaugh, 2006).  

                                                           
2
 South Bay Salt Pond Restoration official website http://www.southbayrestoration.org/ 
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Figure 3.5.  Habitat types of SF Bay and adjacent Baylands. 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.  Relative percent of habitat types by RMP segment for select habitat categories. Diked wetlands are those isolated from tidal influence and 
dominated by mudflats and marsh. Source: SFEI Ecoatlas: (www.sfei.org/ecoatlas/gis) 

 

 

 

 

 

 

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

 (km
2
) (%) (km

2
) (%) (km

2
) (%) (km

2
) (%) (km

2
) (%) (km

2
) (%) (km

2
) (%) 

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 5.5 34 8.1 14 3.1 36 11 28 19 

Shallow 
Bay/Channel 
 

5.6 27 80 22 10 25 212 50 201 45 174 55 13 8.8 

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 
Treatment Pond 
 

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 

Total 21  367  41  420  445  317  146  
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Figure 3.6.  Segmentation and bathymetry on SF Bay (Source: NOAA bathymetric soundings). Green lines show 
the Regional Water Quality control Board (RWQCB) segmentation scheme and the brown lines show the 
Regional Monitoring Program for Water Quality (RMP) segmentation scheme developed at San Francisco 
Estuary Institute (SFEI). 
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Recently, a series of new maps of habitat types have been developed for sub-tidal areas of the Bay that 

define soft substrate, rocky outcrops, artificial structures, shellfish beds (Olympia oysters-Ostrea lurida, 

California mussels-Mytilus californianus, hybridized Bay mussels-Mytilus trossulus/galloprovinciallis), 

SAV (Widgeon grass-Ruppia maritima, Eelgrass-Zostera marina),  and macro algae-insufficient data for 

map development (Ulva spp., Gracilaria pacifica, Fucus gardneri, and introduced Sargassum muticum)3 

(NOAA, 2010). 

The Regional Water Quality Control Board divides the SF Bay into seven hydrological segments for 

regulatory purposes based on CalWater, USGS 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 well as  a cluster 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 RWQCB 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  

The SF Water Board has existing standards for SF Bay 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 quality objectives relevant to 

the development of NNEs in SF Bay 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 state. Beneficial uses are designated uniquely to aquatic systems based on 

resources, services, and qualities. ¢ƘŜ ²ŀǘŜǊ .ƻŀǊŘΩǎ ŘŜŦƛƴƛǘƛƻƴǎ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ōŜƴŜŦƛŎƛŀƭ ǳǎŜǎ ƛǎ ƭƛǎǘŜŘ 

in Table 3.3 below (see RWQCB Basin Plan, 2011 for more information about each beneficial use 

category). The Water Board is charged with establishing water quality objectives and discharge limits to 

protect these beneficial uses from pollution and nuisance (RWQCB, 2011). In general most Bay segments 

have similar designation however there are some exceptions (Table 3.4). For example, the northern 

reaches of the Bay (Sacramento-San Joaquin Delta) are managed for freshwater and therefore are 

designated for agricultural, municipal and freshwater uses. The Sacramento-San Joaquin Delta, Suisun 

Bay, and SF Bay Central reaches are used for industrial process supply and all reaches south of San Pablo 

Bay (inclusive) are designated for harvesting shellfish (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. 



McKee et al., 2011  NNE Development for SF Bay- 
Literature Review & Data Gaps Analysis 

 29 

 

 

Table 3.3.  Definitions of Beneficial Uses Designated within SF Bay. 

 

OCEAN, COMMERCIAL, AND SPORT FISHING (COMM): Uses of water for commercial or recreational collection 

of fish, shellfish, or other organisms in oceans, bays, and estuaries, including, but not limited to, uses involving 

organisms intended for human consumption or bait purposes. 

SHELLFISH HARVESTING (SHELL): Uses of water that support habitats suitable for the collection of crustaceans 

and filter-feeding shellfish (e.g., clams, oysters, and mussels) for human consumption, commercial, or sport 

purposes. 

ESTUARINE HABITAT (EST): Uses 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 organisms. 

FISH MIGRATION (MIGR): Uses of water that support habitats necessary for migration, acclimatization between 

fresh water and salt water, and protection of aquatic organisms that are temporary inhabitants of waters 

within the region. 

PRESERVATION OF RARE AND ENDANGERED SPECIES (RARE): Uses of waters that support habitats necessary 

for the survival and successful maintenance of plant or animal species established under state and/or federal 

law as rare, threatened, or endangered. 

FISH SPAWNING (SPWN): Uses of water that support high quality aquatic habitats suitable for reproduction and 

early development of fish. 

WILDLIFE HABITAT (WILD): Uses of waters that support wildlife habitats, including, but not limited to, the 

preservation and enhancement of vegetation and prey species used by wildlife, such as waterfowl. 

WATER CONTACT RECREATION (REC1): Uses of water for recreational activities involving body contact with 

water where ingestion of water is reasonably possible. These uses include, but are not limited to, swimming, 

wading, water-skiing, skin and scuba diving, surfing, whitewater activities, fishing, and uses of natural hot 

springs. 

NONCONTACT WATER RECREATION (REC2): Uses of water for recreational activities involving proximity to 

water, but not normally involving contact with water where water ingestion is reasonably possible. These 

uses include, but are not limited to, picnicking, sunbathing, hiking, beachcombing, camping, boating, tide pool 

and marine life study, hunting, sightseeing, or aesthetic enjoyment in conjunction with the above activities. 

NAVIGATION (NAV): Uses of water for shipping, travel, or other transportation by private, military, or 

commercial vessels.  
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Table 3.4.  Designated beneficial uses for segments of SF Bay based on the 2011 basin plan. 

 

Wildlife 

Use

IN
D

P
R

O
C

C
O

M
M

S
H

E
L

L

E
S

T

M
IG

R

R
A

R
E

S
P

W
N

W
IL

D

R
E

C
-1

R
E

C
-2

N
A

V

Suisun Bay E E E E E E E E E E E

Carquinez Straight E E E E E E E E E E

San Pablo Bay E E E E E E E E E E E

San Francisco Bay Central E E E E E E E E E E E E

San Francisco Bay Lower E E E E E E P E E E E

San Francisco Bay South E E E E E E P E E E E

Human Consumptive         

Uses

Aquatic Life Uses Recreational Uses

 
 

*Adapted from Table 2-м ƛƴ ǘƘŜ .ŀǎƛƴ tƭŀƴ όw²v/.Σ нллтύΦ {ŜƎƳŜƴǘǎ ƭƛǎǘŜŘ ŀǊŜ ǘƘƻǎŜ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ w²v/.Φ ά9έ  

means 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 Table 3.5. Water 

quality criteria specifically for nutrients in surface waters are not defined in 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 concentrations of un-ionized 

ammonia in excess of the following limits: 
 

 Un-ionized ammonia (mg L
-1
 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 ammonia in the receiving 

waters. An ammonia objective is needed for the following reasons: 1) Ammonia (specifically un-

ionized ammonia) is a demonstrated toxicant. Ammonia is generally accepted as one of the 

principle toxicants in municipal waste discharges. Some industries also discharge significant 

quantities of ammonia, 2) Exceptions to the effluent toxicity limitations in Chapter 4 of the Plan 

allow for the discharge of ammonia in toxic amounts. In most instances, ammonia will be diluted or 

degraded to a nontoxic state fairly rapidly. However, this does not occur in all cases, the South Bay 

being a notable example. The ammonia limit is recommended in order to preclude any buildup of 

ammonia in the receiving water, and 3) A more stringent maximum objective is desirable for the 

northern reach of the Bay for the protection of the migratory corridor running through Central Bay, 

San Pablo Bay, and upstream reaches. 

 

Dissolved 

Oxygen 

For all tidal waters, the following objectives shall apply: 
 

Location Tidal minimum (mg L
-1
) 

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 mg L
-1
 and 7 mg L

-1
 are frequently used as objectives to protect fish 

life, higher concentrations are generally desirable to protect sensitive aquatic forms. In areas 

unaffected by waste discharges, a level of about 85 % of oxygen saturation exists. A three-month 

median objective of 80 % of oxygen saturation allows for some degradation from this level, but still 

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 for the SF Bay 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 to SF Bay. In most cases it was not possible to find loading information specific to the 

three major Bay segments (the northern reaches north of the Richmond-San Rafael Bridge, Central Bay 

between the Richmond-San Rafael Bridge and San Bruno shoals (RMP Central Bay segment) and the 

southern 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 inter-annual variability 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 to SF Bay via a variety of pathways including:  

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

 Stormwater from watersheds that drain to the Bay from the nine counties adjacent to the Bay,  

 Groundwater from these same tributaries,  

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

 Urban wastewater, 

 Industrial wastewater, and 

 Exchange with coastal ocean (via Golden Gate). 

 

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

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 the future, it will become important to learn more 

about ultimate sources and the processes that cause the release of and transport of various forms of 

nutrients into the Bay.  Lƴ ŀŘŘƛǘƛƻƴΣ ƛǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ƴƻǘŜ ǘƘŀǘ ǘƘƛǎ ǎŜŎǘƛƻƴ ŦƻŎǳǎŜŘ ƻƴ άƴŜǿέ ǎƻǳǊŎŜǎ ƻŦ 

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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ŜȄŎƘŀƴƎŜǎ ŀƳƻƴƎ ǘƘŜ άŎƻƳǇŀǊǘƳŜƴǘǎέ όŜΦƎΦ ǿŀǘŜǊ ŎƻƭǳƳƴΣ sediment, animal and plant biomass, etc.). 

Nutrients that are deposited to the estuary from a watershed can undergo a series of biological and 

chemical processes cause the buildup and net release of nutrients (and other compounds) from the 

sediment pore waters ǘƻ ǎǳǊŦŀŎŜ ǿŀǘŜǊǎ ƛƴ ŀ ǇǊƻŎŜǎǎ ƪƴƻǿƴ ŀǎ άōŜƴǘƘƛŎ ŦƭǳȄέ (Berner 1980). Net benthic 

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 denitrification 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 impacts to beneficial uses in SF Bay, 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 equation that follows Table 4.1. 



McKee et al., 2011  NNE Development for SF Bay- 
Literature Review & Data Gaps Analysis 

 34 

 

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 
Inorganic 

Nitrate (NO3
-
) + nitrite (NO2

2-
) collective called NOx 

almost wholly in the dissolved phase 
Phosphate (PO4

+
) mostly in dissolved phase 

but also adsorbs readily to particles 

NH3/NH4
+
 (in a dynamic equilibrium in natural 

waters influenced mainly by temperature and pH) 
 

Dissolved 
Organic 

Dissolved organic nitrogen (often a large portion 
of total nitrogen in natural waters especially those 
less impacted by human activities) 

Dissolved organic phosphorus (can be a large 
portion of total phosphorus in natural waters 
unless impacted by human activities or there 
is a natural source of phosphate from mineral 
or animal (guano) origin 

Particulate Particulate organic nitrogen (detritus left from 
pieces of undecayed or partially decayed organic 
matter) 

Particulate organic phosphorus (detritus left 
from pieces of undecayed or partially decayed 
organic matter) 

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

Particulate inorganic phosphorus ( PO4
+
 sorbs 

readily to inorganic and organic particle; also 
associated with minerals) 

 

Organic nitrogen  =  Total nitrogen ς (Nitrate+nitrite (NOx)) ςammonium (NH4) (making the 
reasonable assumption that negligible inorganic nitrogen is particulate) 

or from laboratory analysis of Total Kjeldahl Nitrogen (TKN) which is the sum of organic nitrogen, and 

ammonium (NH4
+)  

Organic nitrogen  =  TKN ς NH4
+ 

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

water samples: 

Total nitrogen  =  TKN + NOx 

Organic forms are typically 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 via the following equation:  

Total phosphorus  =  dissolved inorganic phosphorus (DIP, phosphate, PO4
2-) + dissolved organic 

phosphorus (DOP) + total particulate phosphorus (TPP).  

Practically, quantification of these forms is made using just two methods, the molybdate blue method 

for phosphate and the persulfate 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 flow 

from smaller tributaries in the nine-county Bay area (Figure 4.1). Freshwater flow from the Central 

Valley via the Delta dominates (89%) and flow from the smaller tributaries in the nine-county Bay Area is 

about double that of wastewater input. Flows are highly 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 

1971-2000 (McKee et al., 2006). Daily inflow from the Delta is even more variable ranging from near 

zero to 1,540 million m3 on which occurred on February 20th, 1986 (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 events when daily flow exceeds about 40,000 cfs (98 million 

m3/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 drainages that flow to the Bay within the nine-county Bay Area. Recently SFEI has developed a 

5-station index for the South Bay south of the Bay Bridge and an 3-station index for the North Bay north 

of the Bay Bridge (L. McKee unpublished). These indexes were developed for the period Water Year 

1971 to 2010 (40 years) and adjusted using average annual flow from a calibrated rainfall-runoff model 

developed for the whole watershed of the nine-county Bay Area (Lent and McKee, 2011).  Based on this 

analysis, annual flow from the small tributaries south of the Bay Bridge has varied from 84-2,419 million 

m3 and maximum daily flow was 121 million m3 on February 19th, 1986 (Figure 4.3) and annual flow from 

the small tributaries north of the Bay Bridge has varied from 16-2,911 million m3 and maximum daily 

flow was 348 million m3 on February 17th, 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 heavy 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 tributaries in the nine-county Bay Area (1,589 

million m3 for the period WY 1971-2000).   

 

 



McKee et al., 2011  NNE Development for SF Bay- 
Literature Review & Data Gaps Analysis 

 36 

 

 

Figure 4.1.  Relative flow from each of the freshwater main sources to the Bay (million m
3
 per year). 

 

 

 

Figure 4.2.  Daily Delta outflow from the Dayflow model (Source DWR website: 
http://www.water.ca.gov/dayflow/output/Output.cfm ).    



McKee et al., 2011  NNE Development for SF Bay- 
Literature Review & Data Gaps Analysis 

 37 

 

Figure 4.3.  Daily flow from the local tributaries in the nine-county Bay Area to the South Bay south of the Bay 
Bridge based on an 5 station index (Dry Creek at Union City, Alameda Creek at Niles, Guadalupe River at Hwy 
101, San Francisquito at Stanford University, and Saratoga Creek at Saratoga) adjusted to the annual average 
flow (586 million m

3
) for water years 1971-2000 (Lent and McKee, 2011).    

 

 

 

Figure 4.4.  Daily flow from the local tributaries in the nine-county Bay Area to the North Bay north of the Bay 
Bridge based on an 3 station index (Novato Creek at Novato, Napa River near Napa, and San Ramon Creek at San 
Ramon) adjusted to the annual average flow (1,003 million m

3
) for water years 1971-2000 (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 systems with 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 terrestrially derived loads 

(Paerl, 1995). There is a wide variety of methods used to collect and analyze nutrient atmospheric 

deposition with some studies collecting wet deposition only and others focusing on dry deposition. The 

portion of deposition in wet and dry loads is variable. For example, in the case of nitrogen, perhaps only 

an additional 20% is associated with dry deposition over the ocean (Paerl, 1995). In contrast, Jassby et 

al. (1994) reported dry deposition on Lake Tahoe comprising 28% of nitrate input, 33% of NH4
+ input, 

70% of phosphate input, 58% of total nitrogen input (equivalent to 1.4:1 dry:wet) and 70% of total 

phosphorus input (equivalent to 2.3:1 dry:wet). The estimates of Kratzer et al. (2010) for the Central 

Valley ranged between 1.7-2.8 dry:wet for total nitrogen deposited on land surfaces. 

There was only one previous estimate of nutrient deposition to SF Bay. Russell et al. (1980) estimated an 

annual wet and dry deposition of total nitrogen and total phosphorus of 980 and 120 metric 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 km2), Russell et ŀƭΦΩǎ ŜǎǘƛƳŀǘŜǎ ŀǊŜ ŜǉǳƛǾŀƭŜƴǘ ǘƻ 

817 and 100 kg km-2 y-1. Comparison of these measurements to those in Lake Tahoe provided by Jassby 

et al. (1994) (562 kg N km-2 y-1 and 32.6 kg P km-2 y-1) suggest that the estimates of Russell et al. (1980) 

might be reasonable. Recently, estimates were made for the Central Valley of between 1.18 (1987) and 

3.55 (1998) tons mi-1 y-1 (Kratzer et al., 2010) equivalent to 413-1,243 kg N km-2 y-1. These also bracket 

wǳǎǎŜƭƭΩǎ ŜǎǘƛƳŀǘŜǎΦ However, population in the Bay Area has increased by 31% from 1980-2000 (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 have undoubtedly occurred. All these changes in particular likely render previous estimates of 

nitrogen deposition outdated. That said, in comparison to currently available nutrient loads from 

wastewater and stormwater, atmospheric loads appear to be about 5% of the annual average load. It is 

recommended that recent data on nitrogen and phosphorus in wet and dry deposition from western US 

cities (Los Angeles, Portland, and Seattle) be reviewed and used to make more up-to-date 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 from the Delta have been estimated by six authors. 

Russell et al. (1980) estimated annual inputs of total nitrogen and total phosphorus of 13,000 and 2,400 

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 changes to agricultural drainage water practices. Jassby and 



McKee et al., 2011  NNE Development for SF Bay- 
Literature Review & Data Gaps Analysis 

 39 

Cloern (2000) made an estimate of total organic nitrogen load from the Central Valley to the Bay of 

6,205 mt. Smith and Hollibaugh (2006) made an estimate of total dissolved inorganic nitrogen 

(NOx+NH3/4) and phosphate entering the Bay from the Delta of 13,404 and 1,880 mt per year 

ǊŜǎǇŜŎǘƛǾŜƭȅΦ wǳǎǎŜƭƭΩǎ ŜǎǘƛƳŀǘŜǎ ŀǊŜ ŘǿŀǊŦŜŘ ōȅ ǘƘƻǎŜ ƻŦ 5ŀǾƛǎ Ŝǘ ŀƭΦ όнлллύ ǿƘƻ ŎƻƳōƛƴŜŘ 

concentration measurements from the SF Bay Regional Monitoring Program (RMP) collected during base 

flow conditions at the most upstream Bay locations with average annual Delta outflow. These estimates 

were 45,200, 5,100, and 6,400 mt for nitrate, ammonium, and phosphate respectively. Through a large 

data synthesis exercise to support management 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 concentrations. 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 compilation of data collected through the ¦Φ{Φ DŜƻƭƻƎƛŎŀƭ {ǳǊǾŜȅΩǎ bŀǘƛƻƴŀƭ 

Water Information System database, the California Department of Water Resources, the University of 

California at DavisΣ ŀƴŘ ǘƘŜ ¦Φ{Φ 9ƴǾƛǊƻƴƳŜƴǘŀƭ tǊƻǘŜŎǘƛƻƴ !ƎŜƴŎȅΩǎ {¢hǊŀƎŜ ŀƴŘ w9¢ǊƛŜǾŀl database. 

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 the Bay at 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 mg L-1 nitrate, 0.075 mg L-1 ammonia, 

and 0.045 mg L-1 phosphate assuming an annual average flow of 24,900 million m3 (McKee 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: 0.286 mg L-1; phosphate: 0.069 mg L-1).  

Comparing all these estimates (Table 4.2) it can be seen that the available estimates to do not make a 

lot of sense. For example, the estimates of dissolved forms of nitrogen (Davis et al., 2000; Smith and 

Hollibaugh, 2006) are 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 phosphorus load 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 to collected data in the northern segments of the Bay. While these data are not 

collected during wet weather flow, they can be used to make more up-to-date estimate of nutrient 

loads during the dry season that are relatively accurate; wet season loads estimate can be 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 estimates as an interim 

measure to help support immediate planning 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 initiated at the DWR 

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 (supported 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 period Water Year 1995 

ς present if 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 entirely sufficient 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 

technology.  

4.6 Nutrient Loads from tributaries in the Nine-County Bay Area  

There have been several annual scale estimates of nutrient loads entering the Bay via urban and non-

urban tributary flow emanating from the nine counties that fringe the Bay. Russell et al. (1980) 

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 with the 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 and ammonium/ammonium) of just 245 mt. The estimates for phosphate (34 mt) are similarly 

not in agreement with other estimates ό¢ŀōƭŜ пΦнύΦ {ƳƛǘƘ ŀƴŘ IƻƭƭƛōŀǳƎƘΩǎ ŜǎǘƛƳŀǘŜǎ ǿŜǊŜ made in the 

absence of any data on nutrient concentrations in local tributaries and were based on assuming 

concentrations in urban runoff were the same as Delta 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 the nine-county 

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 m3 per year. However, runoff 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 from 44 urban stormwater pump stations; a 

data set that could 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 (EBMUD, 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 tributaries entering the Bay from the 

urbanized counties around the 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 calculations or the 

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 

pathogens during primary and secondary treatment phases. During the first two phases some 

phosphorus and, to a lesser extent, nitrogen is removed through sedimentation, but greater nutrient 

removal is achieved through tertiary treatment. On average, about 871 million m3 of wastewater is 

currently discharged to the Bay annually (Oram et al., 2008), just 10% less than that of stormwater 

discharge (McKee et al., 2003). There have been three estimates of nutrient loads from wastewater. 

Smith and Hollibaugh (2006) remarked 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 plants and nutrient 

concentration data for five of the larger plants for the period 1990-1995 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+NH3/4) and dissolved inorganic phosphorus (DIP or PO4) were 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 phosphate. 

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

(given most nitrogen discharged after secondary treatment is likely to be nitrate and ammonium). In 

contrast, the total phosphorus loading estimate of Russell et al. is 10 to 100 times lower. Again these 

numbers are not making sense; there are large discrepancies between authors and partitioning between 

total and dissolved phases are not logical. 
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Table 4.2.  Published nutrient loading estimates for San Francisco Bay (mt). Note these estimates are mostly based on very limited data assembled from 
monitoring programs that were not designed for estimating mass loadings. 

 

Source or 
Pathway 

Author Bay Segment Time period of 
estimate 

Total 
Nitrogen 
(TN-N) 

Nitrate + 
Nitrite 

(NOx-N) 

Ammoniu
m (NH4-

N) 

Total 
Inorganic 
Nitrogen 

(TIN) 

Total 
organic 
nitrogen 
(TON-N) 

Total 
phosphorus 

(TP-P) 

Phosphate 
(PO4-P) 

Aerial 
deposition 

Russell et al., 1980 Whole Bay 1978 980         120   

 Whole Bay 
2000 (Authors 

estimate) 980         120   

Delta outflow 
 
 
 
 

Russell et al., 1980 North Bay 1978 13,000         2,400   

 North Bay 
2000 (Authors 

estimate) 78,000         1,600   

Heidel et al., 2006 North Bay Wet year  30,885          4,473   

Davis et al., 2000 North Bay Average year   45,200 5,100       6,400 

Jassby et al., 1993 North Bay 
Average year (1980 

estimate)               

Jassby and Cloern, 2000 North Bay 
Average year 

(1978-91 estimate)         6,205     

Smith & Hollibaugh, 2006* North Bay Average (1990-95)       13,404     1,880 

Kratzer et al., 2010 North Bay Average (1974-04 16,642 6,593 1,857   2,635 1,130 

Local small 
tributaries 
(Urban + 

non-urban 
stormwater) 

 

Russell et al., 1980 Whole Bay 1978 2,300         470   

 Whole Bay 
2000 (Authors 

estimate) 2,400         480   

Davis et al., 2000 Whole Bay Average year   1,500         510 

Smith & Hollibaugh, 2006* 

South of the 
Richmond 

Bridge (Central 
and South 

Bays) Average (1990-95)       245     34 

Waste water 
 
 
 
 
 

Russell et al., 1980 Whole Bay 1978 21,000         10   

 Whole Bay 
2000 (Authors 

estimate) 24,000         15   

Davis et al., 2000 Whole Bay Average year   3,110         970 

Smith & Hollibaugh, 2006* 

South of the 
Richmond 

Bridge (Central 
and South 

Bays) Average (1990-95)       5,983     1,323 

 North Bay Average (1990-95)       1,994     230 

 * Converted from moles 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 response to these 

permits, a number of data sets on both flow rates and nutrient concentrations have been generated in 

recent times. We are currently aware that 15 of the roughly 40 treatment plants in the Bay Area have 

data available for ammonium concentrations on a monthly basis. Six of these 15 data sets are for 

systems with tertiary treatment; four of these six measure nitrate. In one case (Fairfield-Suisun WWTP) 

there are also data for organic nitrogen, total nitrogen, and total phosphorus.  

It is recommended that available 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 trends. It should be 

possible to make estimates for annual and wet and dry season loads for at least the last 10 years with 

reasonable confidence and for the last 20 years with lower confidence for ammonium, nitrate and with 

overall lower confidence for phosphate. In addition, all treatment plants that discharge to the Bay 

should be encouraged to begin analyzing 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 inter-comparison on nutrient methods to assure comparability of estimates. 

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 characterized 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&H Sugar 1 Activated sludge 

Tosco Corp. at Avon 5 Pond/RBC/carbon 

Tosco Corp. at Rodeo 3 Pond/RBC/carbon 

Shell Oil Company 6 Activated sludge/carbon 

EXXON 3 Activated sludge/carbon 

Chevron U.S.A. 8 Activated sludge/wetland 
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4.9 Nutrient Loads from Groundwater 

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., 2004; Thomas Neisar pers. 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 Mm3 per km shoreline length per year. The perimeter of the Bay is approximately 

250 km thus ground water discharge for the whole Bay is estimated to be 175 Mm3 or about 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 landscape irrigation which maintains dry-weather 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 soils nearer the 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 ortho-phosphorus (phosphate or DIP) for all 79 

wells, whereas data are sparser for 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 observed in the 

groundwater basins of Sonoma and Napa Counties where maximum concentrations of nitrate of 5.2 mg 

L-1 were observed (Kulongoski et al., 2010; USGS Scientific Investigations Report 2010ς5089). Combining 

median concentrations with estimates of groundwater 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 made of 

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 these groundwater 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 with 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 estimate of groundwater discharge to 
San Francisco Bay of 175 million m

3
 per year.  

 

 Ammonium (mg  L-1
) NOx (mg  L-1

) PO4 (mg L-1
) 

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 
 

4.10 Exchange 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 patterns, the net flux 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 be enhanced 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 known as the Golden 

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 chlorophyll a flux 

during a neap and spring tide during wet season 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, they sampled 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 flux. Therefore 

we recommend that a data set be developed during the next deployment of ACDP instrumentation that 

quantifies the nutrient concentrations in any surface layer and the bottom layer in the x-section every 1-

1.5 hours for 25 hours during spring and neap tides. This should be repeated for a range of seasonal and 

flow conditions. Alternatively, a data set that captures the annual variability in the ocean-estuary 

gradient could be combined with the estimates of exchange coefficients (Fram et al., 2007; Martin et al., 

2007) to define a net nutrient flux (Mark Stacey, UC Berkeley, personal communication, March 2011). 

Stacey suggests that the nutrient data set should include samples from a few depths along a line from 

Central Bay out to the Gulf of the Farallones perhaps monthly, but ensuring that the samples are 

consistently collected on the same tidal phase (like the USGS Polaris cruises) but final 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 hydrodynamic model.  

4.11 Summary 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 

nutrients loads 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 based on assumptions 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 heating 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 suggestion of the overall 

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, accurate estimates 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 atmospheric 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 

generally 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 nutrients from 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 decision-making to prioritize new data collection to 

develop the watershed, airshed and oceanic exchange/loading subcomponents of the loading model.  

The loading model would be used to establish load allocations of nutrients that the SF Bay estuary can 

sustainably assimilate. Although data could be collected to make empirical estimates, the ultimate utility 

of a loading model is to generate simulations of the past, present or future state of the Estuary and 

watershed, airshed and ocean (e.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 manage SF Bay. The loading model, which would incorporate information about 

land use, industrial and wastewater plant discharges, wet and dry atmospheric deposition,  oceanic 

exchange, weather and other sources,  would include four components: 1) a hydrologic sub-model, 2) a 

non-point source sub-model (wet and dry weather runoff), 3) a river sub-model which routes flow and 

associated nutrient loads to the Estuary from 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 recommended next steps for quantification of nutrient loads to San 
Francisco Bay.  

 

Source  Data Gaps Identified  Recommended Next Steps  

Atmospheric 

Deposition 

No recently published data on wet & dry 

atmospheric deposition. 

Loads likely relatively small. Literature review to 

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 

Loads from 

Delta 

Data available through RMP on dry 

season concentrations. No data available 

on wet weather concentrations during 

storm flow. 

Loads likely large. Recommend analysis of existing 

RMP data to estimate dry season nutrient loads.  

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 

Effluent 

Data available for 15 of approx. 40 

POTWs. 

Synthesize existing nutrient discharge and 

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 POTWs conduct a laboratory 

inter-comparison on nutrient methods to assure 

comparability of estimates.  

Industrial 

Effluent 

Some data available from the 1990s. 

Recent data availability unknown. 

Synthesize available data to provide information for 

prioritization of any future steps. 

Stormwater Some data available but general lack of 

land use-specific wet weather data 

sufficient to calibrate and verify a 

watershed loads model. 

Synthesize data to provide an updated estimate of 

stormwater contributions to assist prioritization of 

next steps. 

Scope the data needs for development of a dynamic 

watershed loading model.  

Groundwater Some data available from 79 USGS 

monitoring stations surrounding the Bay. 

Flow data currently less well understood. 

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. Evaluation of Candidate NNE Indicators for Application in San Francisco Bay 

Estuary and Summary of Existing Literature  

5.1 Introduction 

 Development of an NNE framework for SF Bay estuary requires the selection of appropriate ecological 

response indicators to diagnose eutrophication or other adverse effects of nutrient over enrichment. 

The purpose of this section was to summarize existing information available on each indicator (Table 

5.1.1), evaluate the appropriateness of candidate NNE candidate indicators for SF Bay, 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 
Producers  

 

 

 

 

 

Phytoplankton  Phytoplankton Biomass (chlorophyll a 
concentration) 

5.2 

Productivity (carbon fixed per unit volume and time) 

Assemblage/Taxonomic Composition 

Harmful algal bloom species -- cell count 

Harmful algal bloom species ï toxins 

Macroalgae  Percent Cover  and Biomass 5.3 

Seagrass and Brackish 
Water Submerged Aquatic 

Vegetation  

Phytoplankton Biomass 5.4 

Macroalgal Biomass and Cover 

Epiphyte Load 

Light Attenuation 

Consumers  Benthic Macroinvertebrate  Benthic infauna taxonomic composition, abundance  
and biomass 

5.5 

Jellyfish  Taxonomic composition and abundance 5.6 

Water 
Column 
Physio -

chemistry  

Nutrient Concentrations 
and Ratios  

Ammonium 5.7 

Urea 

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 linkage to SF Bay estuary beneficial uses 

2. The existence or potential to develop a predictive relationship 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 show 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 estuaries. Phytoplankton 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 using an array of sensitive 

techniques (Paerl et al., 2007). Phytoplankton can be described by a number of indicators that may be 

relevant for use in the SF Bay NNE framework. They include:  

 Biomass, as measured by water column chlorophyll a;  

 Productivity, as measured by the rate of carbon fixed per unit time per square meter (areal) or 

per cubic meter (volumetric) 

 Assemblage), as measured by the species taxonomic composition, the relative abundance of 

species (as measured by cell counts), and/or size class of the cells.  

 Abundance of HAB species and HAB toxins 

In this sub-section we describe the current understanding of spatial and temporal variation in 

phytoplankton on seasonal, interannual and decadal scale trends, the factors affecting phytoplankton 

biomass and community structure in SF Bay, 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 subtidal 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 be easily flushed out during tidal cycles or 

ǘƻǊƴ ŀǇŀǊǘ ōȅ ǘƛŘŀƭ ŎǳǊǊŜƴǘǎ ƻǊ ǿŀǾŜ ŜƴŜǊƎȅΦ ²ƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ŘŜǇǘƘΣ ǇƘȅǘƻǇƭŀƴƪǘƻƴΩǎ ŀŘǾŀƴǘŀƎŜ ƻǾŜǊ 

benthic algae and rooted bed-forming submerged aquatic vegetation and seagrass increases, because 

phytoplankton are able 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. In turbid or deepwater 

subtidal habitats, particularly in wave dominated environments, phytoplankton species tends to be the 

dominant primary producer, or co-dominant with microphytobenthos in deepwater habitats with high 

water clarity (Day et al., 1989; Wetzel, 2001).  

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 biomass in SF Bay (Cloern et al., 

2000) with carbon production from planktonic species historically making up roughly 70% of total 

production (Jassby et al., 1993). Measures of phytoplankton are thus key candidate indicators for the SF 

Bay NNE framework in subtidal habitats.  

5.2.2 Available Data on Phytoplankton Biomass, Productivity, and Assemblage 

Although nutrient concentrations are relatively high in SF Bay, algal biomass has been relatively low 

compared to other River dominated systems (e.g., Chesapeake Bay; Cloern, 2001), though most recent 

estimates for the Bay as a whole show productivity in the normal range of other temperate latitude 

estuaries (Cloern et al., 2006). Much of the annual production occurs not from the year-round baseline 

persistence of phytoplankton but rather when algae blooms occur. Algal blooms have been defined by 

Cloern (1996) as:   

Χevents 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 (precipitation and river runoff). These physical forcings have different timescales 

of variability, so algal blooms can be short-term episodic events, recurrent seasonal phenomena, or 

rare events associated with exceptional climatic or hydrologic conditions (Cloern, 1996, p 127, 133). 

Cloern (1982) defined blooms in SF Bay to be chlorophyll a concentrations >10 µg L-1. Algal blooms are 

natural events and are the foundation for the secondary productivity which supports the SF Bay food 

web. There is a concern that increases 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 other limiting factors. 

The USGS (Menlo Park Laboratory) has been collecting water quality data in SF Bay on nutrient 

concentrations and related ancillary data continuously for 39 years beginning 1968 and on 

phytoplankton since 1977. Their research program includes measurements of water quality from a 

monthly ship cruse of 39 fixed locations 3-6 km apart along the 145 kilometer spine of the entire 

Estuary. Since the USGS sample-collection was driven by research questions, it has not always been as 

regular or systematic as would occur in a monitoring program. For example, the USGS stopped sampling 

completely in 1981 after the spring bloom and didn't sample in the North Bay from about 1980-1987. 

That accepted, the database generated presently includes >11,000 discrete laboratory measurements of 

the chlorophyll a in water samples and 156,610 estimates of chlorophyll a made from a linear 

relationship between fluorometer voltage and discrete lab measurements. In addition to information 

collected during these regular monthly cruses, real-time 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 species are not easily 

distinguished using readily available, multi-spectral remote sensing products (e.g., MODIS). On many 

occasions, the USGS group and collaborating coauthors have also carried out special studies in locations 

off transect (e.g., Cloern and Oremland, 1983; Cloern et al., 1985; Powell et al., 1986; Lucas and Cloern, 

2002; Thompson et al., 2008; discussed in detail below). Estimates of pelagic primary production were 

made estimated either directly using the 14C radioisotope tracer method (Steeman Nielson 1952, 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 

UniǾŜǊǎƛǘȅΩǎ Romberg Tiburon Center for Environmental Studies. They have been collecting information 

on chlorophyll a and a number of ancillary parameters every 6 minutes using instruments mounted just 

offshore at the end of a 200-ft pier adjacent to the RTC campus on the Tiburon peninsular (R. Dugdale 

and F. Wilkerson, pers. comm.). This data is part of the observing networks of the Council on Ocean 

Affairs, Science and Technology (COAST) and the Central and Northern California Ocean Observing 

System (CeNCOOS). Data on chlorophyll a have been collected 0.5 m below the water surface using a 

flotation platform that adjusts with the tides from April 2006 to January 2009 and at a fixed datum 1 

meter below lower low tide from 12/2008-present. In addition, the group has been publishing on a 

number of focused research projects on the ecology and controls of diatom productivity in the northern 

reaches of SF Bay. The research groups at the USGS and the RTC have been responsible for the majority 

of systematically collected measurements on phytoplankton biomass and community composition in SF 

Bay downstream from the Sacramento ς San Joaquin confluence near the Region 2/Region 5 Water 

Board boundary.  

5.2.3 Factors Effecting Temporal and Spatial Variation of Indicator Phytoplankton Biomass and Productivity  

In SF Bay, the biomass and primary productivity associated with phytoplankton varies in space and time 

in response to nutrient availability from external loads (e.g., Wilkerson et al., 2006; Dugdale et al., 2007) 

and internal regeneration (Grenz et al., 2000), grazing (Cloern et al, 1985; Thompson et al., 2008), 

stratification (Cloern, 1991; Cloern, 1996), water temperature (Cloern et al., 2007; Lehman et al., 2008), 

tidal energy (Lucas and Cloern, 2002), transparency (May et al., 2003), wind/wave energy (May et al., 

2003), the availability of seed cysts (Cloern and Dufford, 2005; Cloern et al., 2007), UV radiation effects 

on nitrate versus ammonium assimilation 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 by ammonium (Wilkerson et al., 2006; Dugdale et al., 2007), 

predation by benthic invertebrates (e.g., Thompson et al., 2008), 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, and temporal variation at scales ranging from days to years to decades.  
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Spatial Variability  

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 spatial and temporal variability is driven by intra- and 

inter-annual variations in freshwater, sediment, and nutrient input from urban and agricultural sources 

within the Sacramento and San Joaquin River watersheds (Sigleo and Macko, 2002; Smith and 

Hollibaugh, 2006; Wilkerson 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 relative to basin volume; it is dominated 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 

physiographic controls on freshwater and tidal flow (Powell et 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 gradient between marine and freshwater conditions 

(Cloern et al., 2000).  

Chlorophyll a varies 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 to the tidal 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 intra-annual temporal variability in phytoplankton biomass, the paper also illustrated biomass 

variability across lateral gradients in SF Bay (Figure 5.2.1). More recently Thompson et al. (2008) 

discussed strong lateral gradients in the South Bay (Figure 5.2.3). Their observations supported the 

hypothesis that bloom generation began on the east shoals in most years and spread into 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 gradient 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 the Sacramento River Delta (Cloern et al., 2000). Algal productivity varies widely in each region of 

the Bay. Based on data collected from 1995 to 2009, average chlorophyll a concentrations vary from 13 

µg L-1 in the lower South Bay to 2.6 µg L-1 in the river-dominated North Bay (Table 5.2.1). Suisun Bay, 

although high in nutrients, exhibits relatively low mean chlorophyll a concentrations relative to the 

South Bay (Wilkerson et al., 2006). Concentrations are more temporally variable both within a year and 

between years further from the Golden Gate. 

The causes for the Bay wide trends include changes in water clarity due to less suspended sediment 

(Schoellhamer, 2009), lower metal inhibition due to improvements in wastewater treatment, increased 

seeding from ocean populations (Figure 5.2.3; Cloern et al., 2005), declines in consumption by bivalves 

due to increases 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 in chlorophyll a concentrations based on measurements at 106 sites during 1980. Figure extracted from Cloern et al. (1985). 
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Figure 5.2.2.  Lateral variability in chlorophyll a concentrations in the South Bay sites during 1995 (59 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). 
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Table 5.2.1.  Variation of chlorophyll a among estuary segments. Period 1999-2009. (Source: James Cloern, 
USGS: http://sfbay.wr.usgs.gov/access/wqdata).  

 

 

Style 

 

Segment 

Chlorophyll a 

(µg L
-1
 equivalent to mg/m

3
) 

Minimum Maximum Mean 

River dominated Rivers  0.4 14 2.6 

Suisun Bay  0.1 12 2.6 

 Carquinez Straight  0.4 30 2.9 

 San Pablo Bay  0.1 44 3.5 

Oceanic Central Bay 0.1 48 5.1 

Lagoonal South Bay (SF Bay Lower) 0.9 106 9.3 

 

Intra- and Inter-annual Temporal Variability  

Temporal variability in chlorophyll a and/or phytoplankton has been observed at scales ranging from 

hours to years (Cloern et al., 1985, 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 general, both the North Bay and 

the South Bay experience low phytoplankton concentrations during the winter (December, January) and 

summer months (June, July) typically <5 µg L-1 and greater concentrations during most spring periods 

(Figure 5.2.4). The blooms in the North Bay reach 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 Bay during the spring 

(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 intra-annual or within 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 (e.g., 1993, 1995) reaching >70 µg L-1, whereas 

blooms in drier years (e.g., 1991, 1992) lasted only 2 weeks and reached concentrations <20 µg L-1 

(Thompson et al., 2008).  

Other than supply of nutrients and stratification, bivalve grazing appears to be a strong control on 

bloom magnitude, extent and longevity (Thompson et al., 2008). The 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 bivalves, which in turn 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 recruited on the shoals at the beginning of the bloom grew sufficiently in six weeks 

to control the shoal phytoplankton biomass (Thompson et al., 2008). This concept of coupled ecosystem 

capacity through the transfer of nutrients from phytoplankton biomass into secondary consumers, 

senescence and death, and recycling of regenerated nutrient back to primary producers was also 

discussed by Cloern (2007). 

http://sfbay.wr.usgs.gov/access/wqdata
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Figure 5.2.4.  Seasonal chlorophyll a concentrations in San Francisco Bay based on monthly sampling by the 
USGS (Source: USGS: http://sfbay.wr .usgs. gov/access /wqdata). 

 

http://sfbay.wr/
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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 of low ammonium (Wilkerson et al., 2006). For similar 

reasons, the largest spring blooms occur after the wettest winters (e.g., 1998, 2003) (Figure 5.2.4, 

station 15 and station 6). In a similar fashion to the South Bay, averaging data collected since 1999 

indicates a pattern of bloom in the spring and again in the fall (Figure 5.2.5).  

Dugdale et al. (2007) summarized work to-date for the North Bay describing a conceptual model that 

includes a sequence of events that lead to blooms in the North Bay: 1) stabilization of the water column 

by stratification and or reduced tidal energy, 2) reduced NH4 concentrations (to a critical level below 4 

˃a) through dilution during runoff or by phytoplankton uptake, and 3) uptake (secondarily) of NO3 

autumn blooms are characteristically smaller than the spring blooms perhaps because phytoplankton 

does not deplete the ammonium enough to switch over to NO3 uptake (Dugdale et al., 2007). In the 

spring, phytoplankton more often depletes the ammonium (especially in the North Bay) perhaps 

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 bloom. Phytoplankton biomass in 

the North Bay is characterized by weaker variability between months but 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 strong inter-annual variability appears to 

be driven by variation 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 clam Potamocorbula amurensis (Alpine and Cloern, 1992).  

Many models of phytoplankton mass in SF Bay have been developed over the past three decades. For 

example, Cloern and Cheng (1981) developed a pseudo-two-dimensional model to simulate the 

dynamics of a single dominant phytoplankton 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 non-limiting. The model supported the 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 South SF Bay that included 

benthic grazing, zooplankton grazing, vertical phytoplankton sinking through a stratified water column, 

and respiration losses. They specifically did not incorporate nutrient availability since, in South SF Bay, 

bloom initiation was not thought controlled by nutrients; rather bloom termination can sometimes 

occur when nutrients are depleted although this still warrants further investigation (Thompson et al., 

2008).  
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Figure 5.2.5.  Average monthly chlorophyll a concentrations in San Francisco Bay based on monthly sampling by 
the USGS between January 1999 and February 2009 (Source: James Cloern, USGS: 
http://sfbay.wr.usgs.gov/access/wqdata). 

In a later two-paper series, Lucas et al (1999 a, b) looked at the two main processes for governing bloom 

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 resulting bloom (Lucas et al., 

1999a,b). They concluded that local conditions control the balance between phytoplankton loss and 

production and that initiation can occur in both shallow and deeper areas. They also pointed out that 

due to transport, greatest biomass may occur in areas that are not the most productive and vice-versa. 

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 termination 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 water 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 impacts of turbidity 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 period, 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 one sub-region controlling phytoplankton 

biomass and bloom production in an adjacent sub-region was explored using a coupled pseudo-two-

http://sfbay.wr.usgs.gov/access/wqdata
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dimensional model Lucas et al. (2009). They concluded that positive coupling occurs between productive 

shallow shoal areas and adjacent relatively unproductive deeper water channels. They also further 

supported the earlier premise that turbidity (May et al., 2003), benthic grazing (Thompson et al., 2008), 

and vertical density stratification (Lucas et al., 1999a,b; Thompson 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 

ōȅ ǘƘŜ ƻƴǎŜǘ ƻŦ ǘƘŜ 9ŀǎǘ tŀŎƛŦƛŎ άŎƻƭŘ ǇƘŀǎŜέ ό/ƭƻŜǊƴ Ŝǘ ŀƭΦΣ нллтύΦ In the south Bay, Cloern et al. (2007) 

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 increase) (note ς this turbidity trend appears to contrast with data in Figure5.2.3: Schoellhamer, 

2009). Cloern et al. (2007) argued instead that a 20-fold decrease in benthic water column filtering 

herbivores (e.g., Corbula amurensis, Venerupis japonica, Musculista senhousia, and Mya arenaria) has 

coincided with phytoplankton increases in southern areas of SF Bay in part caused by an collective 

increase in shrimp, crab, and sole biomass of about 4x (Cloern et al., 2007). An argument is now 

presented that the classic model of nutrient enrichment and light limitation as primary controls on 

phytoplankton in South SF Bay (and other estuaries) may be overshadowed by shifts in top-down control 

sometimes associated with connective shifts in sea surface temperatures and upwelling. In the case of 

SF Bay, sea surface temperatures and upwelling are a function of the Pacific Decadal Oscillation (PDO) 

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

Decadal Scale Temporal Trends in Phytoplankton Biomass and Productivity 

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 is implicated as providing high grazing pressure (Alpine and Cloern, 1992) and 

ammonium may be inhibiting growth (Wilkerson et al., 2006; Dugdale et al., 2007). In an analysis of 

chlorophyll a concentrations since 1980, Cloern et al. (2006) showed that spring blooms since 1999 have 

been much larger than those prior to 1999, and that autumn-winter blooms are now occurring where 

ǘƘŜȅ ŘƛŘ ƴƻǘ ǇǊŜǾƛƻǳǎƭȅ ǊŜƎǳƭŀǊƭȅ ƻŎŎǳǊΣ ŀƴ ƻōǎŜǊǾŀǘƛƻƴ ǘƘŜȅ ƘŀǾŜ ŎŀƭƭŜŘ ŀ άǊŜƎƛƳŜ ǎƘƛŦǘέ ό/ƭƻŜǊƴ Ŝǘ ŀƭΦΣ 

2006; 2007; 2010). In addition, baseline chlorophyll a concentrations 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 be different (Jassby, 2008). Although overall 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 blooms (September to December 

inclusively) (Figure 5.2.4), although these are generally have lower biomass than the annual spring 

bloom. In later years this annual autumn/winter bloom, although mainly comprised of diatoms, even 

included dinoflagellate red tides (Cloern et al., 2007) (see HABs discussion 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 diatoms), and 

occurrence of small cell autumn/winter blooms (Cloern et al., 2007).  

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

lower South Bay, mean annual primary production has increased 75% over 1993-96 levels (Cloern et al., 

2006). Carbon production by phytoplankton was estimated to be 200,000 US tons, or about 150 g C m-2 

in 1980 (Jassby et al., 1993). At that time, the carbon budget of the south Bay was dominated by 

autotrophic production (92%); in contrast North Bay carbon was 68% allochthonous and supplied from 

Rivers (Jassby 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 production in 1993 -

1996 were about 120 g C m-2 (similar to the 1980 figure) and most recently production has increased 

again to an annual average of about 215 g C m-2 associated with both enhanced bloom and non-bloom 

biomass (Cloern et al., 2006). This has included a more than doubling of the autumn/winter (August-

December) production from 32 g m-2 (pre-1998 mean) to 73 g m-2 (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., 2007). Presently, a reanalysis of data is being completed to further evaluate summer 

trends. Preliminary data analysis conducted by Alan Jassby and James Cloern shows increasing 

chlorophyll a in South Bay, San Pablo Bay, and Suisun Bay since the mid-late 1980s at an average rate of 

3-5% per year (James Cloern Personal Communication, March 2011). These new analyses provide 

further evidence that the Bay is changing, perhaps motivating further interest to understand the effects 

of nutrient loads and other co-factors. 

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 unequivocally 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 is not clear whether 

additional factors may promote the dominance of HABs, including the toxic diatom genus Pseudo-

nitzschia, versus non-harmful diatoms which better support Bay beneficial uses. In contrast, if the 

autumn bloom increases due to increased ammonium regeneration, phytoplankton species which have 

a preference for ammonium, including HAB species such as Pseudo-nitzschia and many toxic 

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

5.2.4 Phytoplankton Assemblage and Harmful Algal Blooms 

The benefits of enhanced primary production during blooms are directly correlated with the species that 

dominate the bloom. Large cell diatom production tends to fuel the pelagic food web supporting 

zooplankton including jellyfish, filter feeding shell fish and crustaceans, fishes, and mammals including 

humans. In contrast, blooms of toxic smaller celled flagellates and some large-celled HAB species can 

suppress herbivores and impact beneficial uses for aquatic wildlife and humans (Cloern, 1996; Ning et 

al., 2000; Cloern et al., 2005b). This 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 contains over 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 81% of the total cumulative 

biomass; dinoflagellates and cryptophytes (Pyrrophyta and Cryptophyta) made up 11% and 5% 

respectively (Cloern and Dufford, 2005). Cell sizes range between <3 and >100 um but in the nutrient 

enriched SF Bay system, large cells >30 µm contribute 40% of the biomass; attributed to the lack of a 

competitive advantage for smaller species. Like many nutrient enriched systems, SF Bay is characterized 

by a bloom-bust cycle of larger cell species periodically dominating a more stable community of small 

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 Dufford, 2005), and the take up of nitrate by larger cells (Wilkerson 

et al., 2006). Presently there is no explanation as to why diatoms dominate in SF Bay during blooms; 

hypotheses range from bottom up (inherently fast division rate, high N assimilation under high nitrate 

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 feeders in shallow estuarine conditions).  

In contrast there is a more constant crop of small cell picoplankton composed primarily of cyanobacteria 

and small eukaryotes (Nannochloropsis sp., Teleaulax amphioxeia, Plagioselmis prolonga) that occur 

across a wide range of 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 temporally averaged 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 taxa (Prorocentrum aporum, 

Coscinodiscus marginatus, Protoperidinium depressum, Eucampia zodiacus) have not been seen since 

1996 while others (Protoperidinum bipes, Pseudo-nitzschia delicatissima, Scrippsiella trochoidea, 

Thalassiosira nodulolineata) have appeared perhaps attributable to the Pacific Decadal Oscillation (PDO) 

(Cloern and Dufford, 2005). 

One use of data on phytoplankton community structure is to combine it into an index of biological 

integrity (IBI). IBIs are becoming more common for assessment of estuarine ecological condition and 

management focus in the face 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 abundance of species 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 assemblage (e.g., benthic invertebrates, phytoplankton, etc.) along gradient 

of physical or chemicŀƭ ǎǘǊŜǎǎ ŦǊƻƳ ƳƛƴƛƳŀƭƭȅ ŘƛǎǘǳǊōŜŘ ƻǊ άǊŜŦŜǊŜƴŎŜ ǎǘŀǘŜέ ǘƻ ƘƛƎƘƭȅ ŘƛǎǘǳǊōŜŘ. IBIs are 

most commonly used in stream bioassessment, but several examples exist for estuarine environments 

as well including submersed aquatic vegetation (Dennison et al., 1993; Corbett 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), micro-algae (Paerl et al., 2005) and 

phytoplankton (Lacouture et al., 2006). 

IBIs developed and used in Chesapeake Bay present an example of how phytoplankton community 

structure data can be synthesized to provide information about the ecological health of the Estuary and 

about the ability to support specific beneficial uses. A Phytoplankton Index of Biotic Integrity (P-IBI) was 

developed in Chesapeake Bay using an 18 year data set (Lacouture et al., 2006). Thirty-eight 

phytoplankton metrics were tested for their ability to discriminate between impaired and least-impaired 

habitat conditions. Twelve discriminatory metrics were chosen from a tested set of 38 to discriminate 

between impaired and least-impaired habitat conditions. Combinations of these twelve metrics were 

scored and used to create phytoplankton community indexes for spring and summer in the four salinity 

regimes. The P-IBI, thus developed, combined the scores of pollution-sensitive, biologically important 

metrics of the phytoplankton community into a single index. Like other multi-metric indexes, the P-IBI is 

more sensitive to habitat conditions than its component metrics, which include chlorophyll a, the 

abundances of several potentially harmful species, and various indicators of cell function and species 

composition (Lacouture et al., 2006). 

Following on from the work of Dennison et al. (1993) on the use of submerged aquatic vegetation (SAV), 

Carpenter et al. (2006), who developed an IBI for zooplankton, and Lacouture et al. (2006) on the 

development and testing of a P-IBI for the Chesapeake, a Bay Health Index (BHI) that combined three 

water quality and three biological measures was developed to assess the ecological effects of nutrient 

and sediment loading in Chesapeake Bay (Williams et al., 2009). A Water Quality Index (WQI) was 

generated by averaging concentrations of chlorophyll a, dissolved oxygen, and Secchi depth. A P-IBI and 

B-IBI was developed from the biological measures of the phytoplankton and benthic community 

composition and combined with the area of SAV to create the Biotic Index (BI). The WQI and BI were 

then averaged to give a BHI for the growing season (MarchςOctober) (Figure 5.2.6; http://www.eco-

check.org/reportcard/chesapeake/2009/). Least impaired regions of Chesapeake Bay exhibited low 

chlorophyll a, high dissolved oxygen, greater transparency, higher phytoplankton and benthic indices 

relative to ecological health-based thresholds, and greater SAV 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 multi-metric indexes of estuarine quality are not without challenges 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 multi-parameter data sets on a 

wide range of biotic and abiotic indicator species, co-factors, 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 Chesapeake Bay (Carpenter et al., 2006; 

Lacouture et al., 2006; Williams et al., 2009; Williams et al., 2010); it would seem that SF Bay, with its 

rich multi-parameter long term data sets, may be a suitable living laboratory to develop such an index. 

http://www.eco-check.org/reportcard/chesapeake/2009/
http://www.eco-check.org/reportcard/chesapeake/2009/
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Figure 5.2.6.  The Chesapeake 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 Status. http://www.eco-check.org/reportcard/chesapeake/2009/).  

http://www.eco-check.org/reportcard/chesapeake/2009/
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Harmful Algal Blooms and Toxins 

Harmful algal blooms are blooms of phytoplankton, algae, or cyanobacteria that can produce potent 

toxins, nuisance levels of biomass, 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 including clarity, 

temperature, stratification, and seed populations (Cloern et al., 2005b).  

Despite the persistent nutrient enriched status of San Francisco Bay, few harmful algal blooms (HABs) 

have been reported recently in San Francisco Bay, apparently because nutrient 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 potentially harmful algae present in San Francisco Bay (Cloern and Dufford, 2005). 

However, there have been historical occurrences (see Cloern et al., 1994 referenced in Cloern, 1996), 

and recently cyanobacteria and dinoflagellate blooms have been documented. For example, blooms of 

the cyanobacteria Microcystis aeruginosa have been occurring in the late summer/autumn in the 

northern reaches of the Bay since 1999 (Lehman et al., 2005), the raphidophyte Heterosigma akashiwo 

created a red tide in the Central Bay in summer 2002 (Herndon et al., 2003), and the dinoflagellate 

Akashiwo sanguinea caused a red tide in the Central and South Bay areas during September 2004 

(Cloern et al., 2005a; Table 5.2.2; Figure 5.2.7). The conditions under which these blooms occurred are 

presented in greater detail below.  

Microcystis aeruginosa blooms have occurred in the Delta and the North Bay during July through 

November of each year since 1999. The colonial form of M. aeruginosa is the first recorded toxic 

phytoplankton bloom in the 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. aeruginosa can form surface scums and is a nuisance to recreational users, 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 relative 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 to <7 ppt (Lehman and Walker, 2003; Lehman et al., 2005; 

Lehman et al., 2008).  

Several surveys of M. aeruginosa blooms have documented that the blooms can be widespread, often 

with microcystin concentrations that exceed World Health Organization guidelines for risks to humans 

and wildlife (e.g., Lehman and Walker, 2003; Lehman et al. 2005; Lehman et al., 2008). For example, 

Lehman et al. (2005) documented that an extensive M. aeruginosa bloom was found to extend 180 km 

from Benicia to near Rio Vista on the Sacramento River to 20 km downstream from Tracy on the San 

Joaquin River side of the Delta, with toxicity exhibited at all stations. Concentrations of microcystin were 

measured in greater concentrations in zooplankton and clam tissue relative to algal tissue although 
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concentrations were not greater than lethal limits known to cause acute death (Lehman 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 to be able to 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). 

Given M. aeruginosa seems 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 the population 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 5.2.2.  Reported harmful algal blooms in San Francisco Bay since 1995 (See Figure 5.2.5 for approximate 
locations and extent of blooms).  

 

 

 

Red tides associated with a bloom of Heterosigma akashiwo have occurred in Richardson Bay (Herndon 

et al., 2003). Three bloom events were observed in northern Richardson Bay during the summer and 

autumn of 2002 and all coincided with clear skies, warm air temperatures >25ºC, and calm and warm 

(>20°C) waters (Herndon et al., 2003). The blooms were a near monoculture with other species 

comprising <7% of the samples (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 year it was identified by 

hΩIŀƭƭƻǊŀƴ Ŝǘ ŀƭΦΣ όнллсύ ŀǘ ǘƘŜ .ŜǊƪŜƭŜȅ ǇƛŜǊ ƛƴ !ǇǊƛƭ ŀƴŘ {ŜǇǘŜƳōŜǊΦ ¢Ƙƛǎ ƘŀǊƳŦǳƭ ŀƭƎŀ ƛǎ ŀ ƴŜǿ 

occurrence and has been associated with fish kills in other coastal ecosystems (Cloern et al., 2003). In 

this case it was widespread outside of the Golden Gate with similar reports at Stinson Beach and in 

Bodega Bay. Although there was some evidence that the bloom was seeded from the near-field ocean, it 
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is not clear what other factors including nutrients supplied from terrestrial sources, turbulence, and 

temperature played in bloom sustenance and degradation.  

 

Figure 5.2.7.  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 diagram) and 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. 

 
























































































































































































































