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Short on time?
Just look at
the figures
and coptiom.
They "rovIde
key findings In
a nutshell.

ABOUT THIS REPORT

This year m~ih~i;;'-di'aRIiiversary of-the San Francisco

.iillliiUj£~·_~_t.1onitoringProgram for Trace Substances
(RMP). This mil<Stone repr=nts an appropriate time to

examine how scientific understanding, regularion. and the

degree ofcontamination in the San Francisco Estuary have
changed over the course ofa decade. The synthesis of

fmdings from this first phase of the RMP is providing a general

.theme for the Progr.am in 2003 and2004. An integrated series of
products and events are planned <0 accomplish an evaluation and

long-term summary of the many components of the Program,
including:

• the 2003 and 2004 issues of the Pulse o[the Estuary,

.• the 2003 and 2004 RMP Annual Meetings,

• a report summarizing the Program's successes and challenges for
the future from'a management perspective. and

• a Status and Trends RepOrt that will summarize what bas been
learned from the RMP and otber studies about contamination in
the Estuary over the past 10 years.

This issue of the Pulse is the first of cwo consecutive issueS dedi­
cated <0 analysis of the initial 10 years of the RMP. In addition to the

usual features of the Pube summarizing the latest data on contamina­

tion in the Estuary, this issue contains feature articles focusing on
specific componentS of the multifaceted Program. A particular

highlight this year is an article by Jim Clnern and. colleagues at USGS
rhat provides an' intCnsting.everview ofbasic ecological lessons learned

from 10 years of moni<oring w:Iret quality in" the &y..

This issue of the PuiJe has been designed to make information on
water quality in the Estuary more accessible. More detailed figure

captions have been written that convey the basic rake-home messages of

each article. Raders that arep~ for rime can glean many of the
important findings from the Puk by Simply reviewing the figures and

• captions. The Status and Trends. update is now presented entirely ;lSJ[

graphical summary.

The Pube o[the Estuary is one of three RMP reporting products. The
second product, the Annual Monitoring Summary, is distributed via the

SFEI web sire <www.sfei.org> and includes narrative summaries and

comprehensive data tables and charts of the most reeent monitoring

results. The third product is the RMP TedmiUJ~rts collection. RMP
TeeImiuJ &port> each ad~ aparticular RM.P study.a.- topic relating
to contamination ofthe Estuary. A list of aU RMP technical reports is
available at <www.sfei.org>.

Co~~~ or ues~ons regarding the~ or the Regional Moni-
toring . , ""'. ", . • ~'~j

. \'T'•.
(510) 746-7368, jar@sfei.org. •

This report should be cited as: San Franci.sco Esnmy [nsclture (SFEI). 2003. The Pulse
of the Estuary: Monitoring and Managing Contamination in the San Fnncisco
Estuary. SFEJ Conrribmion 74. San Francisco Esnwy I.nscitute, Oakland, CA.
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A portal to information about contamination
in San Francisco Bay

TM RMP provides information targeted at the highest prior­
ity qu~ions faced by managers of the Bay. The RMP produces an
annual report (the Pulse of the Estuary) that summarizes the cur­
rent state of the Estuary with regard to contamination, a quarterly
newsletter, technl<al reports that document specific studies and
synthesize informatIon from diverse sources, and journal publica­
tions that dis~minate RMP results to the world's scientific commu­
nity. The RMP web ,ite provides access to RMP products and links
to other sourcts of information about water quality in san Fran·
cisco Bay.
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INTRODUCTION

The Current Status of Bay TMDLs is an update on managing
contaminants in the Estuary. The TMDL ptocess is the regulatory
framework used by the San Francisco Bay Regional Water Quality Control
Board and stakeholders in the watershed to tackle the challenging problem of
reducing the negative impacts of mercury, PCBs, and other priority
contaminants on the Estuary.

Continued on page 9

• In this report. the eencrol tenn guideline is used to refer to severol

types ofenvironmental quality benchmarks, from legally en(orceabJe
water quolity criter/O to unoffrdal benchmarks such os the Effects
Ron,e \"l7Iues for sediment (Long et al. 1995J.

The Status and Trends Update is a presentation of graphical information on the present degree and
distribution of contamination in the Estuary (status) and variation in contamination over time (trends). This
summary incorporates the latest RMP findings, with a focus on the contaminants that are presently of greatest
concern. In addition, this section includes data from studies outside the RMP. Inclusion of these other sources of
information allows the PuLre to provide a more complete picture of contamination in the Estuary and its watershed.
This issue includes a series of graphs from the U.S. Geological Survey (USGS) Ecology and Contaminants Project
<http://wwwrcamnl.wr.usgs.govltracel/>. The USGS has conducted contaminant monitoring in the Estuary for

many years. One emphasis of the USGS program has been evaluation ofI accumulation of trace elements in clams. Their monthly sampling
complements the RMP by providing information on short-term variation
that is essential to interpreting results from annual RMP sampling. Long­
term monitoring by USGS is one of the primary sources of trend information
for the Estuary. The CALFED Mercury Project is another important source
of recent information on contamination in the Estuary, with a focus on the
Delta-the freshwater portion of the Estuary. The CALFED Mercury Project
was an intensive, multifaceted investigation of mercury sources, fate, and
effects in the Delta. The two figures from the Project presented here
illustrate the long-term persistence and broad spatial extent of the mercury
problem in the Estuary and its watershed.

Guidelines provide a way to connect monitoring
results. which are just numbers. with judgments on the
condition of the environment. It is a daunting task to
figure out just how high is too high when referring to
contaminant levels in the Estuary. It is assumed that all
organisms can tolerate some level of exposure to
contaminants, but if that exposure gets tOO high, an
"adverse effect," such as abnormal embryo development
or death, will occur. Guidelines are set to protect
Estuary wildlife and humans from adverse effects.

CONTAMINANT
GUIDELINES

Contaminant guidelines* are generalty intended to
indicate if water or sediment is safe.Water and sediment
are safe when those things we value (e.g.• wildlife. being
able to eat fish we catch, or ecosystem functions) are
being protected.
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A FEW PROBLEM CONTAMINANTS ARE

WIDESPREAD IN THE ESTUARY.

While the water and sediment of the Estuary
meet cleanliness gUidelines for most
contaminants, a few problem contaminants
are widespread. From 1997-2001, 61% of
water samples analyzed in the RMP contained
at least one contaminant at a concentration
exceeding its water quality objective (top
left). PCBs, PAHs, and mercury accounted for
most of these exceedances (bottom left). For
sediment, 90% of samples collected from
1997-2001 exceeded a threshold for possible
effects on aquatic organisms (top right).
Sediment contaminants that commonly
exceeded their guideline included the
organochlorine pesticides DDT and chlordane
and the trace elements arsenic, chromium,
copper, nickel, and mercury (bottom right).
Contamination is not spread evenly
throughout the Estuary. Overall, monitoring
sites in the lower South Bay, the Petaluma
and Napa River mouths, San Pablo Bay, and
Grizzly Bay are more contaminated than
other sites. The South Bay sloughs are
particularly contaminated.

As""acienic, Cr=chrumium,
cu,=copper, Hg=mercury, *=:nickel

DDTs.Cr.Cu·

Percentage of samples
exceeding one or more

guidelines'"
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Sediment contaminants frequently (>90% of
the time) exceeding their guideline (199?-2001).
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Water contaminants frequently (>90% of
the time) exceeding their gUideline (1997­
2001)
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Mercury contamination is a major
concern in the Estuary, and a high priority with
the San Francisco Bay Regional Water Quality Control
Board for clean-up action. Mercury is a problem
because it accumulates to high concentrations in
Estuary fish and wildlife. Humans and wildlife that
consume Estuary fish face the greatest health risks due
to mercury exposure. A.water quality objective has
been established for mercury that is designed to prevent
accumulation of unacceptable concentrations in fish.
The total mercury water quality objective was exceeded
in 38% of samples collected from 1997 - 2001 (left) and
24% of the samples collected in 2001 (right). The RMP
has consistently found elevated concentrations of
mercury in water and sediment near the mouth of the
Guadalupe River, attributable to the historic New
Almaden mining district. The high concentrations of
mercury observed near the mouth of the Petaluma River
are due in part to the presence of a cloud of suspended
sediment that is resuspended and deposited at this
location with every tidal cycle (see Schoellhamer article
page 21).

PCB contamination remains one of the
greatest concerns in the Estuary, and is also
a primary focus of clean-up efforts by the Regional
Water Quality Control Board. Like mercury, PCBs are a
problem because they accumulate to high
concentrations in Bay fish and pose health risks to
consumers of Bay fish. A water quality objective has
been established for PCB concentrations in water to
prevent unacceptable accumulation of PCBs in fish. This
PCB water quality objective was exceeded in 79% of
samples collected from 1997 - 2001 (left). PCB
contamination is greatest in the South Bay; all samples
collected in the South Bay during this period exceeded
the objective. The original source of this contamination
is not known. In 2001,15 of 18 (83%) samples exceeded
the objective (right).•••

PCBs in Water
2001

o.
o I of I

Number of samples
exceeding guideline

Mercury in Water
2001

00.
012

Number of samples
exceeding guideline

Percenoge of samples
exceeding guideline

Percentage: of samples
exceed1na human ~Ith

gui*'ines

PCBs in Water
1997-2001

Mercury in Water
1997-2001

6



Llrglmouth bl"
2000
Averag•• 01-7 fIsh '"-n

-·0•
•
':.•on

Hg"""'*­
(wet w1 J1Q/Q • ppm)

""'1_ 0.0·0.29 ppm
• 0.3·0.49 ppm
• 0.5·0.99 ppm

0,00 • >1.0 ppm

PCBs In
sediment

(ppb)

< 20
• 20-200
.200-1000
• > 1000

The mercury problem extends to the freshwater portion
of the Estuary and through large portions of the l3ay-Delta watershed.

Largemouth bass is a popular sport fish species and a valuable indicator of
mercury contamination in the freshwater portion of the Estuary. Mercury
concentrations in largemouth bass in hundreds of river miles of the Sacramento
and San joaquin river basins have been found to be well above the 0.3 ppm
threshold for potential human health concern. Some good news, however, is
that concentrations in the central Delta are significantly lower and frequently
below the 0.3 ppm threshold. The reason for the sharp drop in mercury in the
central Delta waters is not yet understood. Other good news is that some
other species, such as bluegill, generally do not accumulate mercury to
concentrations of concern.

Reference: Davis, J.A., B.K. Greenfield, G. Ichikawa, and M. Stephenson. 2002. Draft report: Mercury in Sport
Fish from the Delta Region. San Francisco Estuary Institute, Oakland, CA.

Conracr: Jay Davis. San Francisco Estuary [nstitUlC, jay@sfei.org

Local watersheds are important sources of PCBs to the
Estuary. Urban runoff from small tributaries around the Estuary has been

identified as one of the main pathways for continuing input of PCl3s. A recent
survey of PCI3 contamination in sediment from creeks and storm drains (woo),
when combined with sediment data from sampling in the l3ay (1991--1999),
begins to point to continuing sources of PCl3s in the l3ay watershed. These data
can be reviewed in mare detail and compared to land use and other
information on the web at: < http://www.ecoatlas.org/custom/pcbtool.html>

Reference: McKee, L., Learherbarrow, J., Newland, S., and O;lvls, J. 2002. Dril.ft Report: A review of urban
runoff processes in the Bay Area: Existing knowledge, conceptual models, and monimring recommendations.
SFEI Contribution 66. San Francisco Estuary Institute, Oakland, CA.

Contact: Jon uatherbarrow, San Francisco Estuary Institute, jon@sfei.org
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PROGRESS TOWARD MEETING CONTAMINANT GUIDELINES

Most contaminant gUidelines are being met. A relatively small number of problem
contaminants make it rare to find water or sediment in the Estuary that is completely clean. There has
been no obvious improvement in recent years. Achieving greater compliance with water and sediment
guidelines poses a great challenge, largely because the Estuary is inherently slow to respond to reductions in
inputs of persistent contaminants and because many problem contaminants have been distributed
throughout the Estuary and its watershed.

WATER

A value of 1000/0 would mean all water or
sediment samples met gUidelines for all
monitored contaminants.

These charts were created by calculating,
for each sampling period and
contaminant, the percentage of samples
that met the guideline. Results for each
contaminant were then averaged within
each sampling period to obtain the values
plotted on the chart.
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Trends

PCBs are found at higher
concentrations in animals that are
higher in the food web.Therefore.
predatory fish. birds. and mammals near
the top of the food web. including
humans that consume fish, are
particularly vulnerable to the
accumulation and effects of PCB
contamination. Individual PCBs vary in
their toxicity, but in general PCBs are
extremely toxic in long-term exposures
and can cause developmental

abnormalities. disruption of endocrine

system functions. impairment of

immune function. and cancer.
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Continued fro", page 4

Mercury in Striped Bass 1970-2000

Reference: Davis.jA. B.K. Gr~nfield, G. Ichikawa, and M. Stephenson. 2002.
Draft upon: Mercury in Sport Fish from the Delu Region. San Francisco
Estuary Institute. Oakland. CA.

Contact: jay Davis. San Francisco Estuary Institure. jay@sfei.org

Of course. what is too high for some
organisms may be perfectly tolerable for
others. Natu~ factors also can have an
Influence: what is too high at one
tempenture or salinity may be tolerable at
another. Contaminant mixtures can also act

additlvely or synef'llsticaJly. causing adverse
efIects eYen If the conlamlnant levels taken
Individually are safe.

GIwn these variables, setting a proper
guideline Is a challenging and Inexact task.
Guidelines can change as new Information
becomes available that Indicates a guideline
Is not protecthe enough or is

inappropriately low compared to natu~

concentrations. RMP results have helped
determine If guidelines are set appropriately.
Most guidelines were created for use
throughout the state or nadon. not
specifically for the Estuary. Guidelines
specific to the Estuary haWl been developed
for some contaminants. For water, guideline
development incorporatet both laboratory
studies and field observations. and is
designed to protect a particular set of
qualities we value, known in the California
Water Code as "beneficial uses:' Water
qualitY guidelines are intended to protect

most organisms most of the time. not all

organisms all of the time.The Regional
Water Quality Control Board. a state agency,
seu water quality objectives with guidance
from the U.S. Environmental Protection

Agency. In 2000. the water quality ObjectiWl5
for the Estuary were revised.The revised
values. collectively known as the Cahfornia
Toxies Rule. are used in this report. For a list

Continued on next pagl
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Conuct: Cynthia Brown. U.S. Geological Survey, c1brown@us~.gov

Silver accumulation has been associated with
reduced reproduction in clams. Silver is not
currently included on the 303(d) list of contaminants of
concern, but a 2003 publication by U.S. Geological Survey
researchers concluded that silver probably caused reduced
reproductive activity in North Bay clams in the 1990s.
The report was based on an excellent long term dataset
showing trends in silver concentrations in clams (the
exotic species Potamocorbu/a amurensis) from 1990
through 1999. Silver concentrations in the clams were
found to be related to freshwater flows into the Estuary,
with concentrations building up during dry periods and
declining rapidly after major freshwater inputs, Monthly
evaluation of reproductive status (gonad histology) found
reduced reproduction when silver concentrations in the
clams were above 2 ~g/g dry weight. No other measured
environmental variables appeared to be linked to the
reduced reproduction.
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Mercury concentrations in striped bass from the
Estuary have shown little or no change in 30
years. One of the primary reasons for concern with
regard to mercury is accumulation in Estuary sport fish
and the associated fish consumption advisory. A
consumption advisory related to mercury contamination
in striped bass in the Estuary has been in place since 1970.
In recent years the RMP and the CALFED Mercury Project
have measured mercury in striped bass. These recent
data can be compared to the data from the early 1970S.
Size of the fish must be taken into account, as mercury
reaches higher concentrations in larger, older fish.
Mercury concentrations in samples collected in recent
years are not appreciably different from the
concentrations measured 30 years ago. In fact, some of
the recently measured concentrations are high even
relative to the historic data. These data suggest that the
degree of mercury contamination in the Estuary food
web is not declining.

9
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Selenium concentrations in the northern
Estuary fluctuate seasonally, but are not
increasing or decreasing over the long term.
Understanding how bioaccumulation occurs in
Potamocorbula is essential to evaluating the impact of
future changes in selenium discharges to the Estuary.
Since '995, the USGS has measured selenium
concentrations in Potamocorbula on a monthly basis to
better understand factors influencing variability over
time. Despite an overall reduction since 1998 in the
concentrations of selenium in waters of the Estuary
and in the proportion of the more bioavailable form of
selenium ('selenite"), concentrations in Potamocorbula
have not changed. Further studies are underway to
determine the nature of the relationship between
selenium inputs to the Estuary, river flow, and
selenium uptake by Potamocorbula.
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Changes in the aquatic community may
increase selenium risks to wildlife and humans.
Selenium contamination is a continuing concern in the
Estuary. Selenium accumulates in diving ducks in the
Bay to concentrations that pose a potential health risk
to human consumers. Consumption advisories for surf
scoter and scaup have been in effect since 1986 and
1988, respectively, and this is a primary reason for the
inclusion of selenium on the 303(d) list (see Inside Back
Cover). A 2002 article by the U.S. Geological Survey
(USGS) concluded that the invasion of the Bay by an
exotic clam, Potamocorbula amurensis, that accumulates
higher selenium concentrations than other bivalve
species has increased the selenium threat to humans and
wildlife. This clam has become a dominant member of
the Bay food web and is an important prey item for surf
scoters, sturgeon, and other species. The average
selenium concentration in Potamocorbula in 1996 was
well above the 10 ).1g/g dry weight threshold for possible
effects on wildlife species consuming Potamocorbula.
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References for abo~ figu.res:

Linville, R., Luoma, S. ., Cuuer, L.. and Cutter. G. A. 2002. Increased
selenium mre:u as a resuh of invasion of the aOlic bivalve Pownocorbula
amurensis in the San Francisco Bay. Aquatic Toxioology 57: 51·64.

Contacts: Sam Luoma, U.S. Geological Survey. snluoma@usgs.gov. Robin
Stewart, U.S. Geological Survey, arstewar@usgs.gov



CLEAN ESTUARY PARTNERSHIP

PCBs

The San Francisco Bay Regional Water
Quality Control Board. the Bay Area Clean
Water Agencies, and the Bay Area Stormwater
Management Agencies Association have signed
a Memorandum of Understanding reflecting
their belief that a collaborative approach for
developingTMDLs will be me most effective
mechod for achieving sustainable water quality
benefits for the Bay. The Clean Estuary
Partnership (CEP) formed to implement the
intent of this Memorandum of Understanding.
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THE CLEANWATU. Ac:r
ANDTMDLs
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_tar. In some places lhlI apprcach
succeufuIIy prot8CU the .... of. _
bcdy. but In others It does not.Water bodies
we continue te lack the watar quality
necessary for supporting their desianat8d
.... ""' conskIenld "lmpolnld waters." Each
state II requlnld te develop • lilt of Impolnld
waten and the contaminants we Impair
them (known as the "303(d) Use:' after the
ccrrespondins section of the Clean Water
Act). Under th. Clean Water Act, cleanup
plans known as Total Maximum Daily Loads
(TMDLs) must be developed for aJllmpaired
waters.The TMDl process takes • more
comprehensive view of water quality by
identifying all contaminant inputs to the

water body. determining the total input the

water body can handle. and designating
particular inputs that need reduction.

4. reducing in-bay dredged material disposal; and
5. implementing measures to reduce the production

of methylmercury.

RMP special studies and status and trends monitoring, and
CEP-funded srudies substantially improved the technical basis
of this complex TMDL. The RMP's Mallard IslandlCentral
Valley drainage contaminant load estimates, mercury atmo­
spheric deposition studYJ estuarine sediment transport studies,
and water and fish contaminant data sets all enhanced the
scientific understanding of the problem and were used to
propose TMDL mercury targets. The CEP studies are also
playing a key role in identifYing effective implementation
actions. In the future, the Regional Board will rely on the
RMP for ongoing monitoring and assessments to evaluate
progress towards attaining TMDL targets and to help guide
effective implementation actions.

In addition to mercury, the Regional Board is concerned
with PCB concentrations in San Francisco Bay fish and the
threat they pose to human health and wildlife. A preliminary
PCB TMDL report, anticipated for release in spring 2003,
will describe water quality concerns and potential solutions.
The Regional Board will encourage stakeholders to review this
report and comment on the scientific basis of the technical
TMDL and implementation alternatives.

The mission of the Clean Estuary Partnership
is to use sound science. adaptive management.
and public collaboration to develop and
implement technically valid and cost-effective
strategies including TMOLs that resutt in
identifiable, sustainable water quality
improvements for San Francisco Bay. Please
visit <www.c1eanestuary.org> for more
information about the CEp, to obtain copies of

CEP reports. and to find out how you Can
become more involved in this program.

PCB sources and loadings analyses suggest that the Bay
ecosystem is dominated by the large amount of PCBs already
in the sediments. Urban runoff and inflow from the Sacra­
mento-San Joaquin Delta are estimated to be the major
exrernalloads to the system. A predictive model of the long­
term fate of PCBs in the Bay developed under the RMP
indicates that even small reductions in current PCBs loads will
greatly accelerate the recovery of the Bay. A collaborative
effort between SFEJ (on behalfofRMP) and USGS is
underway to enhance the modeling of the long-term fate of
PCBs in the Bay that will better incorporate sediment
dynamics and sources. SFEI has also collaborated with other
scientists in a RMP effort to develop a Bay-specific food web
model. This model should provide a predictive tool to relate
sediment and water PCB concentrations to fish tissue PCB
concentrations, and help focus our implementation actions.

The PCB TMDL implementation strategy will likely entail
reducing PCB loads to the Bay by cleaning up contaminated
sediments in storm drains and controlling future PCB
discllarges to storm drains from upland source areas, and by
remediating contaminated "hot spotS" on the Bay margin.

OTHER 303(D) CONTAMINANTS

San Francisco Bay is also listed as impaired due to selenium,
legacy pesticides, diazinon, and although not formally listed,
PBDEs and PAHs are on a watch list of contaminants that may
soon emerge as a water quality concern (see Inside Back Cover).
Through ti,e RMp, the Regional Board hopes to track the status
and trends of tI,ese pollutants. The CEP plans to devclop
simple conceptual models that reflect ti,e scientific understand­
ing ofhow these stressors move through the environment,
compile existing data on the extent and s<'Verity of impairment,
and develop lists of key management questions.

The Regional Board is finally realizing significant progress
towards developingTMDLs, and for some pollutants, early
implementation actions are underway. The Regional Board is
confident that with continued assistance from the RMP and
CEP and a collaborative stakeholder process we will achieve

our goals. ~..



Dyan Whyte (dcw@rb2.swrcb.ca.gov) - San Francisco Bay Regional Water Quality Control Board, Oakland, CA

The Current Status of BayTMDLs

Tora! Maximum Daily Loads (TMDLs) are
plans with numerical goals designed ro attain
and maintain water quality srandards. The

TMDL requirements set forth in the Clean Warer Acr
require the San Francisco Bay Regional Water Quality
Control Board (Regional Board) to develop solutions to
San Francisco Bay's mosr challenging warer quality
problems. The overarchjng objecrive is ro ensure that
TMDL efforts resulr in tangible water quality improve­
ments in the shorresr possible time with the goal of
restoring and maintaining the water quality standards
of impaired waters. As such, the Regional Board srtives
to balance and optimize Regional Board sraff efforts on
the required elements ofa TMDL within this perspec­
tive.

Baseline dara from the RMP, RMP pilor and special
srudies, and srudies funded by the recently formed
Clean Estuary Partnership (CEP, see page 12) are
invaluable for improving the technical basis ofSan
Francisco BayTMDLs and focusing implementation
straregies rowards actions that should rruly make a
difference. Each TMDL will include an adaptive
implemenration plan which sets fortll feasible, reason­
able, and effecrive actions that will lead ro warer quality
improvements and identify studies needed to con.fitm
key assumptions and resolve key uncertainties concern­
ing fute, transport, and effects processes. Adaptive
implementation is founded on the premise thar imple­
menting actions and observing the Bay response will
provide the dual optimum benefir ofdefining effective­
ness and improving our understanding of the Bay
system.

The following discussion highljghts progress and
noreworthy IIndings on San Francisco Bay TMDL
projects. Please visit <www.swrcb.ca.gov/rwqcb2/> for
addirional information on TMDLs and to obtain copies
ofTMDL reports.

COPPER AND NICKEL

One positive ourcome of the TMDL process can be
a finding of no impairment and a subsequent delisting
of a waterbody. This is the case for copper and nickel in
San Francisco Bay. In February 2002, the State recom­
mended removing all San Francisco Bay segments from
the State's list of impajred waters (Clean Water Act
303(d) list, see Inside Back Cover) for copper and
nickel. Bay-wide copper and nickel monitoring data,
collected by the RMP over the last decade, helped to
inform this IInding. The South San Francisco Bay
aspect of rhis decision exemplilles bow stakeholder and
Regional Board collaboration, coupled with ti,e
application ofsound science and adequate funding, led
ro the development ofsire-specific objectives for San
Francisco Bay and a finding that Bay waters do not
exceed objecrives. Another key ro rhis success was the
commitment by dischargers and stakeholders ro
implement preventive actions to assure that copper and
nickel concentrations do not increase and that benefi­
cial uses remain prorected. A similar effort is underway
for Bay segments north of the Dumbarron Bridge.

MERCURY

The overarchjng goal of the San Francisco Bay
mercury TMDL is ro reduce mercury concentrations in
biora such that fish, wildlife, and humans who consume

Bay fish are protected. Regional Board efforts thar
began in 1998 are nearing completion with publication
ofa final TMDL reporr anticipared in spring 2003.
Public comments received on rbis final reporr will be
considered as key TMDL provisions are formally
incorporated into the Basin Plan.

The final TMDL reporr proposes three numeric
targets ro define the solution ro the San Francisco Bay
mercury impairment problem: a fish rissue mercury
concentration target to protect humans who consume
Bay fish; an avian egg mercury concentration target to
protect sensitive wildlife; and a sediment mercury
concenrration targer ro bring the Bay inro compliance
with water quality objectives. Meeting the proposed
targets will require teducing mercury levels in sediment,
fish, and bird eggs by abour 50%.

The San Francisco Bay mercury implementation
plan sets forth steps for achieving the TMDL targets
and has four principal objectives:

I. reduce existing and future controllable
discharges of mercury;

2. reduce the amount of metbylmercury
produced and the potential for
bioaccumulation;

3. plot a course for addressing key scientific
uncertainties and improve our understand­
ing of the ecosystem; and

4. encourage actions that reduce loads of
multiple polluranrs.

Likely implemenrarion actions include:
I. cleaning up the Guadalupe River and

Central Valley watersheds mining legacies;
2. implemenring BMPs and sediment control

for urban runoff;
3. invesrigating the controllability ofatmo­

spheric deposition;
II
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Introduction
In this issue and the next issue of the Pulse this section will contain articles that synthesize information from the

pasr ten years of water quality studies of the Estuary. In this issue the foclls is on the intensive monitoring of basic
water quality parameters and toxicity that have been components of the RMP from the inception of the Ptogram. Next
year's issue of the Pulse will focus on results from long term monitoring of chemical concentrarions in rhe water,
sediment, and food web of the Estuary.

The U.S. Geological Survey (USGS) has been a partner in the RMP from the beginning, combining funding
from RMP wirh other sources to ptovide derailed insighrs into ecological processes in rhe Estuary. USGS monitoring
of basic warer quality paramerers (page 15) has documented significant long rerm changes in the ecology of the Esruary
in the past ten years, including improvements in the oxygen content of Bay waters related to improved sewage
treatment and the extraordinary impact of the invasive Asian clam (Potamocorbula amurensis) on the food web. This
article was designated a Pulse Highlight because it provides a readily understandable inttoduction to the basic ecology
of the Estuary.

Detailed USGS investigations of sediment dynamics in the Estuary and sediment supply from the watershed
(page 2 \) have yielded important insights regarding contaminant fluctuations over the short rerm and fate over the long
term. ediment is becoming a scarce resource in the Estuary. Reduced sediment supply and increased demand for
sediment from the Airport extension, the Catgill salt pond restoration ptoject, and other large scale restoration projects
will lead to erosion of sediment from the bottom of the Bay and possibly degrade water quality.

Researchers from the Granite Canyon Marine Laboratory, Pacific EcoRisk, and SFEI present a summary of ren
years of toxicity resting on page 27. The frequent occurrence of toxicity in water and sediment of the Estuary has been
a major concern. A management highlight from the past ten years is the observation of an apparent reduction in
toxicity in water, possibly associated with reduced use oforganophosphate insecticides. A new concern has arisen,
however, over the possible ecological impacts of the pyrethtoid insecticides that are being used as replacements for the
organophosphates. The evolution of the toxicity testing element during the past ten years provides an excellent
example of how the RMP has adapted to in response to changes in our tate of knowledge and conditions in the
Estuary.

Adaptation of the RMP is also the theme of an article summarizing the diverse array of Pilot and pecial Studies
conducted by the Program in the pa t ten years (page 32). These studies have produced a significant body of
knowledge and provided an important mechanism for the Program to continually increase irs relevance to managing
contamination in the Estuary.
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Figure 2. Oxygen conditions in the
Bay have improved due to
Investments in wastewater treatment.
Dissolved oxygen (DO)
concentrations in San Francisco Bay
nearly always exceed the 5 mg/L
standard (red bar) protecting sensitive
species of fish from oxygen depletion.
The top panel shows bottom-water
DO in lower South San Francisco Bay
(USGS Stations 32.-36) during the
1970S when summer DO episodically
fell below the standard (note the
disappearance of oxygen during the
September 1979 disruption of sewage
treatment). The bottom panel shows
consistently high DO since 1993,
reflecting improvements from
advanced wastewater treatment that
greatly reduced inputs of oxygen­
consuming pollutants. San Francisco
Bay is no longer impaired by low
oxygen conditions.

consulting firms, and other government agencies.
What have we learned about the Bay from this
monitoring?

OXYGEN AS AN

ESSENTIAL ELEMENT

A common impairment ofcoastal water bodies,
such as Chesapeake Bay and the northern Gulfof
Mexico, is depletion of dissolved oxygen from botrom
waters. Oxygen depletion can kill fish and shellfish
and exclude biota from large areas of habitat. O"ygen
depletion is caused by microbial communities in Water
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is also done weekly in South Bay during spring when
water quality is highly variable because of phytoplank­
ton blooms. Measurements are made over the entire
water depth with sensors for water temperature,
salinity, suspended solids, chlorophyll a, and dissolved
oxygen. Since 1993, the USGS has conducted 99 fulI­
Bay and 175 South Bay sampling cruises, making over
61,000 measurements of each water quality parameter.
interested parties can download these data for their
own analyses <http://sfbay.wr.usgs.gov/access/
wqdata>. These data are used beyond the RMP: by
marine-science teachers, students from elementary to

graduate school, researcbers around the world,

THE USGS-RMP WATER QUALITY

MONITORING PROGRAM

The RMP is one ofseveral institurional investments
to document and undersrand the changing condition
of San Francisco Bay's living resources and water
quality. The California Department of Fish and Game
samples fish populations evety month, and has
maintained this invaluable Baywide monitoring since
1980 as a component of the Interagency Ecological
Program <www.iep.water.ca.goV>. USGS scientists
have studied physical, chemical, geological, and
biological ptocesses in San Francisco Bay since 1969,
the longest continuing program of observation and
study in a coastal ecosystem in the United States.
The RMP filled a key gap when it became the first
Baywide program ro routinely monitor contami-
nants in water, sediments, and aquatic organisms,
beginning in 1993. At its inception, the RMP
established a partnership with USGS as a step
roward the RMP objective of developing a com-
plete picture of the soutces, distribution, fate, and
effects of contaminants in the Bay ecosystem.

The RMP is designed to detect trends of
contaminant change over periods ofyeats. but
long-term trends can be difficult to identify or
understand without knowledge of changes that
occur over shorter time periods, within years. The
function of USGS watet quality monitoring within
the RMP is to measure water quality indicators at
weekly-to-montWy ftequency to document
changing Bay conditions over seasonal cycles and
during events (£Ioods, algal blooms, storms) that
influence contaminant inputs, fate, and effects.
This wotk builds a foundation of knowledge about
Bay dynamics required to interpret trends mea­
sured in other RMP components. The USGS
makes montWy measurements at 38 stations along
the 145 km channel from the lower Sactamento
River to the lower South Bay (Figure 1). Sampling
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WATER QUALITY

Lessons from Monitoring Water Quality
in San Francisco Bay
James E. Cloern Uecioern@usgs.gov),Tara S. Schraga. Cary B. Lopez. and Rochelle Labiosa - U.S. Geological Survey. Menlo Park. CA

San Francisco Bay

Central
Bay

Figure 1. Monitoring of basic water quality parameters. The USGS, in
cooperation with RMP, measures basic water quality indicators every
month at 3B stations between the Sacramento River and South Bay with
additional weekly sampling in the South Bay during spring. Submersible
instruments measure salinity, temperature, suspended solids, light
penetration, dissolved oxygen, and chlorophyll a from the water surface to
the bottom. This basic information provides a foundation for
understanding variability in the sources, transport, bioaccumulation, and
ecosystem effects of contaminants in San Francisco Bay. 15

Bay Area residents feel a sense of
responsibility to protect San Francisco
Bay and keep it healthy. Some even
dream about the recovery of fish stocks
so they can sustain commetcial fishing
once again inside the Bay. How is our
Bay doing? Is it highly polluted or
pretty clean? How does its health
compare with other estuaries in the
United States? AIe things getting better
or worse? Does costly wastewater
treatment have benefits? What are the
biggest threats to the Bay and how can
we reduce or eliminate those threats?
How will the Bay change in the futute?
These questions can only be answered
wich investments in study and moniroc­
ing, and they are the driving force
behind the Regional Monitoring
Program (RMP). We describe here some
selected results from water quality
surveiUance conducted by the U.S.
Geological Survey (USGS) as one
component of the RMP. We present
results as lessons about how the Bay
works as a complex dynamic system,
and we show how these lessons are
relevant to the btoad RMP objectives
supporting Bay protection and manage­
menL

INTRODUCTION

San Francisco Bay is the defining
landscape feature of the place we

call 'The Bay AIea,' but most of us only
experience the Bay as we view it from
an airplane window or drive across one
of its bridges. These views from afar
suggest that the Bay is static and sterile.
but this impression is deceptive. If you
are one of the many thousands of
students who have experienced the Bay
through a school excursion with the
Marine Science Institute or other
educational programs. you observed its
rich plankton soup under a microscope,
sorted dams and worms and crusta­
ceans from mud samples. and identified
the gobies. sole, halibut, bat rays.
sharks. satdines, and smelt caught with
trawls. San Francisco Bay is much more
than a landscape feature. Ir is a dynamic
ecosystem. continually changing and
teeming with life. The Bay once
supported the most valuable fisheries on
the west coast of the United States. but
commercial fishing for shellfish. shrimp,
sturgeon. shad, salmon. and striped bass
ended many decades ago because of
habitat loss. pollution, invasive species
and over harvesc.

20 km
I

+ USGS Stations

San Joaquin R.

a
I



Figure 3. The Bay is profoundly influenced by water inputs from
the Delta. Salinity measures the relative proportions of
freshwater and seawater in an estuary, a key environmental
factor for interpreting changes in the sources, concentrations
and biological availability of toxic substances. Winter floods
replace brackish Bay water with freshwater, diluting some
contaminants (e.g., silver) and delivering others (e.g., mercury,
PCBs). The bottom panel shows salinity along the Bay during
three sequential USGS monitoring cruises to illustrate Baywide
displacements of salt when Delta outflow increased in
December 1996 and peaked during the 1997 New Year's flood.
The top panel shows '993-2.00' Delta Outflow (California
Department of Water Resources), highlighting this flood event.
(Delta outflow is plotted as a 7-day average to smooth the
large daily variability.)
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decrease in clam tissues (Brown and Luoma 1999;
Brown et aI. 2003). The availability ofsome metals
(e.g., cadmium) for uptake by aquaric organisms varies
with salinity, so salinity monitoring provides essential
information for understanding changes in orgallism
contammatlon.
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San Francisco Bay is connected to large
rivers, urban watersheds, and the coastal
Pacific Ocean. The Bay is profoundly
influenced by inputs from these three
connections, each having irs own chemical
makeup and distinct variability. Salinity in

rhe Bay is a simple indicator of
river-runoff inputs, and salinity
measurements before and after
the 1997 New Year's Flood
showed remarkable changes in

the composition of Bay water (Figure 3).
Average salinity dropped from 26.1 to 9.0
psu (rhe salinity of fresh water is 0 psu and
rhe salinity ofseawater is 35 psu), so the
Bay as a whole changed from 79% seawater
to only 27% seawater. Salt dilution of this magnitude
shows that more than half the Bay's water volume was
displaced by river inflow between ovember 1996
and January 1997. During these periods of high
inflow, concentrations of runoff-derived contaminants
(e.g., chromium, nkkel) increase, and concentrations
of locally-derived industrial contaminants (e.g., silver)

THE BAY AS AN OPEN

ECOSYSTEM

ecosystem healrh. Continued vigilance
through monitOring is essenriaJ, however,
because events remind us that the oxygen
content ofwater can srill disappear rapidly
following high organic inputs. Jn Septem­
ber 1979, the South Bay basin below the
Dumbanon Bridge was oxygen-depleted
and regions were devoid of fish and shrimp
for several weeks (prompring the news
headline Sewage Leaves Bay a 'Dead 5-a),
following inputs of ptimary-treated sewage
during a disruprion of the San Jose-Santa
Clara Waste Trearment Facility (Cloern and
Oremland 1979).

Monitoring allows regulators to identify and focus on
pollutants posing the greatest threats

exanlple of benefits derived from investments in
advanced wastewater processes that reduce inputs of

oxygen-consuming wastes.

The past decade of USGS-RMP data provides
strong evidence supporting a regulatory decision to
remove San Francisco Bay from the list of Californja
water bodies impaired by low oxygen. This illusrrates
how monitoring provides a sciendfic basis for priori­
tizing management actions so that regulatory efforts
can identify and focus on pollutants posing rhe
greatest threats to water quality and human and

and sediments as they respire to maintain their
metabolism. Microbial metabolism depends on a
supply of organic marter, and oxygen depletion occurs
when the supply oforganic matter exceeds the capac­
ity of a water body to replenish oxygen. Organic
matter comes either from direct inpulS (e.g., of
poorly-treated sewage) or from phytoplankton
biomass produced ftom nutrients delivered by surface
runoff or wastewater. Data collected by the USGS­
RMP monitoring program since 1993 show that San
Francisco Bay waters always have sufficient oxygen (>
5 mglL) to sustain metabolism of the most sensitive
fish species (Figure 2).

This was not always the case. In the 1950s and
1960s, before regularion ofwastewarer inputs by the
1972 Federal Clean Water Act, summer oxygen
depletions were common, especially in the lower
South Bay, which received large inputs of oxygen­
demanding cannery waste and ammonia. Even in the
1970s, data collected by USGS showed episodic
depletions of dissolved oxygen below 5 mg/L (Figure
2). The trend of steadily increasing dissolved oxygen
and elimination of low-oxygen conditions is a compel­
ling success Story of water qualiry management, an
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The Pacific Ocean is another powerful force of
change, and we can use other indicators to study the
inAuence of oceanic processes on the living Bay
sysrem. In Seprember 2002, patches of colored water
were observed in Central Bay; microscopic analyses
revealed thar rhe 'red ride' was a bloom of Htttrosigma
akashiwo. This hasmful alga has never been reported
in the Bay before, and irs presence is reason for
concern because ir is associared with fish kills in Puger

Figure 4. Water quality and living resources inside
San Francisco Bay are influenced by events outside
the Golden Gate. This satellite (SeaWiFS) image
from September 16,2002 shows high quantities of
phytoplankton (microscopic algae) as red in the
nearshore Pacific Ocean. At the same time, a red
tide bloom of a toxin-producing species of
phytoplankton was observed inside San Francisco
Bay. [Black indicates no data, typically due to the
presence of land or clouds. Color inside San
FranciSCO Bay is not accurate because of
interference by suspended sediments.]

Sound and other coasral ecosysrems. Causes of the
Htlerosigma bloom in San Francisco Bay are a mysrery,
bur satellite imagery suggests thar ir originared
offshore and propagared into the Bay. A satellite image
from SeaWifs (Figure 4) shows an abundance of
phytoplankton (chJorophyll a) offshore on September
16, 2002, consisrent with reporrs of red rides off
Stinson Beach and Bodega Bay. This image cleasly
depicrs the Bay's ocean connection and the lesson that
warer qualiry and living resources inside the Bay ase
influenced by events outside the Golden Gate, just as
they are inAuenced by inpurs from the rivers and
urban watersheds. Lessons from monitoring reach thar
rhe Bay is an open system that responds ro change at
irs boundasies.

PHYTOPLANKTON AS FOOD RESOURCE

AND CONTAMINANT CARRIER

The largest living component of San Francisco Bay
is invisible to rhe naked eye - rhe suspended
microalgae, or phytoplankton. Phytoplankton phoro­
synthesis is the most imporrant energy supply ro Bay­
DeJra foodwebs Uassby et al. 1993; Sobczak er al.
2001), supporring clams, worms, shrimp, zooplank­
ron, herring, srurgeon, miped bass, canvasback ducks,
pelicans and, ulrimately, hasbor seals. Phytoplankton
phorosynthesis in the Bay produces abour 120,000
tons of organic carbon each yeas, or the number of
calories required to sustain ovec a million adult
humans. This food supply is smaller than average for
the world's esruasies (partly because the Bay is turbid),
and as a result phytoplankron consumers such as
woplankron, mysid shrimp and clams ase usually
[imired by the available supply of food. Food limira­
rion disappears during phY1Opiankron blooms, when
phY1Opiankron biomass becomes high enough ro
sustain maximum rates of growth and reproduction by
these consumers (Cloern 1996).

Phytoplankron producrion also rransforms dis­
solved chemicals (carbon dioxide, nirrate, phosphate,
trace metals, organic molecules) into particulate forms
(algal cells) that can be consumed by organisms ar the
nexr rrophic level. This transformarion is the entry
point of contaminants into foodwebs, including
prioriry pollutanrs such as selenium, mercury, and
PCBs that increase ro porentially roxic levels as they
are rransferred up the food chain. Because phy­
roplankron production and rransformarion of trace
merals accelerare during blooms (Luoma et al. 1998;
Beck er al. 2002), these evenrs acr as biological
regulators of the toxicity and accumulation of con­
raminanrs in Bay foodwebs.

Phytoplankron moniroring at weekly-monthly
frequencies reveals seasonal patrerns such as the
prominent spring bloom thar occurs every yeas in
South Bay (Figure 5), whereas continuous monitoring
with moored instruments enables us [Q measure shorr­
term variabiliry between ship-based samplings.
Susrained moniroring over decades shows rhat there
has been a change in the annual parrern from a spring
bloom cycle ro a spring and autumn-wimer bloom
cycle in rhe South Bay (Figurc 5). This recent depar­
rure from a 21-year patrern suggesrs rhar the South
Bay has experienced a regime shift, for reasons not yet
idenrified. Clues might come from a recent study
shnwing mulri-decade biological cycles around the
Pacific Basin (Chavez er al. 2003). Could rhe recem
appearance of autumn-winter blooms inside San
Francisco Bay rellecr a Pacific-scale regime shift'
Records from a moored Iluorometer (Figure 5) show
that chlorophyll varies within a day, somerimes over a
range comparable to that measured over seasons or
decades. This record shows twO peaks per day suggest­
ing a tidal process such as oscillarion of water masses
containing patchy chlorophyll distributions Uassby et
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ecosystem. perhaps as great as any pollutant regulated
under the Clean Water Acl." Monitoring of biota and
measurements of ecosystem functions provide a sound
scientific basis for inclusion of exotic species on the
303(d) list of pollutants that impair San Francisco Bay
(see Inside Back Cover).

The lessons described here illustrate how monitor­
ing contributes to resource management. For San
Francisco Bay. monitoring data provide the basis for
establishing water quality management priorities that
have evolved over time and now focus on nonpoint
sources of pollution, exotic species, and a prioritized

THE NEED FOR COMPREHENSIVE

MONITORING

Figure 5. Long-term monitoring has revealed
fundamental shifts in seasonal cycles of the Estuary's
food supply. Phytoplankton (micrOScopic,
suspended algae) is the largest living component of
the San Francisco Bay ecosystem, and phytoplankton
photosynthesis is the biological engine that fuels
food webs, transforms contaminants, and moves
contaminants such as selenium, mercury, and PCBs
into food webs. These figures illustrate variability of
phytoplankton abundance (as measured by
chlorophyll a concentration) at three time scales: the
top panel shows monthly variability near the
Dumbarton Bridge from 1993-2001, highlighting the
spring bloom that typically develops between mid
February and mid April. The middle panel shows all
measurements made in South San Francisco Bay
during September-December from 1978-2002,
suggesting a regime shift to autumn-winter blooms
beginning in 1999. The bottom panel shows
chlorophyll near the Dumbarton Bridge measured
every ten minutes during 3 days of January 2003.
Comprehensive monitoring documents variability at
all these time scales, each of which may be
important in understanding water quality in the Bay.
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limitation for consumers. Populations of the nacive
shrimp, Neomy,i, mercedis, have nearly collapsed in
Suisun Bay and one explanation is depletion of the
phytoplankton food resource by Potamocorbuid (Orsi
and Mecum 1996). Similar changes occurred in the
crustacean zooplankton communities, so the Inter­
agency Ecological Program (IEP) and USGS monitor­
ing have documented the disruption of communities
and ecosystem functions caused by this alien species.
Analysis by the Regional Water Quality Control Board
concludes that "Exotic species are one of the greatest
threats to the integrity of the San Francisco Esruary
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San Francisco Bay's biological commu­
nities are a mix of native and alien
species. and some habitats are dominated
by aliens. Many species were introduced
into the Bay long before monitoting
began. so we have no knowledge of the
Bay's biological community srrucrurc,
water quality, or ecosystem functions
prior to species introductions by humans.
Monitoting in recent decades has
provided direct measures of the distur­
bance caused by alien species. A compel-
ling example is the suite of changes in
northern San Francisco Bay that followed, almost
immediately. invasion by the Asian clam
Potamocorbula amurensis. Prior (Q this invasion in
1986. phytoplankton in Suisun Bay accumulated to
high levels in summet (Figute 6). These summer
blooms did not appear in 1987 and they have been
absent since. POlamocorbuid filter phytoplankton from
water. and they are abundant enough to remove algal
cells faster than phytoplankton can reproduce in
Suisun Bay. As a result. Potamocorbuid has reduced
primary production five-fold (Alpine and Cloern
1992), creating an environment of chronic food

aI. 1997). Lessons from phytoplankton
monitoring show that San Francisco Bay
is a continually-changing and evolving
biological system. over periods ftom
hours to decades. An important challenge
of monitoring design is to measure and
understand variability at all time scales so
that ttends of long term change can be
detected and interpreted with confi­
dence.

BIOLOGICAL POLLUTION AS

DAMAGING AS CHEMICAL

POLLUTION



Figure 6. Ecosystem disruption from biological pollution can be as powerful as disruption from chemical
pollution. The summer phytoplankton bloom disappeared and abundance and photosynthetic production
decreased fivefold in Suisun Bay after invasion by the alien clam Potamocorbu/a amurensis in late 1986.
This Figure compares annual cycles of phytoplankton abundance (chlorophyll a) in Suisun Bay for three
years before (left panel) and 12 years after this invasion (right panel). The mean pre-invasion (1978-1980)
chlorophyll concentration was 9.8 mg/L compared to the mean post-invasion concentration of 2.1 mg/L.
Native invertebrates, including important forage species for fish, are now food-limited and populations of
some species (the mysid shrimp Neomys/s merced/s) have virtually collapsed since this invasion.

meet some specific monitoring needs, but the full
suite of potential partnerships has not been melded
into a Baywide comprehensive monitoring program.

Our ability to anticipate and document future
change in the Bay is deficient in four areas. First,
institutional commitments to biologica1monitoring
do not support regular sampling of plankton, sedi­
ment-dwelling invcrtebrates, waterfowl, or nlanunals.
Basic components of watcr quality such as nutrienrs,
and ecosystem functions such as primary production,
are also missing from the existing monitoring effort
(IEP monitors nutrients and lower trophic level
organisms, bur not Baywide). Second, there is no
mechanism for integrating and synthesizing informa­
rion collected by agencies conducting specialized
monitoring or research. Data are archived in discon­
nected databases, and cross-program dara synthesis
and integration are nOt supported institutionally.
These deficiencies limir our progress toward an
ecosystem-scale perspective of the Bay's systemic
responses to changes in land use. habitats) waste
loadings, climate, and invasive species. Third, existing
programs do not fully exploit new technologic such
as remote sensing and real-time dara collection with
moored instruments to measure changes at the spatial
and temporal scales missed by ship-based sampling.
Finally, insr.irutional commjtmenrs have nOt been
made to design, implement and permanently fund a
comprehensive monitoring assessmenr and research
program (CMARP), although the need is widely
recognized and a general roadmap has been produced
<http://www.iep.water.ca.gov/cmarp/>.

Given the value of monitoring to resource manage­
ment and the certainty of forces that will change San
Francisco Bay in uncertain ways, we wonder: How
might the monitoring lessons described here be
applied to stimulate implementation of a CMARP?

•••

Post Invasion

1988 1990 1992 1994 1996 1998

forces of change that might reshape the Bay ecosys­
tem, such as: conversion of salt ponds to new habitats;
construction of airport runways; climate changes that
alter the seasonal timing and quantity of river runoff;
sea level rise; population growth adding over 1.4
million Bay area residenrs by 2020 <herp:11
www.dofca.gov/>; unanticipated introducrions of new
species; and regulatory actions such as implementation
ofTMDLs. Although we know with certainty that
San Francisco Bay will change in coming decades,
there is no insritutional framewotk to fully document,
understand and support adaptive management to
those changes. The USGS-RMP partnership illustrates
how resources of two institutions can be combined to
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Pre Invasion

The need for monitoring informarion is perperual
because San Francisco Bay will continue to change in
ways we cannot predict. We can, however, identify

set of [Oxic contaminants. Monitoring records changes
in the ehemic.'I1 and biological condition of San
Francisco Bay, providing an objective basis for measur­
ing the benefits of advanced wastewater treatment and
point-source reductions of toxic pollutants. It can
sinlilarly document responses to future actions such as
steps to reduce pollutant loadings ftom nonpoint
sources. Finally, monitoring data provide powerful
clues revealing how San Francisco Bay functions as an
ecosystem and how its funcrions respond to both
natural forces and human activities.

20
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The gravitational pull of the

sun and moon generates tides

with flood (landward) and ebb

(seaward) currents.The

rotation of the earth and

moon create in San Francisco

Bay two flood and ebb tides

every 24.8 hours. Tidal

currents are strongest during

full and new moons, called

spring tides, and weakest

during half moons, called neap

tides. As a result, suspended

sediment concentrations are

larger during spring tides than

during neap tides (Figure 3).

nant of concern because of its toxicity and tendency 90

to bioaccuffiulate in the food web. The vast majotity 80

e of mercury in the Bay is a legacy of mercuty mines
~in the Bay Area, especially in the Guadalupe River .s 70

watershed in South Bay, and from hydraulic mining c:
.2 60

for gold in the Sierra Nevada. Because mercury "§
samples are expensive to collect and analyze, it is C

2l 50
desirable to find a ptoxy that can be sampled easily c:

0

and inexpensively. uspended sediment fiJls this tole. U 40
~

RMP data collected from 1993-2000 at five sites in :J
~ 30

San Pablo Bay show that mercury concentrations Q)

::;
were closely related to suspended sediment concen- ]i 20
tration (Figure 2). Ninety-one percent of the {2

variation in the mercury concenrration can be 10

explained by variation in suspended sediment
concentration.

Using this linear relation, continuous rotal
mercury concentration can be estimated from
continuous suspended sediment concentration data.
Figure 3 shows the suspended sediment and esti-
mated total mercury concentrations at Point San
Pablo during water year 2000. The record is highly
vatiable through the year, reflecting physical pro-
cesses such as the spring-neap and diurnal tidal
cycles, rainfall and runoff and associated variance in
concentrations and loadsJ and wind-wave resuspension of
borrom sediment. The strongest signals are caused by
increased sediment supply during the rainy season (October
through April) and resuspension and transport of bottom
sediments during energeric spring rides.

WATER QUALITY OBJECTIVE FOR

MERCURY EXCEEDED WHEN SUSPENDED

SEDIMENT CONCENTRATION IS LARGE

The San Francisco Bay Regional Water Quality Control
Board has set a water quality objective for total mercury
concentration of 25 nglL averaged over any four-day period.
A time series of the estimated mercury concenrr3eion can be
used to evaluate how often that objective was met from
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Figure 2. Many priority contaminants are closely
associated with sediment particles. This Figure shows the
close relationship between mercury and suspended
sediment in RMP samples from San Pablo l3ay, 1993-2000.
l3ecause of this close relationship, suspended sediment
monitoring can prOVide insights into the behavior of
mercury in the Estuary.

1993-2000 (Figure 4). The objective was exceeded about
25% of the time.

Compliance with the water quality objective depends on
the amount of suspended sediment, which, in turn, depends
on the motion of Bay water. Faster water applies more force
to the borrom of the Bay, resuspends borrom sediment,
increases suspended sediment concentration, and can
increase total mercury concentration above the water quality
objective. The motions of the earth and moon create tidal
cycles and periods of faster water. Semimonthly (spring
tides), monthly, semiannual tidal cycles, and the scrongest
winds in spring and summer that generate the largest waves,
aCCount for most of the variability in Figure 4 and determine
whether the water quality objective is met (Schoellhamer
2002).



SEDIMENT DYNAMICS

Sediment Dynamics Drive Contaminant Dynamics
David H. Schoellhamer (dschoell@usgs.gov),Gregory G. Shellenbarger, and Neil K. Ganju - U.S. Geological Survey, Menlo Park, CA
Jay A. Davis, and lester J. McKee - San Francisco Estuary Institute, Oakland, CA

Figure 1. Suspended sediment concentration monitoring stations in San
Francisco Bay. Monitoring stations have been established in each major
region of the Bay. Funding for this network is provided by RMP, USGS,
and many other entities. 21

Sediment becomes suspended in the
water column through a variety of
physical processes and transportS
associated contaminants around the

Bay. For example, mercury is a contami-

MANY PRIORITY

CONTAMINANTS ARE

CLOSELY ASSOCIATED WITH

SEDIMENT PARTICLES

ize these flucruations, the U.S. GeoLogi­
cal Survey (USGS) began continuous
monitoring ofsuspended sediment
concentration in 1991. Continuous
suspended sediment concentration
monimcing stations were established in
each major region of San Francisco Bay
(Figure 1), establishing a continuous
monitoring nerwork. The sensors at
each station measure the amount of
material in the water every 15 minutes.
Results are available on the internet at

<http://sfports.wr.usgs.gov/Fixed_seal>.

In addition to the network, sensors have

been deployed at as many as 14 addi­
tional sites in the Bay for periods of
several months as part of focused
studies of sediment transport in Bay
locales of special interest.

INTRODUCTION

M any contaminants of greatest
concern in San Francisco Bay,

including mercury and PCBs, are
primarily associated with sediment
particles rather than dissolved in watet.
Therefore, the movement and fate of
sediment determines the movement and

fate of many contaminants in the Bay.
Because of this dose association, the
RMP monitors and seeks to undetstand
the quantity and movemeJlt ofsediment
suspended in the water. Thtough study
ofsuspended sediment dynamics, the
RMP is developing a better understand­
ing of rrends and patterns of contami­
nants and how the Bay will respond to
management actions during the next
several decades. Recent RMP effons to
develop predictive models of contami­
nant fate in the Bay have highlighted
the fundamental importance of under­
standing sediment dynamics.

Sediment movement in the Bay is
determined by tides, wind, and freshwa­
ter inflow. TIdes flood and ebb (Wice a
day, wind typically is strongest in the
afternoon, and freshwater inflow is
greatest during the winter rainy season
(see sidebar on next page). To character-
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SEDIMENT TRANSPORT EXPLAINS CONTAMINANT

DISTRIBUTION: PETALUMA RIVER

The RMP consislently has measured high concentlalions ofcontaminanls in the
mouth of Ihe Petaluma River, which drains into northern San Pablo Bay (RMP
2002). Sedimenl ITansport between the Pelalwna River and San Pablo Bay creales
high suspended sediment concentrations, which largely explains Ihe area's high
concentrations ofcontaminants.

The USGS and the University of California al Davis collecled continuous
hydrodynamic and suspended sediment concemralion dara in Ihe Pelaluma River
from January 1999-Augusl 1999, and from Seplember 200o-March 2001 (Barad
el aI. 2001). These dala complemented Ihose from the RMP/USGS cominuous
suspended sedimem concenlTalion slation in northwesl San Pablo Bay, al Channel
Marker 9 (Figure 1) (Ganju el aI., wrillen commun., 2003). The geomelry and
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Figure 3. Suspended sediment concentrations in the Bay are highly variable,
driven primarily by tides, wind, and freshwater inflow. Suspended sediment
concentration (left axis) and estimated total mercury concentration (right
axis) at Point San Pablo during water year :woo. Concentrations are highly
variable through the year, reflecting physical processes such as the spring-neap
and diurnal tidai cycles, rainfall and runoff, and wind-wave resuspension of
bottom sediment. The highest concentrations are caused by increased
sediment supply during the rainy season (October through April) and
resuspension and transport of bottom sediments during energetic spring tides.

tidal currentS in the area create a process of sediment erosion and deposition that
repeals wilh each lidal cycle (aboul every 12.4 hours). As waler flows seaward on
ebb tides, Ihe lidal CUITenls apply force 10 Ihe river bed. An upstream deposil of
sediment on the bed of the Pelaluma River is eroded and mixed into Ihe waler
column (Figure 5). As this suspended sedimenl mass moves downslTeam, very high
suspended sediment concenlralion are presenl (>500 mglL). Once the suspended
sediment mass reaches San Pablo Bay, the slack lide and broad area allow sedimenl
to drop OUI of the waler, forming a downstream sedimenl deposil. As water begins
flowing landward immediately after Ihe lide lurns from slack 10 flood, the down-
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Figure +. Fluctuations in suspended sediment concentrations drive
fluctuations in concentrations of contaminants in Bay water. The water
quality objective for mercury concentration is 25 nglL averaged over any four­
day period (horizontal line on graph). This figure shows four-day average
suspended sediment and estimated total mercury concentrations at Point San
Pablo for direct comparison to the water quality objective. Much of the
variation observed can be attributed to the processes described in Figure 3.
Another important factor is the trend toward declining sediment loads to the
Estuary, especially apparent in the dry years of 1999 and 2000. With less
sediment entering the Bay, there was less sediment that could be mobilized by
tides and wind, suspended sediment concentrations were lower, and the water
quality objective was met during all but the strongest spring tides. Continued
declines in sediment load to the Estuary could lead to fewer and fewer
exceedances of the mercury water quality objective. 23
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Figure 5. Sediment
dynamics explain spatial
patterns in contaminant

concentrations. The RMP
consistently has measured

high concentrations of
suspended sediment and

contaminants in the
mouth of the Petaluma
River, which drains into
northern San Pablo Bay.

Sediment transport
studies have shown that

these high concentrations
are due to the oscillation

of a cloud of sediment
back and forth between

San Pablo Bay and the
Petaluma River. Sediment

deposits at slack tides, and
is in motion during flood

and ebb tides.

~PetBlumBRiver

t
N

stream sediment deposit is re-suspended and trans­
porred upstream. This to and fro process then repeats,
with the same sediment mass oscillating back and
forth between the Petaluma River and San Pablo Bay.
Sediment effectively is trapped within this area, except
during large flows in the Petaluma River. This process
accounts for the high concentrations of suspended
sediment concentration and contaminants in RMP
samples collected at the mouth of the Peraluma River.
Similar conditions were observed at the mouth of
Sonoma Creek.

SEDIMENT AND CONTAMINANT LOADS

FROM THE CENTRAL VALLEY

California's Central Valley histOrically is the
dominant source of runoff and sediment to San
Francisco Bay, and it continues to be an important
source of contaminants. Hydraulic gold mining in the
Sierra Nevada from 1852-1884 utili7.cd and dis­
charged mercury and enhanced the supply ofsediment
to Central Valley rivers, subsequently causing an
increase in sediment and mercury loads from the
Valley into the Bay (Figure 6). During the 20'h
century, watershed runoff delivered contaminants
from agriculrural and industrial development to the
Estuary. For most contaminants, rhe largest source has
been the Central Valley (Davis et al. 1999, 2000).
Future population growth is expected to be greater in
the Central Valley than in the San Francisco Bay Area,
which may increase the Central Valley's importance as
a source of contaminants to the Estuary.

In a RMP srudy, the USGS and SFE! are collabo­
rating to quantify sediment and contaminant loads
from the Central Valley to San Francisco Bay. Tides,
large channel cross secrions, and episodic flood pulses
complicare load estimarion. McKee et al. (2002)
combined USGS continuous suspended sediment
concentrarion data and California Deparmlent of
Warer Resources (DWR) ourflow dara at Mallard



20 ,..----....-........-..----.---.--..-----.---.--...------.---., compliance with the mercury water quality objecrive
at Poim San Pablo (Figure 4). Wirh less sediment
entering the Bay, there was less sediment that could be
mobilized by tides and wind, suspended sediment
concentrarion was less, and the water quality objective
was met duting all but the strongest spring rides.

It is difficult 10 predict the long-term effect of
reduced sediment load on Bay contamination. On one
hand. reduced sediment load from the Central Valley
can be expected ro reduce concentrations of mercury
suspended in water. On the other hand. however,
another expected effect of reduced sediment load to
the Bay is increased erosion of bed sediment on a
regional scale Uaffe et aI. 1999). Erosion of buried
sediment, which was deposited in past decades with
higher contaminanr loads, reintroduces relatively
contaminated sediments into circulation in the Bay
(Marvin-DiPasquale et aI. 2003).
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Figurt! 6. Sedlmt!nt supply to tht! Estuary has dt!Clined in rt!Ct!nt yt!ars, making sedimt!nt a scarct! rt!source
and possibly exacerbating watt!r quality problems. Estimated sediment inputs to the San Francisco Estuary
(Gilbert 19'7, Krone '979, Porterfield 1980, Ogden Beeman, and Associates '992, McKee et al. 2002). Bars
indicate estimates over entire period and points indicate yearly estimates. Hydraulic gold mining in the
Sierra Nevada in the late 1800s greatly increased sediment loads over pre-184-9 levels. Loads declined in
the 1900S due primarily to the establishment of reservoirs on tributaries throughout the Estuary
watershed. At present, the diminishing supply of sediment threatens to exacerbate existing water quality
problems by increasing erosion of sediment from the Bay floor.

Island to estimate sediment loads into the Bay. They
determined an average load of 5.2 ± 0.9 million ydJ

pet year from 1995 to 1998. Addirional sediment data
have been collected since 1998 (Buchanan and RuhI
2001, Buchanan and Ganju 2002). Using the same
methods as described by McKee et al. (2002), the
estimated average annual sediment load from 1995­
2001 (7 years) was 3.6 ± 0.6 million ydJ per year,
down from the hydraulic mining peak of 18.4 million
ydJ pet year between 1849-1914 (Gilbert 1917). This
decrease in sediment load (Figure 6) is consistent with

decreasing sediment load from 1957-2001 in the
lower SaCtamenlO River (Wright and Schoellhamer
2003). In a followup to the McKee et al. (2002) srudy,
the RMP is characterizing contamination of sus­
pended sediment entering the Bay 10 develop im­
proved estimates ofconraminant loads from the
Central Valley.

Sediment load affects water quality in the Bay. The
smaller sediment load from the Central Valley in 1999
and 2000 (Figure 6) probably explains the smaller
suspended sediment concentration and increased

SEDIMENT AND CONTAMINANT

BUDGETS

The bed sediment in San Francisco Bay is a major
repository and source of many contaminants. For
example, PCBs are legacy contaminants that no longer
are manufactured but persist in the bed sediment and
pose a human health risk because of their accumula­
tion in Bay sport fish. The USGS and RMP are
developing a sediment budget and a numerical model
to berter understand the long-tern, (decadal) sedimen­
tation of the Bay and associated contaminant fate.
These 100is will provide an essential foundation for
predicting long-term trends in concentrations of
persistent contaminants. thus helping improve the
development ofTMDLs for the Bay.

A fInancial budget is useful for evaluating income,
expenses, and gain or loss ofsavings. Similarly, a
sediment budget is useful for evaluating sediment
sources, sediment sinks, and erosion or deposition in
the Bay. For contaminants associated with sedimenr, 2S
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MERCURY (Hg)
Mercury is naturally abundant in the rocks of
the Coast Range of northern and central
California. Human activities over the past
150 years have moved a substantial amount
of this mercury out of the rocks and Into the
ecosystem.

Mercury has numeroua commercial and
Industrial ...... Ineludl"ll thermometers.
fluorescent lamps. dental fllll"ll5. and
batteries. Durl"ll the late IBOOs and early
1900s. mercury ..... mined '"-'Ively In the
California Coast Range for uae primarily in
gold extraction in the 5iern N...da.
Although the extraction of gold by mercury
amalgamation has been banned In the United
States. San Fnnclseo Bay continues to
receive mercury from mine dralnap and
mini"ll debris deposlcs In upland watersheds
(SFEI 19990).

Mercury is found in seYeral forms. some

of which have much greater potential for
harm than others. Methylmercury (CH,Hg+)
is the form of greatest concern since it
accumulates in animal tissue and moves from
prey to predator up the food _b.
Methylmercury is produced by baetenal
action in sediment.

Mercury is of high concern with regard to

human health since it accumulates in tissues.
and its levels increase up the food web.
Human exposure to mercury occurs
primarily through consumption of
contaminated fish. Mercury is a
neurotoxicant and is particularly hazardous
to the developing nervous system of fetuses
and children.

Mercury also has potential to harm the
ecosystem. especially birds and other wildlife
high in the food web.

development of a sediment budget is needed to develop a
contaminant budget. Tne most tecently publisned sediment
budget fot San Ftancisco Bay was wtitten by Ogden Beeman
and Associates (1992). Sediment supply and dredging
volumes have decteased since. and large wetland resroration
projects and airport runway expansion projects that would
cteate new sediment sinks nave been proposed. The USGS is
using new suspended sediment concentration data, Interpre~

rive studies. and numerical models to update tl,e sediment
budget for San Francisco Bay.

A simple numerical model can be used to provide a
sediment or contaminant budget tnat varies over decades.
Davis (2003) developed a numerical model of the long-term
fate of PCBs in San Francisco Bay that represented the Bay
as one well-mixed box. A one box model, nowever. blurs
over tne different long term deposition and erosion patterns
known ro exist in different parts of tne Bay Gaffe et al.
1999). The USGS is collaborating with SFEI to develop a
multi-box model for PCB cycling in San Francisco Bay. The
wealth of suspended sediment concentration and bathymet­
ric data available in San Francisco Bay will be used ro
improve the reliability of the model.

SCIENCE TO BETTER MANAGE THE BAY

The data and findings from the RMP and USGS sedi­
mentation scudies not only benefit the RMP but also benefit
restoration projects, construction projects, such as the
proposed San Francisco Airport runway expansion, and
other scientific studies. Data from these studies are pub­
lished (Buchanan and Ganju 2002) and available on the
internet <http://sfportS.wr.usgs.gov/Fixed_sta/>. and
significant fmdings are published in peer-reviewed journals
(see the bibliography at <http://ca.water.usgs.gov/abstract/
sfbay/sfbayeon tbib.htm!».

RMP and USGS sedimentation scudies provide scientific
and programmatic integration that benefit Bay science and
management. Sedimentation studies integrate the scientific
disciplines of physics. chemistry, and ecology because

sedimentation is controlled by physics and affects the
chemistry and ecology of the Bay. The collaooration of the
USGS and RMP strengthens both organizarions and
improves rhe grearer underscanding of the Bay. The RMP
also benefits from the contributions from other agencies and
programs to Bay sedimentation studies. In addition to RMP
support received from the San Francisco District of rhe U.S.
Army Corps of Engineers. suppOrt for the data and analyses
presented in this article came from the California Depart­
ment ofFish and Game. California Department ofTrans­
porrarion, California Coastal Conservancy. CALFED Bay/
Delta Program, San Francisco Bay Regional Water Qualiry
Conrrol Board, U.S. Environmental Protection Agency
CISNet Program. U.S. Fish and Wildlife Service Coastal
Program. and USGS Place-based and Federal/State Coopera­
tive Programs. In addition, the Interagency Ecological
Program suPPOrtS continuous salinity monitoring stations
that are co-located with some RMP sediment monitoring
starions. thus reducing the costs ro both Programs.

For several reasons, appreciation of the importance of
sediment dynamics in the Bay has grown markedly in recent
years. First. as discussed in this article, the long-term data set
is beginning ro yield valuable insights. such as the effect of
reduced sediment supply on compliance with water quality
objectives. Second. sedimenr dynamics explains the spatial
and remporal variability ofsome contaminants. such as
mercury and PCBs. Third. the development of mass budgets
and predictive models has enhanced our understanding of
the influence ofsediment dynam ics on long-term trends in
contaminant concentrations. Fourth, massive development
and restoration projects (the San Francisco airport extension,
CALFED restorarion projects. restoration of the South Bay
salt ponds) that could have a huge effect on the Bay's
sediment budget currently are being evaluated. Continued
monitoring and analysis ofsediment dynamics is essential to

understanding the effects of management actions on water
quality and the ecology of San Francisco Bay.



Is THEWATER TOXIC IN THE

TRIBUTARIES?

While most of the water samples tested by the RMP
in the Estuary have not been roxic, stormwater samples
collected from tributaries and in the northern Estuary
following significant rainFall eventS in 1996 and 1997
were toxic (Figure 2). During two periods in 1998, three
consecutive samples taken at twO to three day intervals in
the northern Estuary were all toxic, suggesting dlat
extended periods of toxicity may occur. Studies on the
Sacramento and San Joaquin rivers during this time
period found that water in some sections of those rivers
were frequendy toxic, and OP pesticides (e.g., diazinon
and clilorpyrifos) were believed to have been responsible
for much of the toxicity (Foe 1995, Ogle et al. 1998).
Other studies found that many sanlples of srormwater
runoff from urbanized creeks in the Estuary were also

zooplankton densities from one-tenth to one one­
hundredth of those in the early 1970s (Obrebski et al.
1992). While there are other factors that may be driving
the zooplankton decline, such as the introduction of the
Asiatic clam Potamocorbula amurensis (a highly efficient
fdter feeder) in 1986 (Thompson 1999; Lucas et al.
1999; Parchaso and Thompson 2002), water diversions
upstream, and altered food web predation patterns, the
use of pesticides has increased substantially over this same
period of time, suggesting that contaminants may be
contributing to the zooplankton declines (see Changes in
Pesticide Use below).

Based upon the wet season toxicity observed in the
StatuS and Trends monitoring, the RMP initiared a Pilor
Study in the winter of 1996 to test the hypothesis that
Stormwarcr runoff and other surface water runoffevents
were the primary sources ofepisodic water toxicity in the
Estuary. The Pilot Study sampled stormwarer runoff
eventS at Mallard Island (near the confluence of the
Sacramento and San Joaquin Rivers), and in several
smaller rributaries throughout the Estuary (see Figure 2).

. '"

noIsamp1ed

N$ NS NS NS NS no

wetseason 1996-2001

Coyote Creek

""

Location

Pacheco Slough

:~

Mallard Island

-:~~~=.J

lower

pen:entof ""luJtJl'SsampIee better

that were "" +
toxic lWo NS

'96 "91 '98 '99 '00 '01

Chartlepnd

U '"" NS

NSNSNS~

Sonoma Creek

slough sites (C-3-0 and C-I-3) showed toxicity (four out
of sixteen samples ftom those sites).

This wer season aquatic toxicity observed in the
northern and southern Estuary is suggestive ofadverse
effecrs on aquatic invertebrates and the estuarine food
web. Long-rerm studies have reported declines in
zooplankton abundance in the Esruary, with recent
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Figure 2.. Toxic
water samples from

Estuary tributaries
have also been

observed less
frequently in recent

years. The RMP's
Episodic Aquatic

Toxicity Study has
been sampling

toxicity to mysid
shrimp and larvai
fish in tributaries

around the Estuary
since 1996. During

this period, the
frequency of

observed aquatic
toxicity in the

tributaries has been
decreasing, possibly
as a result of a shift

in the kinds of
pesticides used in the

surrounding
watersheds.

AQUATIC TOXICITY IN THE ESTUARY

Since 1993, 13% of the water toxicity samples tested
by the Status and Trends component of the RMP were
found to be toxic to at least one test species. Most of
those occurrences happened between 1995 and 1997 in
the northern and southern reaches ofthe Estuary (Figure
1) during the wet season. Since 1998, only two southern
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TOXICITY TESTING

Ten Years ofTesting for the Effects of
Estuary Contamination
Brian Anderson (anderson@ucdavis.edu) - U.c. Davis, Davis, CA • Scott Ogle - Pacific EcoRisk, Martinez, CA
Sarah Lowe - San Francisco Estuary Institute, Oakland. CA

_Gf_pIes per site: 610 19

Percentage of samples toxic to
either of two test species.

Figure 1. Toxic water in the Estuary has been observed less frequently in recent
years. From 1993 to 2001, 13% of water toxicity samples collected by the RMP
Status and Trends component were toxic to one or more test organisms in the
laboratory (mysid shrimp or bivalve larvae). Most of this toxicity was observed
In wet season samples and occurred in the northern and southern reaches of
the Estuary. From 1998, only two sites in the southern sloughs of the Estuary
have been toxic. 27

continually adjusted and improved
providing an excellent example of

adaptive program management. This
element appears to have documented the

reduction ofaquatic toxicity in the

Estuary in response to declirting use of
organophosphate (OP) pesticides.

Contaminants enter the Estuary

through a number of pathways, and can
be dissolved in water Ot bound to sedi­

ment particles. Warer and sediment

toxicity are tested separately: watet

toxicity testing monitors possible effects of
chemicals on organisms that live in the

water column, and sediment mxicity
testing assesses possible impaers on the

Estuary's benthos (sediment dwellers). For

the RMP, watet toxicity is monitored

using mysid shrimp and larval fish. Mysid
shrimp represent a class oforgmlisms that

are important food for fish in the Estuary,

and the species being used by the RMP is

among the moSt sensitive test species for
water, especially to pesticides and peuo­

leum-related contaminants. Toxicity of

sediment contaminants is monitored
using mussel embryos and shrimp-like

organisms called anlphipods. Both tests
are considered sensitive indicators of

benthic community health.

INTRODUCTION

Complex mixtures ofcontaminants

are found In the Estuary and their

effeers on aquatic life are diflicu1t to
evaluate. Knowing the individual concen­

trations ofchemicals is not enough to
detetmine ifestuarine waters will be

harmful to resident species. Toxicity tests

are laboratory procedures designed to
determine whether chemical levels in

water or sediment samples from the

Estuary might impact aquatic life. Water

quality objectives adopted by the Regional
Water Quality Conuol Board are estab­

lished to comply with Clean Water Act

provisions that prohibit the presence of

contaminants in toxic amounts (Basin
Plan, 1995). Toxicity tests are used to
monitor compliance with these objectives.

Combined with chemical measurements

(in water, sediment, and tissue), biological

community characterizations, measures of

other fuctors that may affect aquatic
organisms, and studies ofeffeers on

populations ofaquatic organisms,

laboratory toxicity tests add to the group

of measurements used to assess the health
of the estuarine ecosystem.

Toxicity testing has been included in

the RMP since the Program began in

1993. This element of the RMP has been

•
40

Water Toxicity
1993-2001
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toxic (S.R. Hansen and Associates 1995, Katznelson and

Mumley 1997).

In recent yealS, the fTequency ofobserved wet season aquatic
toxicity has declined, and has coincided with the reduction in
use ofOP pesticides. In 2000, the U.S. EPA acted to reduce the
use of two key OP pesticides, chlorpyrifos and diazinon, by
phasing out their use in home and garden applications and
restricting their use in agriculture. Local agencies around the
Estuary are also engaged in public information efforts to reduce
the use and improper disposal ofOP pesticides by homeowners
and businesses. Meanwhile, the urban and agricultural pesticide
marketS are turning to various alternatives to diazinon and
chlorpyrifos, such as pyrethroid insecticides (see sidebar, page
31).

Stormwater toxicity monitoring continues to be conducted
by the RMP. Recently, the frequency of tOxicity has decreased,
most norably at Mallard Island, where none of the 53 samples
coUected during the wet season of200 1-2002 were tOxic
(Figure 2). There has also been a marked decrease in the
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Figure 3. Recent changes in pesticide use may account for
the observed decrease in aquatic toxicity In local
tributaries of the Estuary. With regulatory measures (in
:2.000) to reduce the use of OP pesticides such as
chlorpyrifos and diazinon in agriculture and homes and
gardens, the use of pyrethroid insecticides is expected to
increase. This graph shows the pounds of pesticides (in
thousands of pounds) applied annually in nearby
counties, 1992 -1998.
Data source: CA Department of Pesticide Regulation http://
calpip.cdpr.ca.gov/cfdocs/calpip/prod/main,cfm

magnitude of the toxicity. Many of the tOxic samples coUected
in the fi"'t three yealS of the Pilot Study caused >50% mortality
of test organisms, with several causing 100% mortality. Of the
wet season 1999-2000 samples collected, only one resulted in
>50% mortality, and none of the samples collected in 2000­
2001 resulted in >25% mortality.

CHANGES IN PESTICIDE USE

Apparent reductions in the magnitude and fTequency of
ambient water toxicity to the mysid shrimp over the past several
yealS has coincided with recent reductions in the application of
OP pesticides in the Estuary's wate",heds (Figure 3). While
reduced OP applications appear to have remedied the mysid
tOxicity problem in the Estuary, other pesticides that may pose

Sediment Toxicity
1997-2001

Oll.20~eoeolllll

Percentage of samples
toxic to either of two

lest species.
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Figure +- The frequent occurrence of toxic sediment
samples in the Estuary Is a major concern. From 1997 to
2001, 63% of sediment toxicity samples collected by the
RMP Status and Trends component were toxic to one or
more test organisms in the laboratory. Sediment
toxicity is persistent in the Estuary and more frequent in
the northern and southern reaches and near the mouths
of small tributaries.

TOXICITY TESTING

UsI"l contaminant concentradons to

predict harm 10 estuarine life b dlfllcuk. as a

contaminant's po<entiaI for hann Is aIIected
by ks conteXt In !he estuarine environment.
OCher contaminant levels. salinity.
-.perature. one! many oct- variables may
inIIuenco a conamlnant's e«ect.

A more direct approach 10 _"I
potendaI harm. which a-.oids many of the

diIIicuItIes of lnle<'pt em" contamlnan'
concentradons. Is to expose orpnisms (such
as mussels or shrimp) 10 Estuary water or
secIimont In !he IaboralOry one! look for
adYene o«octs such as__tal
abnormalities or death. If a dear achene
eIIect Is seen. it b considered an Indication

<ha' harm Is occurTi"l in the Estuary itself.
The ecological roleYance of laboratory tests

b a matter of some debate. as some of the
species used In RMP tests do no, actually

reside In the Estuary.The RMP Is consideri"l
Increasing ks use of reslden' species 10
address this Issue.

Toxicity tests gM no indlcadon of what In
the sample Is responsible lor the observed
IOxicity. Addldonal tests. known as IOxicity
idendficadon evaluadons (TIEs) attempt to
identify the IOxlc 'llent(s).ln TIEs.IOXic
samples are treated to remove a particular
type of chemical. and toxicity tests are rerun

to see if the tOXicity has been eliminated. In
this way. indirect identifications can be made.
When contaminant mixtures are present.
conclusive identification of what is causing
the toxicity is often not possible.The RMP
plans to increase the use ofTies on water
and sediment samples.

For information on the specific toxicity
tests used by the RMP. see the RMP Annual
"'onitoring Summary reports at
<www.sfei.org>.
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Figure 5. Sediment toxicity in the Estuary is persistent, shows seasonal and regional patterns, and is
manifested differently in two laboratory test species. There is more frequent toxicity during the wet
season than the dry season, particularly to amphipods. The mussels tend to have a pronounced all-or­
nothing response. Samples are persistently toxic to mussels at the Rivers stations and periodically at the
South Bay stations.
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new problems are being substituted for OP pesticides.
For example, the use ofalternatives such as pytethroid
insecticides (see sidebar, page 31) has increased over the
past few years. Pyre(hroids have different properties than
OP pesticides, widl a greater tendency ro adsorb to
sediment and greater toxicity ro fish. Therefore corre­
sponding changes in the toxicity moniroring approach
may be needed (i.e., using tests and test species that will
be more sensitive to changing use patterns of pesticides
and their fate and transport characteristics). It is critical
that the RMP remains vigilant of changes in pesticide use
within d,e Estuary's watersheds and continues to adapt
the monitoring approach in response to those changes.

SEDIMENT TOXICITY

Toxic sediment is found regularly at a number ofsites
throughout the Escuary. During the last five years, 63%
of the sediment sanlples tested were toxic to at least one
test organism (Figure 4). Since 1993, the RMP has
seasonally evaluated the toxicity ofsediments to mussel
embtyos and amphipods. For each seasonal sampling
period since 1993, the proportion ofsediment sanlples
that were toxic to at least one test organism ranged from
33% ro 100%, with no clear overall trend, but with dear
seasonal dilferences (see Figure 5).

As with water toxicity, sediment toxicity is more
frequent in the Estuary during the wet season d,an in the
dry season, suggesting stormwater is an important source
ofcontamination that may cause sediment toxicity. This
pattern is particularly dear for amphipods. For example,
51 % percent of the winter samples tested between 1993
and 1999 were toxic to amphipods, while only 16% of
the summer samples were roxie during this period. [Since
2000, the RMP has shifted to dry season toxicity
moniroring as part of the redesign of the Sracus and
Trends component of the RMP (RMP News. 1M 62).]

Sediment from certain stations in the Escuary has
been consistendy toxic to amphipods and mussel
embryos (Figure 5). Samples from Grizzly Bay, (he
mouth of the Napa River, Redwood Creek, and the



South Bay have usually been toxic to amphipods. Samples from
these and other stations have also been roxic to mussel embryos.
All samples collected in the northern Estuary (Grizzly Bay and
the Sacramento and San Joaquin Rivers) have been toxic to
mussels since 1994.

As suggested before, the magnin.de of toxicity (the number
ofdead or poorly developed animals) has been greater in
samples collected during the winrer months. Analyses to
identilY the cause of the sediment toxicity have yielded a variety
ofanswers, probably in part due ro the complex mixrures of
chemicals involved. Comparisons of the chemical dara ro
toxiciry test data indicated that amphipod mortality correlated
with mixtures ofchemic..lls in sediments) as well as to specific
metals and pesticides (Thompson et aJ. 1999; Anderson er al.
2000; Phillips et al. 2000). Causes of toxiciry ro mussel em­
bryos were less apparent.

Causes ofsedimenr toxicity have been further investigated
using toxicity identification evaluations (TIEs). TIEs are
laboratory procedures designed to first characterize the class of
chemicals causing toxicity, then identilY and confirm specific
chemicals responsible for toxicity. TIE procedures developed by
the U.S. EPA and novel techniques developed as part of RMP
special studies have shown that copper was the likely cause of
inhibited bivalve embryo development in sedimenr samples
from the Grizzly Bay station (Phillips et al., in press). TiEs have
indicated that sediment-associated metals are also the cause of
toxicity in samples from a southern Esruary sration, though the
specific metals responsible have not been identified. TIEs with
amphipods have shown that the persistent toxicity observed in
Grizzly Bay sedimenr is not likely due to organic chemicals
(such as pesticides), but instead is caused by some acid-soluble
contaminant, such as a metal (Anderson et al. 2000).

Monitoring information can also suggest possible solutions
ro toxicity problems. For example, many of these RMP srations
are near urban creeks and rivers that receive seasonal stormwater

runoff. By identilYing the specific chemicals responsible for
observed toxicity, resource managers may be able ro implemenr
studies to confirm whether urban runoff is an importanr source
of these conranllnants. Once this is confirmed, programs may
be designed to reduce inputs of these chemicals to the Estuary.

As a firsr step, a RMP special study has been proposed ro
monitor sediment roxicity and chemisrry at the base ofselected
creeks and rivers during the rainy season to assess what role
these sources play in conttibuting toxic sediments to the
ecosystem.

LOOKING TO THE FUTURE

Sediment roxicity is likely to persist for many years to come,
consideting the continuing toxiciry observed in d,e RMP.
Additional special sOldies are planned to furthcr examine
whether water and sediment toxicity tests used in the RMP are
accurate predicrors of impacts on the Esruary's aquatic and
benrhic commwuties. Because the amphipod (Eoholtstorius
estuarius) used in the RMP is not a resident of the Estuary, there

has been some debare regarding its ecological relevance.
Sensitivity of selected resident organisms to key chemicals of
concern will be compared to sensitivity of this amphipod
species. Similar tests are planned to evaluate the water test
species. Information from these experiments will confirm
whether the currenr species employed arc adequately sensitive ro
represent and ensure the protection of the Estuary ecosystem.

From a Regional Board perspective, RMP toxicity monitor­
ing has played a crucial role in tracking possible effects of
contaminants in the water and serument ofSan Francisco Bay
and its major triburaries. Documentation of the mxicity
associated with OP pesticides played an important role in the
EPA's reevaluarion of these pesticides. The subsequent measure­
menr of decreasing aquatic toxicity with the coinciding decrease
in OP pesticide use appears to demonstmte the success of
managemenr actions. Howevet, since new classes of pesticides
are being increasingly used ro replace OP pesticides (such as
pytethroids that partition in the sediment and have highet
toxicity in fish), new approaches to monitoring potential effects
are needed. Continued monitoring of toxicity with associated
chemical measurements, the developmenr ofTIE procedures
for emerging pesticides, and the incrC'dSed use ofTl Es will allow
us to keep current on the status of toxicity in the Estuary and its
tributaries, help determine the causes of toxicity, and infotm

regulatory decisions.

PYRETHROID INSECTICIDES

The impIemei .taM of U.S. EPA restrictions
on the use of organophosphate (OP)
insecticides has prompted pesticide
manufacturers to tum to using altoma_
inseclicides to meet maricet demands. Pesticide
use data (see Rgure on poge29) indicate that
pymhrold insecticides are one of the primary

replacements of OP pesticides.

Pyrethroids are synthetic analogs of
pymhrins, a dass of naturally occurring
pesticides with Insecticidal properties that are
found In the flower heads of chrysanthemums.
Pyrethrins haw been~ from
chrysanthemums and used as a natural
insecticide since the early 1900s. More recently.
chemists modified the structure of pymhrins to

make them more chemically stable and more
toxic than naturally occurring pymhrins.

Common pymhroids include permethrin.
cypermethrin.esferwaIerate. blfenthrin.
cyfIuthrin. and deltamethrin. among others.They
howe been used as active ingredients in
resJdentiailawn and garden retail products (e.g..
Onho.Scoas.llayer AdYanced, Spectracide, and
Real-KIN). Pyrethroids interfere with the
function of the nervous system and very
effectively block nerve impulse transmission in
insects. Humans can rapidly meraboIize and
eliminate pymhroids. so they appear to pose
low risk to human health. Howewr, fish and
aquatic arthropods are quite sensftive to

pyrethroids. raising concern for possib~ non­
target impacts on aquatic environments due to

agricultural. structural. and landscape
maintenance applications.

Pyrethroids behaw dlflerendy in the
environment than organophosphate insecticides,
With greater persistence and a stronger
tendency to bind to sediment particles than
organophosphates.The RMP is adjusting its

tox-icity monitoring to better evaluate
compounds with these chemical and
toxicological properties.
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PILOT & SPECIAL STUDIES

Ten Years of Pilot and Special Studies:
Keys to the Success of the RM P
lay A. Davis Oay@sfeLorg) - San Francisco Estuary Institute, Oakland, CA
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PILOT STUDY

A monitoring study conducted
on a trial basis in order to

determine whether it is suitable for

inclusion in RMP statuS and trends
monitoring.

SPECIAL STUDY

A study that helps improve
monitoring measurements or the

interpretation of monitoring data or

that serves to meet RMP objectives
through activities other than

monitoring.

I t is widely acknowledged that the RMP has generated a
world-class body of science describing contamination in

San Francisco Bay, and this is an obvious sign of the success
of the Progtam. Less obvious, but equally important to the
continuing support enjoyed by the RMP, are the processes
that have been established to facilitate collaboration and
communication among RMP participants and to ensure
efficient use of funds to answet the most pressing manage­
ment questions. Stable funding has allowed the RMP to

develop an efficient organizational structure and processes
that enable the Progtam to adapt to changing management
ptiorities and advances in scientific understanding. The
RMP in 2003 looks very diffetent from the RMP in 1993.
Pilot and special studies are one of the main mechanisms
that have allowed this growth and improvement.

THE MATURATION OF A

MONITORING PROGRAM

In its infancy in 1993, the RMP was a $1.2 million
program narrowly focused on measuring spatial and tempo­
ral trends in contaminant concentrations and toxicity in the
main channel of the Estuary. In 2003 the RMP has matured
into a multifaceted $3.4 million program of study that
evaluates spatial and temporal trends in chemical contami­
nation and toxicity in a more comprehensive manner, and
also assesses contaminant effects, contaminant loading, and
performs broad-scale synthesis of information from RMP
and other programs. Pilot and special studies in the RMP
have allowed the Program to adapt in response to changes in
the regulatory landscape, advances in understanding of the

Estuary, and a conrinual drive to adjust the Program to
better meet its objectives.

RMP pilot and special studies have been keys ro both rhe
adaptive management of status and trends monjtoting and
the success of the RMP in meeting its objectives related to

effecrs, loading, and synthesis (see RMP objectives on page
34). Adaptive management is achieved through several
mechanisms in the RMP. One of these is an insritutional
structure with committees and workgroups (Figute 1) that
meet quatterly to track ptogtess and plan futute wotk. This
structure allows fot continual adjustment of the Program.
Another important mechanism by which the Progtam
adapts is periodic Program Reviews, where independent,
prominent experts in environmental monitoring evaluate the
Program as a whole. Program Reviews are conducted on
approximately a five-year cycle, with the most recent one
occurring in 2003. Pilot and special studies are the third
major mechanism by which the Program adapts. These
studies constitute a mechanism for responding quickly to
new information or concerns, assessing new technical
approaches, investigating particulat questions that have
defined endpoints, and evaluating new ditections for status
and trends monitoring.

Pilot and special studies have been included in the RMP
every year, and have lead to significant additions and
refinements to status and trends monitoring. Pilot and
special studies currently account for 16% of the annual
budget (Figure 2). The majot elemenrs added to Status and
Trends monitoring in the past 10 yeats that originated from
pilot studies include hydrography and phytoplankton,
suspended sediment dynamics, and fish contamination.



Some of the refinements resulting from special studies
include ongoing development ofmass budger models, an
updared list of rarger chemicals for moniroring, an opti­
mized bivalve monitoring program, and incorporarion of
surveillance moniroring and interlaboratory quality assur­

ance exercISes.

merir. In July, the Steering Committee then decides which
studies can be included in the next year's program. Studies
thar would require an increase in the overall budger of the
Program have a longer planning horizon, given rhe mini­
mum one year lead rime needed ro obrain Steering Commit­
ree approval and implement this sott of increase.

GOT IDEAS?
Continued on page 34

E isodic toxici

Estua Interface
Fish contamination
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Atmos heric de osition

Sus nded sediment d namics
Benthic macrofaunal assembl es
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Table 1. RMP Pilot and Special Studies from 1993-2005. A large number of pilot and
special studies have been conducted in the RMP. Some of the studies have become
annual features of the Program as indicated in the Tables, and some have not, All of
the studies, however, have yielded valuable information.

Pilot Studies
H dro ra hand h 0 lankton

Special Studies

Given the importance of pilor and special studies ro the
success of the Program, it is essential to have an effective

process for generating new srudy ideas and deciding which
studies ro fund. One of the main products of the firsr
Program Review was a Pilor and Special Srudy Selecrion
Procedure (pSSSp). The pSSSP clearly lays our the
responsibilities of rhe parties involved in rhe decision­
making process: rhe Sreering Committee, Technical
Review Committee (TRC), Regional Board, and SFEI.
The pSSSP also lays our the steps thar begin with the
generarion of ideas and culminate in the implementarion
of a well-planned srudy.

One of the valuable fearures of the procedure is rhar it
esrablishes a wide funnel ro channel porentially useful
ideas into the process. Many ideas originare from within
the committees and workgroups of the Program. However,
inpur from scienrisrs from outside the Program is also
encouraged. These ourside scientists may also end up
implementing the proposed work, providing a means of
broadening the scientific horizons and skills of all parries
ro the RMP. Ideas for new srudies are solicired on the
RMp web sire <www.sfei.org/rmp/>.

In December of each year, the annual cycle for consid­
ering these studies begins. A lisr of ideas compiled through
the year is evaluared by the TRC. Depending on rhe
amounr of funding available thar year, a few ideas are
selected for furrher elaboration and consideration. More
derailed conceptual scopes ofwork are then prepared on
these ropics and reviewed by the TRC. In June ofeach
year, the TRC establishes the relative prioriry of all of the
pilor and special study concepts based on rheir rechnical



PILOT AND SPECIAL STUDY HIGHLIGHTS,

1993-2003

Sediment Toxicity Testing

The RMP began using the amphipod Eohaustorius
estuarius for sediment toxicity monitoting in 1993. How­
ever, it is not a resident species. Another amphipod,
Ampelisca abdita, is often dominant in benthic samples in

the Estuary. This special study was conducted to develop a
resident species for use in RMP sampling. The study
compared the cwo species sensitivities to contaminants and
evaluated the efficacy of collecting and interpreting toxicity
to A. abdita. That species is seasonal in abundance, making a
reliable supply oforganisms difficult. Further, resident
specimens were comparatively toterant of contaminated
sediments. The use ofA. abdita is currently being further
investigated in the Exposure and Effects Pilot Study (see
below).

RMP Committee Organization Chart

Wedands Monitoring

The Wetlands Monitoring Pilot

Study was conducted in 1995 and ~
1996. This study pioneered the use of 3' - ft' \!
the natural anatomy of Bay tidal ,1 ~ J
marshes as a template for sampling chemical
contamination. Taking this anatomy into account is essential
to gathering data that can be compared among marshes. The
number of samples collected was small, but the study
provided a pteliminary indication of the degree and variabil.

Figure 1. RMP committee organization. The three workgroups
address the three main technical subject areas covered by the
RMP. Workgroups consist of local scientists and regulators and
invited scientists recognized as leaders in their field. The
Workgroups directly guide planning and implementation of pilot
and special studies. Activities of the Workgroups and the technical
content of the RMP as a whole are directed by the Technical
Review Committee. The Steering Committee determines the
overall budget, allocation of program funds, tracks progress, and
provides direction to the Program from a manager's perspective.

Benmic organisms are known to be sensitive to
sediment contamination, and benthic community

monitoring is used in all large state and
federal monirotingprograms. Looking
towatds including a biological effects
component in the RMp, the Benthic
Pilot Study was conducred from 1994
- 1998. This study identified the

major benthic communities in the
Estuary, and the data were used to

develop an assessment method to evaluate possible
benthic impacts from sediment contamination. Benthic

indicators of sediment contamination are being further
refined under the Exposure and Effects Pilot Study (see
below).

Benthic Pilot

Hydrography and Phytoplankton and

Suspended Sediment Dynamics.

See articles by Cloern et al. and Schoellhamer et
al. in this issue.

A large number of pilot and special studies have been

conducted in the RMP since 1993 (Table 1, ptevious

page). Some of the studies have become annual features

of the Program, and some have not. All of the studies,

however, have yielded valuable information. Highlights

of the major studies ate described below. Technical

reports are available at <www.sfei.org>.

RMP OBJECTIVES

I Describe patterns and
trends In contaminant
concentration and
distribution

I Describe general sources
and loading of contamination
to the Estuary

I Measure contaminant effects
on selected parts of the
Estuary ecosystem

I Compare monitoring
information to relevant
water quality objectives and
other guidelines

I Synthesize and distribute
information from a range of
sources to present a more
complete picture of the
sources. distribution. fates.
and effects of contaminants
in the Estuary ecosystem
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Figure 2. The RMP budget in 2003. Pilot and Special
Studies accounted for 16% of the total budget.
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Seafood Consumption

The RMP (as a special study) and the California
Department of Health Services sponsored a study of
fish consumption by Bay anglers in 1998 and 1999.
About one in ten anglers was found to eat more than
the amount tecommended in the Bay consumption
advisory. Asian anglets stood out as a group ofconcern
due to their large numbers, consumption rates, and
methods ofptepatation and consumption. Only about
one quarter of the anglets interviewed had specific
knowledge of the consumption advisory. Fostering
increased. awareness among thos~

consuming Bay fish is the most
rapid means of teducing risks
posed by fish contamination, and
represents an important complement to effons to

reduce conraminant concentrations. Education and
outreach efforrs based on the San Francisco Bay
Seafood Consumption Study have been conducted.

Atmospheric Deposition

Atmospheric deposition was identified by the
Sources, Pathways, and Loadings Wotkgroup as a
potentially significant pathway for contaminant
loading to the Bay. The Atmospheric Deposition Pilot
Study, combining funding from RMP and the Ciry of
San Jose, was conducted from J998 - 2000. Atmo­
sphetic deposition was found to contribute significant
loads of contaminants, particularly metcury and
PAHs. Atmospheric deposition of mercury directly to
the surface of the Bay and entering the Bay through
atmospheric deposition to watershed surfaces followed
by stotmwater transport amounted to a significant
portion of the Bay mercury mass budget. Much of the
atmospheric mercury load is attributable to global
atmospheric metcury contamination. The study
similarly suggested that atmosphetic deposition of
PAHs is significant in the overall mass budget fOt
PAHs in the Bay, and should be a subject of manage-

7% Pilot Studies

.~-.... 9% Special Studies

Program
Management
14%

Fish Contamination

in 2000. RMP fish contamination monitoring is the
primary source of information used in evaluating the
need for a fish consumption advisory for the Bay. The
existence of this advisory is a principal reason that the
Regional Board is developing total maximum daily
loads (TMDLs) in an effort to reduce concentrations
of mercury and PCBs in the Bay. Contaminant
concentracions in sport fish provide an important
target for tracking the necessity and effectiveness of
TMDLs.

The Fish Contamination Pilot Srudy was
performed in 1997, following up on a 1994

study conducted under the Bay Protection and Toxic
Cleanup Program. Fish contamination monitoring
was incorporated inw the status and trends program

also played an integtal parr in the development of a
small ttibutaries loading study by the Sources, Path­
ways, and Loadings Workgroup. SFEI began a loading

study on the Guadalupe River in late 2002 with
funding from the Clean Estuary Partnership. The
Estuary Intetface Pilot Srudy was discontinued in
2002 when the starus and trends program
switched to a spatially randomized sampling
design.

Information
Management

18%

52%
Status and Trends

Estuary Interface

The Estuary Intemce Pilot Study was pcr-
fotmed from 1996 - 200 I, with funding provided
by RMP and the City of San Jose. The goal of the
study was to desctibe how surface tunoff from two
local watersheds might influence water quality in
the Bay; this influence was found to be consider­
able. Concenttations of many priority contami-
nants in water and sediment were elevated at the
twO EIP stations relative to sevetal other Bay
segments, suggesting that the Guadalupe Rivet
and Coyote Cteek watetsheds were sources of
these contaminants to the Lowet South Bay. A
particularly strong signal of mercury contamination
from the Guadalupe Rivet watetshed was detected,
tracing to historic mining activities in the New
Almaden district. This infotmation and othet studies
have identified inputs from the Guadalupe River
watershed as a dominanr influence on mercury in the
South Bay, and led regulators to focus on this tegion
in their efforts to reduce mercury contamination in
the Bay through the TMDL process. The EIP Study

ity of contamination of two Bay marshes. The results
suggested that marsh sediments wefe more contami­
nated than sediments rrom nearby stations in the open
Bay. Wetlands monitoting
was not incorporated in me
starus and trends ptogram
because the Steering
Committee decided to
focus on development of
the subtidal RMP. How­
evet, the Wetland Pilot did
ptovide a foundation fot
the ongoing development
ofa Wetland Regional
Monitoring program that is currently conducting
much mOte intensive pilot monitoring studies of Bay
wetlands using State and U.S. EPA funding.



PILOT & SPECIAL STUDIES

YeatS In Futllfll

are an integral part of the PCB TMDL. Model
development and other data integration tasks

.;:.:<:,_~ became incorpo~ated into the status and

Many of the contaminants regulated by the
Regional Board and monitored in the RMP have
been banned or strictly tegulated for decades. In

2000 a surveillance component was added to the
RMP to allow for more proactive management of Bay
contamination. To initiate this surveillance monitor~

ing, a special study was conducted to determine the
presence of emerging conraminants in archived RMP
samples. Many organic contaminants were found and
are considered to be of potential concern, including
Aame rerardants (polybrominared diphenyl ethers, or

PBDEs), derergent ingredients
__________---, (nonylphenol and alkyl benzenes),

'00 L
.S so --;,-:... ....- - - - - - - - -30~P;~ and constituents of plastics
.~ ~ 00 ',,"-____ (phthalates). Based partially on
~ ~ " ',__ --------"'-~~- these findings, PBDEs were added

H:+-_-->..:-'_-_-'O""'~----__j to the 303(d) warch list in 2001.
l~ ~ -----~~!"_':..- In 2002, the emerging chemicals
~"'51 30 of concern were included in RM:P
~'"

~ : +-----------'''''''''''-''''''==' status and trends monimring to
.1.--,,--:--:-,---_~-:-__:-:-~_:_---:1 investigate their occurrence in

o 10 2C :lIl 4Q 00 eo 10 80 IlO llX1

recent samples. Those chemicals
that are found at levels of concern

will continue to be measured in annual RMP sam­
pling. As emerging contaminants are identified in the
RMP, the Regional Board will enlist the assistance of
stakeholders ro find the best ways of reducing or
eliminaring those rhar are a threat to human and
wildlife health.

Fate Models

muscle (a human exposure indicator), cormo­
rant and Fotster's tern eggs (chemical trend
indicarors), hatchability of Forsrer's terns,
least terns, and clapper rails (effects indica­
tors), blood chemistty and biomarkers in
harbor seals (exposure and effects indica-
tors), effecrs studies in fish, aquatic and
sediment toxicity testing of resident species

(effects), and benchic community evaluations

~~~,,_{effects). These indicarors will be
:'C" valuable in evaluating impairment

of beneficial uses (through toxic
impacts on wildlife and human health) and rracking
effectiveness of management actions to reduce con­
tamination in the Bay.

In 2001 a Mass Budget
Model special study was per­
formed. Mass budger models are
valuable in ma.ny ways: summa­
rizing the existing state of
knowledge, synrhesizing infor­
mation from the RMP and
other programs on contaminants
in San Francisco Bay, predicting
the response ofcontaminant
concentrations in the Bay to
management actions and natural
processes, idenrifying and prioritizing data gaps, and
communicating RMP results. Mass budget models have
been developed for PCBs, PAHs, and organochlorine
pesticides. This study also included developmenr of a
food web model for PCBs that links concentrations in
sediment to concentrations in sport fish indicator
species. The PCB mass budget and food web models

]n response to the new objective [0 measure
contaminant effects, the RMP is conducting a pilot
study on exposure and effects of contaminants. This
five yeat (2002 - 2006) study is multifaceted, includ­
ing a variety of different indicators: diving duck

Episodic Toxicity

From 1996-2000 the RMP, with funds also
contribured by East Bay Dischargers Authority,
conducted the Episodic Toxicity Pilot Study. In the
first years of the RMP, aquatic toxicity testing was
perfotmed on the same schedule and at the
same locations as the water sampling for
chemical analysis. Significant toxicity
observed after storms in 1996 and 1997
led the Program ro conduct more targeted
sampling at the times (after storms) and places
(tributary mouths) where toxicity was most likely to
be observed. Study results indicated rhat toxicity was
present in parts of the Bay primarily aftet runoff
events. Some of the toxicity appeared to be associated
with organophosphate pesticides, but other unidenti­
fied chemicals also appeared to be involved. Toxicity
declined over the course of the Study, possibly due to
decreasing usc of otganophosphate pesticides. Epi­
sodic toxicity evaluation became part of status and
trends monitoring in 200 I. For further discussion of
aquatic toxicity testing in the RMP from 1993-2002,
sec page 27.

Exposure and Effects

ment concern. The Atmospheric Deposition Pilot
Study ended in 2000 having answered the fundamen­
tal questions posed at the beginning of the Srudy.
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CTR Monitoring

time co perform a rigorous evaluation of trends
indicated by rhe original sratus and rrends program
design. Ten years of monitoring also represenrs a
substanrial body ofwork for rhe orher aspecrs of rhe
RMP, and a synrhesis of findings from rhese elemenrs
is also worrhwhiJe ar rhis time. In addition. rhe lasr
synrhetic overview ofconraminarion in rhe Estuary
was completed in 1991 (rhe San Francisco Estuary
Project's Status and Trends Report on Pollutants:
Davis er aI. 1991). and Bay conraminarion, and
understanding and regulation of Bay conramination.
have changed considerably since rhar rime. This study
will produce a sequel ro rhe J991 Status and Trends
Repon.

11175""""

River Loads

The Sources, Parhways. and Loadings Workgroup
determined rhat loads to rhe Bay from rhe Sacramenro
and San Joaquin rivers are potenrially significanr
componenrs of rhe mass budgers for many conrami­
nanrs. In 2002 SFEI began a rhree- year special srudy
ro esrimare loads of priority contaminanrs at Mallard
Island, a sampling location jusr downStream of the

confluence of rhe rwo
rivers. The loads will be
estimara! byesrablish­
ing rhe statistical
relationship berween
suspenda! sedimenr
concentrations, which

"'" can be measured
conrinuously, and conraminant concenrrations. which A short rerm, but significant. addition to rhe
must be measured less frequently due to rhe expense Program in 2003 is a special study to measure concen-
of chemical analysis. This approach will trations of priority polluranrs in the Bay rhar are
provide load esrimares rhar characrerize rhe included in rhe California Toxies
large loads rhat occur over short rimespans CXX' _ 0 Rule (CTR). bur have not previ-
due to winter storms. Understanding rhe role I 'Y'r'C/ ously been examined in ambienr
of river inputs in conraminanr mass budgers CI ~ o~. Bay warers. Some of rhe chemicals
for rhe Bay will provide essenrial conrext for C/ include dioxins, cyanide. phrhalates.
evaluaring rhe potenrial effectiveness of acrions raken volatile and semi-volatile organies,
ro reduce Bay conraminarion, especially for mercury and several trace elemenrs. This srudy is being con-
and DDT. ducted in response ro NPOES permir provisions for

wasrewater dischargers. This rwo-year special srudy
began in 2002 and will end in 2003. Sampling ro
provide dara needed specifically for NPOES permit
developmenr may conrinue ro be part of rhe RMP
afrer chis srudy ends.

I0 Year Synthesis

A highlighr of rhe RMP in 2003 and
2004 is a special study to perform a
rhorough review of rhe first ren years of
rhe RMP. In 2001 rhe RMP finished
sratus and trends sampling employing
rhe original fixed starion design. The end

of rhis inirial chaprer of rhe RMP is an appropriate

,..liT!
•,..,

"""

The Sources. Parhways. and Loadings Workgroup
was formed in 1998 ro produce recommendarions for
incorporaring collection. inrerpretation. and synthesis
of dara on general sources and loading of trace
conraminanrs ro rhe Esruary inro rhe RMP. Contami­
nanr loading is a ropic well suired ro special studies.
where focusa!. shon-term projecrs
can answer specific quesrions about
rhe relarive importance of inpurs
from differenr pathways. In 1999.
rhe Sources. Parhways. and Load­
ings Workgroup conducred a
lirerarure review on loading of
priority conraminants to rhe Bay
and recommended a series of steps to assess the
potenrial significance of conraminant loads ro rhe Bay
from urban runoff. One of rhe recommendations of
rhe Workgroup was ro develop and documenr our
conceptual understanding of rransport by srormwater
rhrough urban watersheds as a prelude ro making
acrual measuremenrs of loads. A second major lirera­
rure review assembled information on c1imare and
hydrology. suspended sedimenr. PCBs, organochlorine
pesticides. and mercury and formulared recommenda­
tions for sampling small tributaries based
on rhis information. The final report
from rhis effort will be available in
summer 2003. The review provided rhe
conceptual foundarion for the Clean
Esruary Partnership's Guadalupe River
Loading Study. which began measure­
menr ofloads from this high priority
watershed in ovember 2002.
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A Primer Contamination

Q: Do WE KNOW HOW TO CLEAN UP THE ESTUARY?

rions in striped bass, a key mercury indicator species for the Estuary, have shown litde
change in 30 years. PCB coneentrarions appear to be gradually declining based on trends
observed in Ilmssets, fish, and birds. Concentrations of DDT, chlordane. and other legacy
pesticides have declined more rapidly and may soon generally be below levels of concern.
On the other hand, concentrations of chemicals in current usc, such as pyrethroid insecti­
cides and polybrominated diphenyl ethers (PBDEs) are suspeered to be on the increase.
Aquatic mxicity has declined in the past few years, possibly associated with reduced usage
of organophosphate pesticides. Sediment toxicity. on the other hand, has consistendy been
observed in a large proportion ofsamples tested over the past ten years.
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Q: How CONTAMINATED IS THE ESTUARY?

A: Water and sediment of the Estuary meet cleanliness guidelines for most
contaminants. In 2001, 90% of chemical concentrations measured in water were below
their guideline. and 70% of chemical concentrations measured in sediment were below
their guiddinc. However, a few problem contaminanrs are widespread in the Estuary.
making it rare to find water or sediment in the Estuary (hac is completely dean. Of the
recent (1997-2001) water and sediment samples collected by the Regional Monitoring
Program (RM P), about 61 % and 90% contained at least on~ contaminant at a level that
failed to meet established guidelines. respectively. A fish consumption advisory remains
in effect due to concenrrations of mercury. PCBs, dioxins, and organochlorine pesticides
of potential human health concern in Bay sport flsh. A duck consumption advisory is
also in effect due to selenium concentrations of potential human health concern. Toxiciry
testing over the past 10 years has found that about 13% of waler samples and 63% of
sediment samples tested were toxic to at least onc species of tCSt organism. The 303(d)
list and the 303(d) watch list are the officiallisrs of contaminants of concern in the

Estuary (see facing page).

Q: ARE CONTAMINANTS HARMING POPULATIONS OF

ORGANISMS IN THE ESTUARY?

A: This critical question remains largely unanswered. There arc indications that the
current level of contamination is harming the health of the ecosystem, such as the
frequent occurrence of contaminants above water and sedimenr guidelines, and the
toxicity of water and sediment samples to lab organisms. Mercury concentrations appear
to be high enough to cause embryo mortality ill dapper rails, an endangered species
found in Bay tidal marshes. PCB concentrations may be high enough to also cause low
rates of embryo mortality in Bay birds and to affect immune response in harbor seals.
Assessments ofbenrhic communities in the marine and estuarine regions of the Bay
indicate that some areas may be impacted by comaminants. The RMP began a focused
investigation of contaminant effects in 2002; results will begin to be available by the

next Pulre.

Q: Is THE CONTAMINATION GETTING BETTER OR WORSE?

A; Over the long term, the Estuary has shown significant improvements in basic
water quality conditions, such as the oxygen content of Estuary water, due to invest­
ments in wastewater treatment (see article 00 page 15). Contamination dut: to [Oxic
chemicals has also generally declined since the 1950s and I%Os. More recencly, however,
me answer ro rhis question varies from contaminant to contaminant. Mercury concemra-

A, There are three general
approaches to Estuary dean-up.

I. Reducing the enrry of additional
contaminants is essential. The Estuary
acts as a long term trap for persistent
contaminants; once contaminants enter
the Estuary it takes a very long time for
them to exit. Preventing comaminants
from entering the Estuary is therefore
imperative. Preventing a contaminant
from entering rhe Estuary requires
knowledge of irs source or an
intercepcable part of its path to the
Estuary. We are developing detailed
descriptions of the sources, pathways.
and repositories of contamination for
several contaminants of concern. Much
of this effort is in response to rhe Clean
Water Act's requirement to develop
contaminant dean-up plans known as
Total Maximum Daily Loads (TMDLs,
see page 11). While known contaminant
problems are being addressed by
TMDLs. surveillance monitoring is
conducted in the RMP in an effort to
provide an early warning for conrami-

oanrs of emerging concern and allow for
management actions to njp potential
problems in the bud.

2. Removing some masses of contami~
nants from the Estuary is possible.
Contaminated sediment can be dredged
from the Estuary, placed on land and
seaJed with a layer of asphalt or similar
material. Such dredging has been at­
tempted in a few cases with mixed results.

3. Allowing contaminants to degrade
and disperse naturally is necessary. Time
will always be a large part of the remedy,
naturally reducing the large quantity of
contaminants now in the sediments
through degradation, and transport to the
ocean and atmosphere. Burial in deep
sediment is normally a removal process in
esruarics. but due to a reduced supply of
sediment to the Estuary (see page 21),
burial is not occurring. For persisrem
contaminants found in large amounts in
the sediments of the Estuary, such as
mercury and PCBs, the time required to

see change will be decades.



THE 303(0) LIsT

The San Francisco Regional Water Quality Control Board identifies contaminants ofconcern in the San Francisco Estuary based
on RMP monitoring results and other information. Creation ofan impaired water bodies list is required under section 303(d) of
the ~ral Clean Water Aa.

The list divides the Esnwy into segments and their tribucaries that= impaiRd due to contaminant concmtrarions thar em:o:d
load aiteria and impaa beneficial uses. The list is n:vised every four years. In February of2003 the State Water Rcsoun:es Control
Board (SWRCB) approw:d the 2002 303(d) list for impaited water bodies within California, including the warers ofthe Estuary.

This proposal is now under review by the US Environmenral Protection Agency, Region IX. The proposed revisions no longer
consider copper and nided as contaminanl$ ofconcern in the Esnwy, except at the mouth of the Petaluma River. Another con­
amiNnr of-.... in dafln,III," RMr iI diariQftD Scqc Mush in RicblllOlVl, Miaion and IaIais CMb in San Fnncisco, and
Peyton SIouP III~ ... in d dW III die 303(d) liIr II impam clue co .Iiment uuicity.
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