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Executive Summary

This report describes the results from the 1996 Re-
gional Monitoring Program for Trace Substances (RMP). It
is the fourth Annual Report from the RMP which began in
1993 and attempts to synthesize the most obvious data
patterns from the last four years. This report includes data
from Base Program monitoring activities, as well as results
of Pilot and Special Studies conducted or completed in
1996. Additionally, several articles contributed by RMP
investigators and others, are included. These articles
provide perspective and insight on important contaminant
issues identified by the RMP. This summary addresses
which kinds of pollutants measured by the RMP appear to
be at levels that warrant concern, what kinds of trends
may be discerned, and which stations have consistently
shown elevated contaminant levels.

The goals or general objectives of the RMP are:

1. To obtain high quality baseline data describing the
concentrations of toxic and potentially toxic trace
elements and organic contaminants in the water and
sediment of the San Francisco Estuary.

2. To determine seasonal and annual trends in chemical
and biological water quality in the San Francisco
Estuary.

3. To continue to develop a data set that can be used to
determine long-term trends in the concentrations of
toxic and potentially toxic trace elements and organic
contaminants in the water and sediments of the San
Francisco Estuary.

4. To determine whether water quality and sediment
quality in the Estuary at large are in compliance with
objectives established by the Basin Plan (the regula-
tory planning document used by the Regional Water
Quality Control Board).

5. To provide a database on water and sediment quality
in the Estuary which is compatible with data being
developed in other ongoing studies, including
wasteload allocation studies and model development,
sediment quality objectives development, in-bay
studies of dredged material disposal, Interagency
Ecological Program (IEP) water quality studies,
primary productivity studies, local effects
biomonitoring programs, and state and federal mussel
watch programs.

Executive Summary

Question: How contaminated is
the Estuary, overall?

Answer: Almost all pollutants
measured by the RMP are
considerably higher in the
Estuary than just outside the
Golden Gate—some by as
much as 50 times. Guidelines
for water, sediment, and tissue
quality are frequently exceeded
for a number of trace elements
and synthetic organic
compounds. Toxicity in water
and sediment at certain
locations within the Estuary
have been frequently observed
during the last five years,
although organisms living in
sediment generally indicate
unimpacted conditions. Long-
term downward trends are
apparent for a number of
contaminants after data from the
State Mussel Watch Program
and the RMP were combined:
Silver contamination in mussels
has decreased by over ten
times over the last decade and
a half, and downward trends are
also apparent for chlordane,
mercury, and lead.
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Question: What places
measured by the RMP have the
highest levels of contamination?

Answer: Most of the South Bay
stations, especially the San
Jose and Sunnyvale sites, have
higher contamination levels than
the more well-flushed Central
Bay. In the northern reach of the
Estuary, notably at the mouth of
the Petaluma River and often at
the San Pablo Bay station,
some contaminant
concentrations are also
unusually high. The Sacramento
and San Joaquin River stations
exhibit the highest incidents of
water toxicity to mysids.

The kinds of contaminants monitored and sites sampled
remained essentially the same in 1996 as in the previous
years.

Five types of samples were collected in the 1996 Base
Program:

1. Conventional water quality and chemistry

2. Aquatic bioassays (toxicity tests)

3. Sediment quality and chemistry

4. Sediment bioassays (toxicity tests)

5. Transplanted bivalve bioaccumulation, survival, and
condition

In collaboration with the RMP, the United States Geo-
logical Survey (USGS) monitors water quality and suspended
sediments much more frequently to measure changes in the
Estuary that occur on shorter time scales than what can be
captured by RMP measurements three times per year. The
RMP also conducted three Pilot Studies in 1996: the Benthic
Pilot Study, the Watershed Pilot Study, and the Tidal Wet-
lands Pilot Study. Two Special Studies, sediment contamina-
tion indicators and a review of bivalve monitoring in the San
Francisco Estuary, are also presented.

1996 Findings
Water

The 1996 monitoring year was considered a “wet” year,
with Delta outflow during the February sampling period the
highest measured since the inception of the RMP. However,
1996 findings generally showed patterns in pollutant concen-
trations and distributions similar to those of previous years.
For example, the southern and northern ends of the Estuary
exhibit the highest concentrations of many trace element and
trace organic contaminants. Again, PCBs in water exceeded
water quality criteria by a substantial amount at most
stations. Several other classes of trace organic compounds
also had concentrations above water quality guidelines,
including polycyclic aromatic hydrocarbons (PAHs), prima-
rily derived from car exhaust, and certain chlorinated
pesticides which are still present in the Estuary long after
the banning of their use. Of the ten trace elements mea-
sured, concentrations of chromium, copper, mercury, and
nickel were higher than water quality guidelines on one or
more occasions. Copper concentrations were most frequently
above both guidelines for dissolved and total concentrations.
Mercury, nickel, and chromium concentrations were also
above guidelines in numerous instances.

Clear indications of aquatic toxicity were observed in
bioassays with shrimp-like Mysidopsis in February at the



Sacramento and San Joaquin Rivers, Grizzly Bay, and
Napa River stations. Survival was sharply depressed at
three of these stations, and only in water from Grizzly Bay
did more than 8% of the test organisms survive. Toxicity
was also observed in July samples from the Sacramento
and San Joaquin Rivers, and Grizzly Bay stations. The
timing and geographical location of this toxicity suggest
that organophosphate pesticides carried by agricultural
runoff from the Central Valley, and possibly Napa Valley
may have had a role in causing the toxicity.

Sediment

Nickel in sediments exceeded sediment quality guide-
lines developed by the National Oceanic and Atmospheric
Administration at all sites, although the nickel guidelines
are considered to be imprecise. Chromium, arsenic, mer-
cury, total DDTs, and dieldrin also frequently exceeded the
level where adverse effects are possible.

Bivalves

Contaminant bioaccumulation by bivalves in 1996
reflected the unusually high Delta outflows during the wet
season. More metals showed appreciable bioaccumulation
in 1996 than in 1995. No generally acceptable tissue
guidelines for both trace elements and trace organics are
available for the bivalve bioaccumulation data. However,
maximum tissue residue levels (IMTRLs), which are rela-
tively recent, science-based guidelines, can be used as a
relative “yard-stick”. As in previous years, most major
classes of trace organic contaminants in bivalve tissues
were above the MTRLs in 1996. PCBs and PAHs were
above MTRLs in all 1996 tissue samples.

Although the 1996 monitoring year did not yield any
surprising new results, with the possible exception of
unusually high trace organic contaminant concentrations
at the San Jose monitoring station, some patterns, trends,
and associations are beginning to emerge from RMP data
after four years of data collection (six years counting the
Pilot Studies). In addition to the RMP Base Program
results, knowledge from several Pilot and Special Studies,
as well as some non-RMP studies together contribute to our
growing understanding of contaminants and their potential
effects in the Estuary.

Question: Is the Estuary getting
better or worse in terms of
contamination?

Answer: So far, the data
suggest that it is getting better,
albeit slowly. Sediments, still
significantly enriched with
pollutants that have accumulated
since the industrialization and
urbanization of the Estuary’s
shores, appear to be a
continuing source of many
contaminants to the overlying
water, thus preventing rapid
recovery. Information to
determine trends over time from
various sources of contamination
has not been fully evaluated.
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Since the manufacturing of
PCBs has been banned and
their use restricted for more
than two decades, their
appearance in water is believed
to derive primarily from
reservoirs of historically
deposited PCBs in sediments of
the Estuary, contaminated soils
of the Estuary’s watershed, or
accidental releases from a
variety of dispersed sources.

Contaminants and Sites of Concern

The identification of contaminants and sites of concern
using RMP data can be made in two ways:

1. Based on the frequency of measurements that exceed
appropriate guidelines for water, sediment, and tissue
by each contaminant measured. Such an evaluation
assumes that the guidelines have been set at levels
protective of aquatic life and/or human health and
that exceedances indicate an increased potential for
adverse effects attributable to contaminants.

2. Based on RMP water and sediment bioassays (toxicity
tests).

Contaminants of Concern

It is important to note that the RMP measures a select
suite of contaminants that is by no means exhaustive. The
RMP parameter list includes several persistent synthetic
organic chemicals that are known to impact wildlife and
humans, but whose use is now banned, while other trace
organic contaminants currently in use are not measured
for a variety of reasons.

In water, PCBs and copper concentrations exceeded
guidelines most frequently. Since 1993, total PCBs in
water have exceeded the EPA criterion in nearly all
samples collected. PCBs were also the contaminant group
most frequently elevated in fish tissue samples collected in
the early 1990s. Because the manufacturing of PCBs has
been banned and their use restricted for more than two
decades, their appearance in water is believed to derive
primarily from reservoirs of historically deposited PCBs in
sediments of the Estuary, contaminated soils of the
Estuary’s watershed, or accidental releases from a variety
of dispersed sources.

The pesticides diazinon and chlorpyrifos are considered
to be contaminants of concern by their apparent associa-
tion with aquatic toxicity. Although those pesticides had
relatively low frequencies of exceedances in 1996, seasonal
pulses of these pesticides from the Central Valley and in
the Guadalupe River may have been responsible for
observed aquatic toxicity.

Certain contaminants in sediments have exhibited
consistently elevated levels in sediment over the past four
years. Chromium, arsenic, mercury, DDT compounds, and
dieldrin frequently exceeded the level where adverse
effects are possible. Nickel concentrations have been above
sediment quality guidelines at all stations since the
inception of the RMP in 1993, but it should be noted that



soils in the immediate Bay Area watersheds are naturally
high in nickel, and guidelines for nickel are known to be
quite imprecise. Based on an analysis of relationships
between sediment toxicity test results and sediment
contamination, the additive influence of numerous sedi-
ment contaminants was highly associated with toxicity to
sediment-dwelling invertebrate species. At several sites
elevated chlordane concentrations were associated with
toxicity, as were low- and high-molecular weight PAHs at
other sites. Dissolved trace metals from sediment at the
River stations and Grizzly Bay were associated with
bivalve larval toxicity through tests known as toxicity
identification evaluations (TIEs) conducted at the Rivers
confluence and Grizzly Bay sites.

Concentrations of silver, mercury, lead, and chlordane
were shown to be decreasing in tissues over long time
periods. In fish, PCB, dioxin, mercury, dieldrin, DDT, and
chlordane concentrations have been shown to exceed EPA
screening values for human consumption. Except for
dioxins (not measured in RMP), those are the same organic
contaminants that exceed the MTRLs in bivalve tissues
measured by the RMP.

In other studies, the USGS has shown that
bioaccumulation of cadmium by the Asian clam
Potamocorbula was related to decreased biological condi-
tion and reproductive function. Bioaccumulation of sele-
nium by Potamocorbula is believed to be related to in-
creases in selenium in sturgeon tissues, approaching
concentrations of concern. Mercury is another trace ele-
ment with high bioaccumulation potential (although not
reflected in bivalve tissue), as evidenced by concentrations
found in fish tissue that exceed levels of concern to human
health.

It is reasonable to consider the contaminants of highest
concern to be those actually shown to be related to
bioaccumulation or adverse effects. Of the contaminants
measured in the RMP these include:

¢ diazinon and chlorpyrifos in water,

e DDTs, chlordanes, and PAHs in sediments, and

e PCBs, cadmium, mercury, selenium, PAHs,
chlordanes, dieldrin, and DDTs in bivalve and fish
tissue.

Although copper and nickel are of current regulatory
interest, there is no conclusive evidence of biological effects
from exposures to those contaminants in the Estuary.
Several other trace elements (arsenic, silver, lead and zinc)

are usually below guidelines and/or have shown no evi-
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The sites at opposite ends of
the Estuary, those at the mouth
of Coyote Creek in the South
Bay, and sites at the Rivers
confluence and Suisun Bay in
the Northern Estuary, are more
impacted by contaminants than
other RMP sites. Those
locations are at the bayward
ends of major tributaries where
contamination might be
expected to accumulate.

dence of bioaccumulation or association with biological
effects in the Estuary. However, as suggested for sedi-
ments, a mixture of contaminants, such as that found in
the Estuary, may have a greater cumulative effect than
any of those contaminants considered alone.

Sites of Concern

Comparisons of exceedances of guidelines and inci-
dences of toxicity among sites are difficult since not all
measurements are made at all sites. Using the information
available, a general picture can be seen: sites in the far
South Bay and Southern Sloughs (BA10, C-3-0, C-1-3) had
more exceedances of water and sediment guidelines than
other locations in the Bay, and concentration gradients of
many contaminants from South to Central Bay were
apparent. The San Jose monitoring station (C-3-0) had the
highest number of water quality exceedances and the
highest measure of sediment contamination of any site
sampled. Additionally, the Watershed Pilot Study samples
from Standish Dam (head of tide) in Coyote Creek often
had higher concentrations of some trace organic contami-
nant groups than any of the RMP Base Program sites.

Although there have been no indications of aquatic
toxicity in the South Bay since monitoring began in 1993,
Pilot Studies of episodic aquatic toxicity reported some
toxicity associated with runoff in Guadalupe Slough.
Redwood Creek (BA40) had the highest incidence of
sediment toxicity to amphipods over the past six years
(90% of tests) of any site in the Estuary.

These results underscore the importance of several
non-RMP activities currently being conducted in the South
Bay. The City of San Jose will be developing estimates of
Total Maximum Daily Loads (TMDL) for copper and nickel
that will attempt to model and calculate contributions of
those elements from various sources in the South Bay.
That exercise should help us to understand contributions
of other contaminants as well. The Regional Board and
South Bay stakeholders are collaborating on a Watershed
Management Initiative in the South Bay that is examining
new ways to manage contaminant inputs and restore
impaired biological resources.

In the Northern Estuary, the Petaluma River (BD15)
had numerous exceedances of water guidelines. San Pablo
Bay (BD20) had the largest number of sediment contami-
nants above levels where effects are possible in August,
largely due to elevated concentrations of several individual
PAH compounds. Sites at San Joaquin River (BG30), Davis
Point (BD40), and San Pablo (BD20) had the highest



number of tissue organics that exceeded the MTRL guide-

. Generally, the Central Bay has
lines.

the fewest exceedances of
guidelines and the lowest
incidence of toxicity of all Bay
sites, probably due to the regular
tidal flushing and greater water
depths resulting in lower
suspended sediment
concentrations.

Sediment samples from wetland channels in China
Camp State Park and Petaluma Marsh generally were more
contaminated than samples from the adjacent San Pablo
Bay. Using sediment-dwelling organisms as an indicator
suggested some degree of contamination in the marsh
sediments from China Camp.

The Sacramento and San Joaquin Rivers (BG20, BG30)
and Grizzly Bay (BF20) sites had the highest incidences of

water toxicity to mysid shrimp (39% of tests) between 1994—
1996. As noted above, because of the timing and location of
those “hits”, the cause of that toxicity is believed to be the
pesticides diazinon and chlorpyrifos, but further investiga-
tion is needed. However, there has been no toxicity of water
samples to bivalve larvae at those sites. Interestingly, the
same sites have shown the highest incidence of toxicity from
sediment contaminants to bivalve larvae (100% of tests). As
noted above, preliminary toxicity identification evaluations
have suggested that dissolved trace elements in sediments
may be the cause of toxicity. Those same sites also had the
greatest degree of trace organics bioaccumulation. Toxicity of
sediments to Eohaustorius amphipods (a sediment-dwelling
invertebrate species) occurred in about half the tests con-
ducted since 1991 at the Napa River and Grizzly Bay sta-
tions, and in only about 10-20 % of tests at the Sacramento
and San Joaquin River sites.

Because RMP station locations were not randomly
chosen, the RMP results are not necessarily representative
of conditions in the Estuary as a whole. Other locations in
the Bay that are not sampled by the RMP, particularly areas
along the Estuary margins near some of the major harbors,
closed military bases, Superfund sites, or other locations
may be quite contaminated, while still other locations may
be less contaminated than what the RMP database may
indicate.

Trends in Contamination

Trends over time and site-specific patterns over time
have been noted in this report for water, sediment, and
tissue monitored by the RMP. In water, examination of
dissolved contaminant data revealed strong gradients of
contamination in the Estuary, with as much as a 50-fold
difference between the stations with the highest and lowest
concentrations. Station gradients have been consistently
observed over the course of the RMP for most contaminants.
Clear, consistent seasonal variation has also been evident for
dissolved concentrations of many contaminants. These



Regional Monitoring Program 1996 Annual Report

Elise Brewster

patterns are apparent in the dissolved data because con-
centrations in the dissolved fraction are relatively indepen-
dent of other water quality variables whose fluctuations
might obscure the patterns. In sediment, spatial gradients
and longer-term changes between 1991-1996 were indi-
cated, but consistent seasonal variation has not been
observed. In bivalves, the utility of the data for detecting
station gradients is limited by the widely varying salinities
of the Estuary and the restricted salinity tolerance of the
three species employed, but some seasonal and long-term
temporal trends have been observed.

A qualitative comparison of the trends observed in the
three data sets (dissolved water, sediment, and bivalve)
reveals little consistency. The strong station gradients in
water were generally not mirrored by sediment concentra-
tions. The exceptions to this were concentrations of PCB,
DDT, and chlordane, which had similar composition of
compounds in each pollutant group in water and sediment,
dominated by relatively high concentrations at San Jose
(C-3-0). These data clearly indicate source(s) of these
compounds in that portion of the Estuary. Only two trace
elements (nickel and silver) showed spatial variation that
was roughly similar in water and sediment. Seasonal
trends were obvious in the water data, and in one case
(silver), the bivalve data indicated a similar increase in the
dry season as observed in water. Long-term trends were
indicated by an analysis of bivalve data collected from
1980-1996 under the State Mussel Watch Program and the
RMP and from graphical analysis of the sediment data. In
one case (chlordane) long-term declines in bivalves in
sediment were consistent with declines noted since 1994.

The Program, as currently designed, does not attempt
to determine contaminant source categories, inputs, or
contaminant transport and fate. However, in 1997, the
RMP underwent a thorough external review that recom-
mended, among many other items, to modify the current
program objectives to include determinations of contami-
nant sources and inputs. In addition, the information
accumulated so far lends itself to a more thorough analysis
to be used to re-design the monitoring program.
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Introduction

This report describes the results from the
1996 Regional Monitoring Program for Trace
Substances (RMP). It is the fourth Annual
Report from the RMP which began in 1993.
This report includes data, interpretation, and
synthesis from Base Program monitoring, as
well as results of Pilot and Special Studies
conducted or completed in 1996. Additionally,
several articles contributed by some of the RMP
investigators, and others, are included. These
articles provide perspective and insight on
important contaminant issues identified by the
RMP. Background information about the RMP,
included in previous Annual Reports, is not
repeated in this report. Instead, the reader is
referred to those reports where appropriate. A
full description of the RMP is also included in
the RMP Program Plan available from the San
Francisco Estuary Institute (SFEI), or on the
World Wide Web: http:/www.sfei.org.

In 1996, the list of Program Participants
was expanded to sixty-five federal, state, and
local agencies and companies. Together with
the San Francisco Bay Regional Water Quality
Control Board (Regional Board), they partici-
pated in the RMP as funders, service providers,
and directing the Program through input or
participation on the Steering and Technical
Review Committees. The RMP Participants are
listed on the inside of the front cover.

RMP Objectives

The Program objectives listed below were
developed by staff at the Regional Board,
representatives of RMP participating agencies,
and SFEI staff.

1) To obtain high quality baseline data
describing the concentrations of toxic and
potentially toxic trace elements and or-
ganic contaminants in the water and
sediment of the San Francisco Estuary.

2) To determine seasonal and annual trends
in chemical and biological water quality in
the San Francisco Estuary.

3) To continue to develop a data set that can

be used to determine long-term trends in
the concentrations of toxic and potentially
toxic trace elements and organic contami-
nants in the water and sediments of the
San Francisco Estuary.

4) To determine whether water quality and
sediment quality in the Estuary at large
are in compliance with objectives estab-
lished by the Basin Plan.

5) To provide a data base on water and
sediment quality in the Estuary which is
compatible with data being developed in
other ongoing studies in the system,
including, but not limited to, wasteload
allocation studies and model development,
sediment quality objectives development,
in-bay studies of dredged material disposal,
Interagency Ecological Program (IEP)
water quality studies, primary productivity
studies, local effects biomonitoring pro-
grams, and state and federal mussel watch
programs.

Monitoring Design

The RMP sampling design was based on the
Bay Protection and Toxic Cleanup Program
(BPTCP) Pilot Studies developed by the Re-
gional Board (Flegal et al., 1994). The reason-
ing behind the original design, with stations
located along the “spine” of the Estuary, was to
include stations that, in a long-term monitoring
program, would indicate spatial and temporal
trends in toxicity and chemistry, determine
background concentrations for different reaches
of the Estuary, and assess whether there were
high levels of contaminants or toxicity. Several
new stations were added in 1994 to fill spatial
gaps and to begin monitoring near major
tributaries (SFEI, 1995). Additionally, two
stations were added in the southern-most end
of the Estuary in cooperation with the Cities of
San Jose (station C-3-0) and Sunnyvale (station
C-1-3) and the Regional Board as part of their
National Pollutant Discharge Elimination
System (NPDES) monitoring.
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Figure 1. Location of the 1996 Regional Monitoring Program stations.
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Table 1. Summary of RMP 1996 sampling stations and activities.

Station Name Station Type of Measurements Dates Sampled Latitude Longitude
Code  Sample Made deg min sec deg min sec
Coyote Creek BA10 water QM,0,T 25 - 2114 422 - 429 7/22-7/30 37 28 1 122 3 50
BA10  sediment QM,0,T 2/15 - 2/22 731- 86 3r 28 12 122 3 36
BA10  bioaccumulation M,0,C 4/30 - 52 910-912 37 28 1 122 3 50
South Bay BA20  water QM 25 — 2114 422 - 429 722 - 7/30 37 29 41 122 5 20
BA21  sediment QM,0,T 2/15 - 2/22 731- 86 37 20 3B 122 5 15
Dumbarton Bridge BA30  water Q,M,0 25 - 2114 422 - 429 722 -7/30 37 30 54 122 8 7
BA30  sediment QM,0 2/15 - 2/22 731- 86 37 31 4 122 8 7
BA30 bioaccumulation M,O,C 4/30 - 5/2 910-912 37 30 54 122 8 7
Redwood Creek BA40 water QM,0,T 25 - 2114 422 - 429 7/22 - 7/30 37 33 40 122 12 #
BA40 bioaccumulation M,0,C 4/30 - 52 910-9/12 37 3R 49 122 11 4
BA41  sediment QM,0,T 2/15 - 2/22 731- 86 37 3B 40 122 12 I
San Bruno Shoal BB15 water QM 25 - 2114 422 - 429 7/22 - 7/30 37 37 1 122 17 O
BB15  sediment QM,0,T 2/15 - 2/22 731- 86 37 3 1 122 17 O
Oyster Point BB30  water QM 25 - 2114 422 - 429 7/22-7/30 37 40 12 122 19 45
BB30  sediment QM,0 2/15 - 2/22 731- 86 37 40 12 122 19 45
Alameda BB70 water QM,0,T 25 — 2114 422 - 429 7/22 - 7/30 37 4 50 122 19 24
BB70  sediment QM,0,T 2/15 - 2/22 731- 86 37 4 50 122 19 24
BB71 bioaccumulation M,0,C 4/30 - 52 910- 912 37 41 4 122 20 23
Yerba Buenalsland BC10  water Q.M,0,T 26 - 2114 422 - 429 7/22 - 7130 37 49 22 122 20 58
BC10  bioaccumulation M,0,C 4/30 - 5/2 910-912 37 49 22 122 20 58
BC11  sediment QM,0,T 2/15 - 2/22 731- 86 37 49 26 122 20 56
Golden Gate BC20* water Q.M,0 265 - 2114 37 4 49 12 R 9
water Q.M,0 422 - 4129 37 46 12 122 R 24
water Q.M,0 722 - 7/30 37 471 M4 122 9 17
Horseshoe Bay BC21  sediment Q,M,0,T 2/15 - 2/22 7/31- 86 37 49 59 122 28 26
BC21  bioaccumulation M,0,C 4/30 - 52 910- 912 37 49 59 122 28 26
Richardson Bay BC30  water QM 2/5 - 2114 422 - 429 722 - 7/30 37 51 49 122 28 40
BC32  sediment Q.M,0 2/15 - 2/22 731- 86 37 51 49 122 28 43
Point Isabel BC41  water QM 25 — 2114 422 - 429 7/22-7/30 37 53 2 122 20 B
BC41  sediment QM,0 2/15 - 2/22 731- 86 37 53 2 122 20 B
Red Rock BC60  water QM,0,T 2/5 - 2114 422 - 429 7/22- 730 37 55 O 122 26 0
BC60  sediment Q,M,0,T 2/15 - 2/22 731- 86 37 5 0 122 26 0
BC61  bioaccumulation M,0,C 4/30 - 5/2 910-9/12 37 5 42 122 28 8
Petaluma River BD15  water QM,0,T 25 - 2114 422 - 429 7/22 - 7/30 3B 6 37 122 29 13
BD15  sediment QM,0 2/15 - 2/22 731- 86 3B 6 47 122 0D 4
BD15  bioaccumulation M,0,C 4/30 - 5/2 9/10 - 9112 38 6 37 122 29 13
San Pablo Bay BD20  water Q,M,0 25 — 2114 422 - 429 7/22 - 7/30 B 2 5 122 25 1
BD20  bioaccumulation M,0,C 4/30 - 52 910 - 9112 38 2 5 12 2% 43
BD22  sediment QM,0 2/15 - 2/22 731- 86 B 2 52 122 25 14
Pinole Point BD30  water Q.M,0,T 25 - 2114 422 - 4/29 7/22 - 7/30 38 1 29 122 21 39
BD30  bioaccumulation M,0,C 4/30 - 5/2 910 - 912 38 1 0 122 2 3
BD31  sediment QM,0 2/15 - 2/22 731- 86 3 1 29 122 21 43
Davis Point BD40  water Q,M,0 25 - 2114 422 - 429 7/22 - 7/30 3B 3 7 122 16 37
BD40  bioaccumulation M,0,C 430 - 52 910 - 912 38 3 6 122 15 3B
BD41  sediment Q,M,0,T 2/15 - 2/22 731- 86 3 3 7 122 16 9
Napa River BD50  water QM,0,T 25 - 2114 422 - 429 7/22-7/30 3B 5 47 122 15 37
BD50  sediment QM,0,T 2/15 - 2/22 731- 86 B 5 v 122 15 37
BD50  bioaccumulation M,0,C 430 - 52 910- 912 38 5 47 122 15 37
Pacheco Creek BF10 water QM 25 - 2114 422 - 429 7/22 - 7/30 38 3 5 122 5 48
BF10  sediment QM,0 2/15 - 2/22 731- 86 3 3 5 122 5 48
Grizzly Bay BF20  water QM,0,T 2/5 - 2114 422 - 429 722 - 730 3B 6 58 122 2 19
BF20  bioaccumulation M,0,C 430 - 52 910 - 912 38 6 29 122 3 2
BF21  sediment Q,M,0,T 2/15 - 2/22 731- 86 38 6 58 122 2 21
Honker Bay BF40  water QM 25 - 2114 422 - 429 7/22-7/30 B 4 2 121 55 56
BF40  sediment QM,0 2/15 - 2/22 731- 86 B 4 2 121 55 56
Sacramento River BG20  water QM,0,T 25 — 2114 4/22 - 429 722 - 7/30 3B 3 A 121 48 B
BG20  sediment Q,M,0,T 2/15 - 2/22 731- 86 3 3 A 121 48 B
BG20  bioaccumulation M,0,C 4/30 - 5/2 910 - 912 38 3 34 121 48 3H
San Joaquin River BG30  water QM,0,T 25 - 2114 422 - 429 7/22-7/30 B 1 24 121 48 27
BG30  sediment Q.M,0,T 2/15 - 2/22 731- 86 3 1 24 121 48 27
BG30  bioaccumulation M,0,C 4/30 - 5/2 910 - 912 38 1 24 121 48 27
San Jose C-3-0 water QMT 25 - 2114 422 - 429 722 - 7/30 37 27 43 121 58 R
C-3-0 sediment QM 2/15 - 2/22 731- 86 37 271 4B 121 88 R
Sunnyvale C-1-3  water QM,T 25 — 2114 422 - 429 7/22-7/30 37 26 8 122 0 40
C-1-3  sediment QM 2/15 - 2/22 731- 86 37 26 8 122 0 40
* location dependent on salinity Q = water and/or sediment quality
T = toxicity (only for Cruises 7 and 9) M = trace metals
C = bivalve condition index O = trace organics



RMP station locations were not randomly
chosen. Therefore, RMP results provide site-
specific information, but should not be inter-
preted as providing information about the
spatial extent of conditions in the Estuary. As a
result of the RMP Program Review conducted
in 1997, better rationale and justification will
be made for the RMP monitoring design in the
near future. Additionally, the monitoring design
may be modified, although the level of those
changes is not yet clear.

Five types of samples collected in the 1996
Base Program included:

1) Conventional water quality and chemistry.
2) Aquatic bioassays.
3) Sediment quality and chemistry.
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4) Sediment bioassays.
5) Transplanted, bagged bivalve
bioaccumulation, survival, and condition.

The locations of the 22 RMP and two
Southern Slough (C-3-0, C-1-3) sampling
stations are shown in Figure 1; Table 1 lists the
station names, codes, locations, and sampling
dates for all 1996 stations. Water, sediment, or
bioaccumulation sampling sites with the same
station name may have different station codes
as they are situated at slightly different loca-
tions (latitude, longitude) due to practical
considerations such as sediment type or ability
to deploy bivalves, For example, at the South
Bay site, BA20 is the water station code, and
BAZ21 is the sediment station code.

Table 2. 1996 RMP contractors and principal investigators.

Prime Contractors

Trace Element Chemistry

Trace Organic Chemistry

Water Toxicity Testing

Sediment Toxicity Testing

Bagged Bivalve Sampling

USGS Water Quality
USGS Sediment Transport

Pilot Study on Benthic Macrofauna

Pilot Study on Tidal Wetlands

Watershed Pilot Study

Dr. Bob Spies and Dr. Andy Gunther
Applied Marine Sciences, Livermore, CA

Dr. Russ Flegal, UC Santa Cruz, CA
Dr. Eric Prestbo, Brooks-Rand, Seattle, WA

Dr. Bob Risebrough, Bodega Bay Institute, CA
Dr. Terry Wade, Texas A&M University, TX
Dr. Walter Jarman, UC Santa Cruz, CA

Dr. Scott Ogle
Pacific Eco-Risk Laboratories, Martinez CA

Mr. John Hunt and Mr. Brian Anderson
Marine Pollution Lab, Granite Canyon, CA

Mr. Dane Hardin,
Applied Marine Sciences, Livermore, CA

Dr. James Cloern, USGS, Menlo Park, CA
Dr. David Schoellhamer, USGS, Sacramento, CA

Dr. Bruce Thompson

San Francisco Estuary Institute, Richmond, CA
Ms. Heather Peterson

Dept. of Water Resources, Sacramento, CA

Dr. Josh Collins
San Francisco Estuary Institute, Richmond, CA

Dr. Rainer Hoenicke

San Francisco Estuary Institute, Richmond, CA
Mr. Dane Hardin

Applied Marine Sciences, Livermore, CA




Regional Monitoring Program 1996 Annual Report

Sampling occurred during three periods in
1996: during the wet season (February), a
period of declining Delta outflow (late April),
and during the dry season (July—August). Delta
outflow during the RMP sampling periods is
shown in the article by Cloern et al. in Chapter
Two: Water Monitoring. Exact sampling dates
are listed in Table 1. Logistic and scheduling
constraints of this large, Estuary-wide program
precluded sampling at consistent monthly or
daily tidal cycles.

Not all parameters were measured at all
RMP stations each sampling period. Sampling
activities at each station are listed in Table 1.
Water samples were collected at all stations
during all three sampling periods. However,
trace organic contaminants in water were only
measured at 15 stations where bioaccumulation
measurements were made and at San Jose (C-
3-0). Aquatic bioassays were conducted at 13
stations during the wet- and dry-season sam-
pling periods.

Sediment sampling was conducted during
the wet- and dry-season sampling periods only.
Sediment samples were collected from all RMP
stations with the exception of the Golden Gate
station (BC20). Sediment toxicity was mea-
sured at 13 of those stations during the wet-
and dry-sampling periods. Measurements of
ammonia and sulfides in sediment were also
conducted in 1996.

Bivalve bioaccumulation, survival, and
condition were measured at 15 stations during
the wet- and dry-season sampling periods.

The water and sediment samples were
collected from aboard the R/V DAVID
JOHNSTON chartered through the University
of California, Santa Cruz. During each sam-
pling period or cruise, water sampling was

conducted first at all RMP stations. Sediment
sampling followed, making a separate run
though the Estuary. Each sampling run re-
quired 3 to 5 days for completion. The bivalve
monitoring consisted of three parts: deployment
of transplants from reference sites, mainte-
nance, and retrieval. This work was conducted
using primarily the R/V RINCON POINT,
owned by the City of San Francisco, in coopera-
tion with the Bureau of Water Pollution Con-
trol. Additionally, the California Department of
Water Resources provided back-up services for
bivalve cruises. Details of sample collection are
included in Appendix A.

As in past years, sampling and analysis
were coordinated by the RMP Prime Contrac-
tor, Applied Marine Sciences in Livermore, CA.
In addition, a very dedicated group of Principal
Investigators also participated in the RMP
(Table 2).

Complete listings of all parameters mea-
sured in 1996 are included in Table 3. Methods
of collection and analysis are detailed in Appen-
dix A. All RMP data included in this report are
available through SFEI or on the World Wide
Web: http:/www.sfei.org.
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Table 3. Parameters analyzed in water, sediment, and bivalve tissues during the 1996 RMP

sampling of the San Francisco Estuary.

A. Conventional Water Quality Parameters

D. Trace Elements

Conductivity

Dissolved Organic Carbon
Dissolved Oxygen (DO)
Hardness (when salinity is <5 %o)
pH (acidity)

Phaeophytin (a chlorophyll degradation product)

Salinity

Temperature

Total Chlorophyll-a
Total Suspended Solids
Dissolved Phosphates
Dissolved Silicates
Dissolved Nitrate
Dissolved Nitrite
Dissolved Ammonia

B. Sediment Quality Parameters

% Clay (<4 um)

% Silt (4 um—62 um)
% Sand (63 pm—2 mm)
% Gravel (>2 mm)

% Solids

pH

Total Ammonia

Total Organic Carbon
Total Sulfide

C. Bivalve Tissue Parameters

% Moisture

Bivalve % Survival

Total Volume

Shell Volume

Dry Flesh Weight
Biological Condition Index

Water Sediment Tissue

Aluminum* .

Arsenic . . U
Cadmium* . . U
Chromium . . o
Copper* N N .
Iron* i

Lead* . . U
Manganese* .

Mercury . . .
Nickel* . . o
Selenium . . o
Silver* . . o
Zinc* . . U
Dibutyltin (DBT) o
Monobutyltin (MBT) o
Tributyltin (TBT) o
Tetrabutyltin (TTBT) o

* Near-total rather than total concentrations for water.
Near-total metals are extracted with a weak acid (pH <2)
for a minimum of one month, resulting in measurements
that approximate bioavailability of these metals to Estuary
organisms.
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Table 3 (continued). Parameters analyzed.

E. Polycyclic Aromatic Hydrocarbons (PAHS) E. PAHSs (continued)
Water Sediment Tissue Water Sediment Tissue
2 rings C1-Phenanthrenes/Anthracenes i o
1-Methylnaphthalene o C2-Phenanthrenes/Anthracenes i o
2, 3, 5-Trimethylnaphthalene C3-Phenanthrenes/Anthracenes i o
2, 6-Dimethylnaphthalene C4-Phenanthrenes/Anthracenes . o

2-Methylnaphthalene
Biphenyl
Naphthalene

3rings
1-Methylphenanthrene
Acenaphthene
Acenaphthylene
Anthracene
Dibenzothiophene
Fluorene
Phenanthrene

4 rings
Benz(a)anthracene
Chrysene
Fluoranthene
Pyrene

5rings
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(e)pyrene
Benzo(k)fluoranthene
Dibenz(a,h)anthracene
Perylene

6 rings
Benzo(ghi)perylene
Indeno(1, 2, 3-cd)pyrene

Alkylated PAHs
C1-Chrysenes
C2-Chrysenes
C3-Chrysenes
C4-Chrysenes
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes

C1-Fluoranthenes/Pyrenes

C1-Fluorenes
C2-Fluorenes
C2-Fluorenes
C1-Naphthalenes
C2-Naphthalenes
C3-Naphthalenes
C4-Naphthalenes

F. Synthetic Biocides

Water Sediment Tissue
Cyclopentadienes

Aldrin . .

Dieldrin . o o

Endrin . . o

Chlordanes

alpha-Chlordane . . o

cis-Nonachlor . . .

gamma-Chlordane . . .

Heptachlor . . o

Heptachlor Epoxide . . .

Oxychlordane . . .

trans-Nonachlor . . .
DDTs

o, p’-DDD . . .

o, p’-DDE . . .

o, p’-DDT . . o

p, p’-DDD . . .

p, p’-DDE . . .

p, p’-DDT . . o
HCHs

alpha-HCH . . .

beta-HCH . . .

delta-HCH . . .

gamma-HCH . . .
Other

Dacthal .

Diazinon .

Endosulfan | .

Endosulfan I .

Endosulfan Sulfate .

Mirex . . o

Oxadiazon .

Chlorpyrifos i




Table 3 (continued). Parameters analyzed.
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G. PCBs and Related Compounds

Water Sediment

Hexachlorobenzene .

PCB 001
PCB 003

PCB 004

PCB 006

PCB 008 .
PCB 015

PCB 018 .
PCB 027

PCB 028 .
PCB 029

PCB 031 .
PCB 033 .
PCB 044 .
PCB 049 .
PCB 052 .
PCB 056

PCB 060 .
PCB 066 .
PCB 070 .
PCB 074 .
PCB 085

PCB 087 .
PCB 095 .
PCB 097 .
PCB 099 .
PCB 101 .
PCB 105 .
PCB 110 .

Tissue

PCB 114
PCB 118
PCB 119
PCB 128
PCB 132
PCB 137
PCB 138
PCB 141
PCB 149
PCB 151
PCB 153
PCB 156
PCB 157
PCB 158
PCB 167
PCB 170
PCB 174
PCB 177
PCB 180
PCB 183
PCB 187
PCB 189
PCB 194
PCB 195
PCB 201
PCB 203
PCB 206
PCB 207

Water

Sediment

Tissue
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CHAPTER TwoO

Water Monitoring
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Background

This chapter presents a graphical and narra-
tive summary of RMP water monitoring results
for 1996. This chapter also includes four articles
contributed by RMP investigators that provide
interpretive summaries of specific water monitor-
ing activities.

Water quality was monitored at 22 RMP Base
Program stations. Parameters measured included
conventional water quality parameters (salinity,
temperature, total suspended solids, and others),
trace elements, trace organic contaminants, and
toxicity. Water was also sampled at two stations
in the southern end of the Estuary in cooperation
with the SFBRWQCB and the cities of San Jose
(station C-3-0) and Sunnyvale (station C-1-3).
Water quality was also monitored by the US
Geological Survey at shorter time scales to
complement RMP monitoring activities.

Station locations are shown in Figure 1 in
Chapter One: Introduction. Water samples were
collected in February, April, and July. Sampling
dates and parameters measured at each station
are shown in Table 1 in Chapter One: Introduc-
tion. For trace elements, dissolved (0.45 pm
filtered) and total (arsenic, chromium, mercury,
selenium) or near-total (cadmium, copper, lead,
nickel, silver, and zinc) concentrations are pre-

Water Monitoring

sented. Dissolved (1 pm filtered) and total concen-
trations of trace organic contaminants are also
presented. Detailed methods of collection and
analysis are included in Appendix A.

In order to compare water monitoring results
among the major reaches of the Estuary, the RMP
stations are separated into five groups based on
similarities in geography, water chemistry, and
hydrodynamics: the Southern Sloughs (C-1-3 and
C-3-0), South Bay (seven stations, BA10 through
BB70), Central Bay (five stations, BC10 through
BC60), Northern Estuary (eight stations, BD15
through BF40), and the Rivers (BG20 and BG30).

Water Quality Objectives and Criteria

In this report, comparisons to water quality
objectives and criteria are made to provide a
context for evaluating the condition of the Estu-
ary in terms of contamination, and not for any
regulatory purpose. Water quality objectives and
criteria used for these comparisons (Table 7) were
selected based on guidance from the San Fran-
cisco Bay Regional Water Quality Control Board
(SFBRWQCB; Kim Taylor, personal communica-
tion). Most of the criteria used were taken from
US Environmental Protection Agency’s proposed
California Toxics Rule (US EPA, 1997; CTR). US

EPA is scheduled to issue a final rule formalizing

Salinity in Water 1996
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Figure 1. Salinity in parts per thousand (%.) at each RMP water station in February, April,
and July 1996. ¥ = below detection limit. Samples were collected at approximately 1 m below the
surface. Salinities ranged from below detection (1%0) to 33%o. The highest salinity was detected at
Golden Gate (BC20) in July. Salinities were lowest in February as expected in the wet season.
Salinities below 5%o are considered freshwater for application of water quality standards.
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Dissolved Organic Carbon in Water 1996

700

600 —

500 —

400 —

DOC, uM

300 —

200—

100 —

February
B April
W Juy

™ ol o o o o [Te] o ol o o o — ol wn o o o o o o ol o o
s %3 323i8858,953%838558328¢08 .88
O O'd d d d @ o o'da @ @ @ ©8'ea @ @0 @ @ © o a'@ @

I I I I
Southern | South Bay | Central Bay | Northern Estuary . Rivers
Sloughs

Figure 2. Dissolved organic carbon (DOC) in micromoles per liter (UM) at each water
station in February, April, and July of 1996. 1 uM of dissolved organic carbon is equal to 12 mg/
L. DOC ranged from 68 uM to 751 uM. The highest concentration was sampled at Petaluma River
(BD15) in February and the lowest concentration was sampled at Golden Gate (BC20) in April.

these California Toxics Rule criteria in the near
future. Objectives for mercury were obtained
from the San Francisco Bay Basin Plan
(SFBRWQCB, 1995). Selenium criteria are
region-specific criteria for total recoverable
selenium that apply to the entire Estuary
(National Toxics Rule, US EPA, 1992). Criteria
for chlorpyrifos and mirex are not included in
the proposed CTR, but US EPA criteria for
these chemicals were obtained from the
SFBRWQCB. For diazinon, hazard assessment
criteria developed by the California Depart-
ment of Fish and Game (Menconi and Cox,
1994) are used in this report to evaluate the
degree of contamination in the Estuary.

Different objectives and criteria apply to
saltwater, estuarine, and freshwater portions of
the Estuary (Table 7). As defined by the Basin
Plan (SFBRWQCB, 1995), Estuary locations
are 1) freshwater when their salinity is below 5
parts per thousand (ppt) more than 75% of the
time; 2) saltwater when their salinity is greater
than 5 ppt more than 75% of the time; and 3)
estuarine if salinity is intermediate or if
estuarine organisms are present for significant
periods.

For estuarine locations, the Basin Plan
specifies that the lower of the freshwater and
saltwater objectives apply. For this report RMP

stations were classified as freshwater, estua-
rine, or saltwater based on an evaluation by
the SFBRWQCB (Kim Taylor, personal commu-
nication) of long-term data at RMP stations,
and the characteristic benthic assemblages
observed in the RMP Benthic Pilot Study
(Thompson et al., this report). For estuarine
locations, the lower of the freshwater and
saltwater criteria apply. The following stations
are classified as estuarine in this report:
Sunnyvale (C-1-3), San Jose (C-3-0), South Bay
(BA20), Petaluma River (BD15), Davis Point
(BD40), Napa River (BD50), Pacheco Creek
(BF10), Grizzly Bay (BF20), and Honker Bay
(BF40).

For some contaminants multiple criteria
exist that apply to different target organisms
(aquatic life or humans) or different lengths or
routes of exposure (e.g., 1 hour or 4 days). For
this report, RMP contaminant data are com-
pared to the lowest criterion for each contami-
nant. In general, trace element concentrations
were compared to 4-day average criteria for
aquatic life, which are lower than 1-hour
average criteria, and trace organic contaminant
concentrations were compared to human health
criteria based on consumption of organisms
only, since RMP stations are all seaward of
drinking water intakes in the Delta.



Water quality criteria for five elements
measured at freshwater stations are related to
water hardness. In the RMP, hardness data are
only collected at stations where the salinity is less
than 5%.. Freshwater criteria for these elements
at estuarine stations were therefore calculated
assuming a hardness of 100 pg/L.

Aquatic Bioassays

Laboratory bioassays using Estuary water
were conducted at 11 RMP stations (Figure 36)
during the wet-season sampling (February) and
again in the dry-season sampling (July). Two
laboratory bioassays were conducted. Mysids
(Mysidopsis bahia) were exposed to Estuary water
for seven days where percent survival was the
endpoint. Larval mussels (Mytilus sp.) were
exposed to Estuary water for 48 hours where
percent normal development was the endpoint.
Detailed methods are included in Appendix A.
Significant toxicity was determined by statistical
comparison (t-tests) of field samples with controls.

In the July Mytilus tests, controls for nine
stations had less than 70% normal development
(the quality control guideline). In spite of this
problem with controls, these tests indicated an
absence of toxicity at the nine affected stations
(Scott Ogle, personal communication). At each of

Water Monitoring

the nine stations, survival in the sample water
was as high as in the controls. Concurrent refer-
ence toxicant test results, when normalized to the
control response, were well within the acceptable
range. Results for the Mytilus tests at these nine
stations were therefore consistent with the ab-
sence of toxicity observed at all other stations in
this test in both February and July.
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Total Suspended Solids in Water 1996
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Figure 3. Total suspended solids (TSS) in milligrams per liter (mg/L) at each RMP water

station in February, April, and July of 1996. Note logarithmic scale. T'SS concentrations ranged
from 2.0 mg/L to 264 mg/L. The highest concentration was sampled at San Jose (C-3-0) in April and
the lowest at Golden Gate (BC20) in July. Average T'SS concentrations were higher in the Southern

Slough stations than other Estuary reaches.
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Dissolved Arsenic in Water 1996
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Figure 4. Dissolved arsenic (As) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Dissolved arsenic concentrations
ranged from 0.96 to 4.52 ppb. The highest concentration was sampled at Sunnyvale (C-1-3) in July
and the lowest at Sacramento River (BG20) in April. Average concentrations were highest in the
Southern Sloughs in July (4.32 ppb) and lowest the Rivers in April (1.04 ppb). In general,
concentrations were highest in July. All samples were below the 4-day average water quality criteria
(WQCQC) for dissolved arsenic (saltwater 36 ppb, freshwater 150 ppb).

Total Arsenic in Water 1996
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Figure 5. Total arsenic (As) concentrations in water in parts per billion (ppb) at 24 RMP
stations sampled in February, April, and July of 1996. Total arsenic concentrations ranged
from 1.21 to 6.22 ppb. The highest concentration was sampled at San Jose (C-3-0) in July, and the
lowest at Sacramento River (BG20) in April. Average concentrations were highest in the Southern
Sloughs in July (5.83 ppb) and lowest in the Rivers in April (1.26 ppb). In general concentrations
were highest in July. All samples were below the 4-day average WQC for total arsenic (saltwater 36
ppb, freshwater 150 ppb).
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Dissolved Cadmium in Water 1996
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Figure 6. Dissolved cadmium (Cd) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Dissolved cadmium concentrations
ranged from 0.005 to 0.113 ppb. The highest concentration was sampled at Petaluma River (BD15) in
July and the lowest value at Grizzly Bay (BF20) in February. Average concentrations were highest in
the South Bay in July (0.083 ppb) and lowest in the Rivers in April (0.007 ppb). In general,
concentrations were highest in July. All samples were below the 4-day average WQC for dissolved
cadmium (saltwater 9.3 ppb, freshwater —hardness dependent).

Near-Total Cadmium in Water 1996
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Figure 7. Near-total cadmium (Cd) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. % = not analyzed. Near-total
cadmium concentrations ranged from 0.010 to 0.17 ppb. The highest concentration was sampled at
Petaluma River (BD15) in February, and the lowest at Grizzly Bay (BF20) in April. Average
concentrations were highest in the Southern Sloughs in July (0.125 ppb) and lowest in the Rivers in
April (0.015 ppb). In general, concentrations were highest in July. All samples were below the 4-day
average WQC for total cadmium (saltwater 9.4 ppb, freshwater —hardness dependent).
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Dissolved Chromium in Water 1996
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Figure 8. Dissolved chromium (Cr) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. x = not analyzed. Dissolved
chromium concentrations ranged from 0.07 ppb to 1.14 ppb. The highest concentration was sampled
at Sacramento River (BG20) in February and the lowest at Yerba Buena Island (BC10) in July.
Average concentrations were highest at the River Stations in February (0.86 ppb) and lowest in the
Central Bay in July (0.09 ppb). In general, concentrations were highest in February. All samples were
below the 4-day average WQC for dissolved chromium VI (saltwater 50 ppb, freshwater 11 ppb).
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Figure 9. Total chromium (Cr) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. * = not
analyzed. Total chromium concentrations ranged from 0.10 ppb to 41.00 ppb. The highest
concentration was sampled at San Jose (C-3-0) in July and the lowest at Golden Gate (BC20) in April
and July. Average concentrations were highest in the Southern Sloughs in July (27.15 ppb) and
lowest in the Central Bay in April (0.56 ppb). In general, concentrations were highest in April and
lowest in July. Six samples were above the 4-day average WQC for total chromium VI (saltwater 50
ppb, freshwater 11 ppb).
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Dissolved Copper in Water 1996
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Figure 10. Dissolved copper (Cu) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Dissolved copper concentrations
ranged from 0.27 to 4.20 ppb. The highest concentration was sampled at Petaluma River (BD15) in
February and the lowest at Golden Gate (BC20) in April. Average concentrations were highest in the
Southern Sloughs in April (3.84 ppb) and lowest in the Central Bay in April (0.93 ppb). Nine samples
were above the 4-day average WQC for dissolved copper (saltwater 3.1, freshwater —hardness
dependent).

Near-Total Copper in Water 1996
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Figure 11. Near-total copper (Cu) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. x = not analyzed. Near-total
copper concentrations ranged from 0.3 to 12.9 ppb. The highest concentration was sampled at San
Jose (C-3-0) in July and the lowest at Golden Gate (BC20) in April. Average concentrations were
highest in the Southern Sloughs (9.80 ppb) in July, and lowest in the Central Bay in April (1.18 ppb).
Twenty six samples were above the WQC for total copper (saltwater 3.7 ppb, freshwater—hardness
dependent).
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Dissolved Lead in Water 1996
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Figure 12. Dissolved lead (Pb) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. Dissolved
lead concentrations ranged from 0.005 to 0.225 ppb. The highest concentration was sampled at San
Jose (C-3-0) in July and the lowest was sampled at Red Rock (BC60) in April. Average concentrations
were highest in the Southern Sloughs in July (0.225 ppb) and lowest in the Northern Estuary in July
(0.007 ppb). All samples were below the 4-day average WQC for dissolved lead (saltwater 8.1 ppb,
freshwater —hardness dependent).

Near-Total Lead in Water 1996
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Figure 13. Near-total lead (Pb) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. * = not
analyzed. Near-total lead concentrations ranged from 0.04 to 11.77 ppb. The highest concentration
was sampled at San Jose (C-3-0) in July and the lowest at Golden Gate (BC20) in July and and
Oyster Point (BB30) in April. Average concentrations were highest in the Southern Sloughs in July
(8.23 ppb) and lowest in the Central Bay in April (0.09 ppb). Four samples were above the 4-day
average WQC for total lead (saltwater 8.5 ppb, freshwater —hardness dependent).
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Dissolved Mercury in Water 1996
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Figure 14. Dissolved mercury (Hg) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Q = less than limit of quantitation.
Dissolved mercury concentrations ranged from Q to 0.0046 ppb. The highest concentration was at
Petaluma River (BD15) in February and the lowest at Golden Gate (BC20) in February. Average
concentrations were highest in the Rivers in February (0.00261 ppb) and lowest in the Northern
Estuary in July (0.00021 ppb). In general, concentrations were highest in February and lowest in
April and July. Mercury is compared to WQC on a total basis (see below).

Total Mercury in Water 1996
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Figure 15. Total mercury (Hg) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. Total
mercury concentrations ranged from 0.001 ppb to 0.118 ppb. The highest concentration was at San
Jose (C-3-0) in July and the lowest at Golden Gate (BC20) in April and July. Average concentrations
were highest in the Southern Sloughs in July (0.080 ppb) and lowest in the Central Bay in April
(0.0015 ppb). Fourteen samples were above the 4-day average WQC for total mercury (saltwater
0.025 ppb, freshwater 0.012 ppb).
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Dissolved Nickel in Water 1996
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Figure 16. Dissolved nickel (Ni) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Dissolved nickel concentrations
ranged from 0.43 to 37.41 ppb. The highest concentration was sampled at Petaluma River (BD15) in
February and the lowest at Golden Gate (BC20) in April. Average concentrations were highest in the
Southern Sloughs in July (7.79 ppb) and lowest in the Rivers in April (0.84 ppb). In general,
concentrations were highest in April and lowest in July. Two samples were above the 4-day average
WQC for dissolved nickel (saltwater 8.2, freshwater—hardness dependent).

Near-Total Nickel in Water 1996
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Figure 17. Near-total nickel (Ni) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. * = not
analyzed. Near-total nickel concentrations ranged from 0.39 to 41.30 ppb. The highest concentration
was sampled at Petaluma River (BD15) in February and the lowest at Golden Gate (BC20) in April.
Average concentrations were highest in the Southern Sloughs in April (16.29 ppb) and lowest in the
Central Bay in April (1.09 ppb). Concentrations were generally lowest in July. Sixteen samples were
above the 4-day average WQC for total nickel (saltwater 8.3 ppb, freshwater—hardness dependent).
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Dissolved Selenium in Water 1996
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Figure 18. Dissolved selenium (Se) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. Q = less
than limit of quantitation. Dissolved selenium concentrations ranged from Q to 1.75 ppb. The highest
concentration was sampled at Sunnyvale (C-1-3) in April, and the lowest was sampled at Alameda
(BB70) in February. Average concentrations were highest in the Southern Sloughs in April (1.39 ppb)
and lowest in the Rivers in July (0.088 ppb). Selenium is compared to WQC on a total basis (see
below).

Total Selenium in Water 1996

10.05 T T T T
7 | I I |
i | | | February |
I I I ) I
< B April
2 1.0 I I I I
g- ] I I I W Juy I
= R I I I I
S |
o) i I I I I
2 I I I I
©
<= 0.1
e E I I Q I I
] I I I I
7 I I I I
| | | | |
0.0 -
™ o | © =] (=3 o w0 =3 o |1 o o o ~ o |1 v o o o o o o o | o o
! ! ~ N ™ <t — (32 N~ ~— N [<p] <t © — N [s2] < [Te) ~ N <t N 3]
T ® m o o LoL W
o' § ® & » @ @ @ 2 2 2 R '8 83 2 8 8 3 @ 5'3 &
I I I I
Southern | South Bay | Central Bay | Northern Estuary , Rivers
Sloughs

Figure 19. Total selenium (Se) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. Q = less
than limit of quantitation. Total selenium concentrations ranged from 0.07 ppb to 1.70 ppb. The
highest concentration was sampled at Sunnyvale (C-1-3) in April, and the lowest at Point Isabel
(BC41) in April. Average concentrations were highest in the Southern Sloughs in April (1.55 ppb) and
lowest in the Rivers in July (0.10 ppb). All samples were below the WQC for total selenium (5 ppb
for the entire San Francisco Estuary).

21



Regional Monitoring Program 1996 Annual Report

22

Dissolved Silver in Water 1996
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Figure 20. Dissolved silver (Ag) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Dissolved silver concentrations
ranged from 0.0004 to 0.0122 ppb. The highest concentration was sampled at South Bay (BA20) in
July, and the lowest at Honker Bay (BF40) in July. Average concentrations were highest in the South
Bay in July (0.009 ppb) and lowest in the Rivers in February (0.0009 ppb). In general,
concentrations were highest in July. All samples were below the 1-hour maximum WQC for dissolved
silver (saltwater 1.9 ppb, freshwater—hardness dependent).
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Figure 21. Near-total silver (Ag) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. x = not analyzed. ¥ = below
detection limit. Near-total silver concentrations ranged from below detection limit to 0.152 ppb. The
highest concentration was sampled at San Jose (C-3-0) in July. Average concentrations were highest
in the Southern Sloughs in July (0.093 ppb) and lowest in the Rivers in April (0.002 ppb). No
consistent seasonal variation was observed. All samples were below the 1-hour maximum WQC for
total silver (saltwater 2.2 ppb, freshwater—hardness dependent).
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Dissolved Zinc in Water 1996
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Figure 22. Dissolved zinc (Zn) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. Note logarithmic scale. Dissolved
zinc concentrations ranged from 0.15 to 9.03 ppb. The highest concentration was sampled at San
Jose (C-3-0) in July and the lowest at Golden Gate (BC20) in April. Average concentrations were
highest in the Southern Sloughs in April (7.63 ppb) and lowest in the Rivers in April (0.37 ppb). In
general concentrations were highest in February. All samples were below the 4-day average WQC for
dissolved zinc (saltwater 81 ppb, freshwater—hardness dependent).
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Figure 23. Near-total zinc (Zn) concentrations in water in parts per billion (ppb) at 24
RMP stations sampled in February, April, and July of 1996. *x = not analyzed. Note
logarithmic scale. Near-total zinc concentrations ranged from 0.28 to 56.64 ppb. The highest
concentration was sampled at San Jose (C-3-0) in July and the lowest at Golden Gate (BC20) in
April. Average concentrations were highest in the Southern Sloughs in July (38.54 ppb) and lowest in
the Central Bay in April (1.04 ppb). All samples were below the 4-day average WQC for total zinc
(saltwater 86 ppb, freshwater—hardness dependent).
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Dissolved PAHs in Water 1996
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Figure 24. Dissolved PAH concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled, R = unacceptably low surrogate recoveries.
Dissolved PAH concentrations ranged from 2,503 to 28,627 ppq (see Appendix B for MDLs). The
highest concentration was sampled at San Jose (C-3-0) in August, and the lowest at San Joaquin
River (BG20) in April. Average concentrations were highest in the Central Bay in February (12,342
ppq) and lowest in the Rivers in April (3,295 ppq).
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Figure 25. Total PAH concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled, R = unacceptably low surrogate recoveries.
Total PAH concentrations ranged from 3,830 to 847,025 ppq (see Appendix B for MDLs). The highest
concentration was sampled at San Jose (C-3-0) in April, and the lowest at Golden Gate (BC20) in
April. Average concentrations were highest in the South Bay in April (84,582 ppq) and lowest in the
Rivers in April (4,420 ppq). Three samples were above individual PAH criteria from the proposed
California Toxics Rule (CTR; see Table 7, this chapter), however, there are no CTR criteria for total
PAHs. Twenty-one samples were above the water quality criterion for total PAHs from the US EPA
National Toxics Rule (US EPA, 1992) of 31,000 ppq.
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Dissolved PCBs in Water 1996
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Figure 26. Dissolved PCB concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled. Dissolved PCB concentrations ranged from
41 to 1,190 ppq (see Appendix B for MDLs). The highest concentration was sampled at San Jose (C-3-
0), and the lowest at Golden Gate (BC20), both in August. Average concentrations were highest in the
South Bay in April (224 ppq) and lowest in the Central Bay in August (58 ppq).
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Figure 27. Total PCB concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled. Total PCB concentrations ranged from 125
to 10,313 ppq (see Appendix B for MDLs). The highest concentration was sampled at San Jose (C-3-
0) in August, and the lowest at Golden Gate (BC20) in April. Average concentrations were highest in
the Central Bay in August (1,526 ppq) and lowest in the Rivers in February (165 ppq). All but three
samples were above the human health WQC for total PCB of 170 ppq.
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Dissolved Chlordanes in Water 1996
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Figure 28. Dissolved chlordane concentrations in water (ppq) at 16 RMP stations sampled
in February, April, and August 1996. NS = not sampled. Dissolved chlordane concentrations
ranged from 52 to 1,014 ppq (see Appendix B for MDLs). The highest concentration was sampled at
San Jose (C-3-0) in February, and the lowest at Golden Gate (BC20) in April. Average concentrations
were highest in the South Bay in February (371 ppq) and lowest in the Central Bay in April (72 ppq).

Total Chlordanes in Water 1996

1400

February
1200

B April

M August

1000

800 —

600 —

400 —

Total Chlordanes, pg/L

200 —

o | © o =] o | o o o | o o o o o | o© o
® 42 < I ®,3 o &, a & & &8 &, 0 3
O 'm o o Gl @ @ @ 'o @ @ @ @ o '@ @
I I I I )
Southern South Bay Central Bay Northern Estuary Rivers
Sloughs ' ! ! !

Figure 29. Total chlordane concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled, R = unacceptably low surrogate recoveries.
Total chlordane concentrations ranged from 59 to 1,429 ppq (see Appendix B for MDLs). The highest
concentration was sampled at San Jose (C-3-0) in February, and the lowest at Golden Gate (BC20) in
April. Average concentrations were highest in the South Bay in February (522 ppq) and lowest in the
Central Bay in April (84 ppq). Five samples were above the WQC for total chlordane of 590 ppg. Two
individual chlordane compounds are listed in the proposed California Toxics Rule (Table 7, this
chapter). Nine samples were above the heptachlor epoxide WQC of 110 ppq.



Water Monitoring

Dissolved DDTs in Water 1996
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Figure 30. Dissolved DDT concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled. Dissolved DDT concentrations ranged from
35 to 1,512 ppq (see Appendix B for MDLs). The highest concentration was sampled at San Jose (C-3-
0) in February, and the lowest at Golden Gate (BC20) in August. Average concentrations were
highest in the Northern Estuary in February (465 ppq) and lowest in the Central Bay in August (80

ppQ).
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Figure 31. Total DDT concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August, 1996. NS = not sampled, R = unacceptably low surrogate recoveries.
Total DDT concentrations ranged from 64 to 3,875 ppq (see Appendix B for MDLs). The highest
concentration was sampled at San Jose (C-3-0), and the lowest at Golden Gate (BC20), both in
August. Average concentrations were highest in the Northern Estuary in February (1,203 ppq) and
lowest in the Central Bay in August (156 ppq). Water quality criteria do not exist for total DDTs
although individual compounds have criteria. Ten samples were above the WQC for individual DDT
compounds (see Table 9, this chapter).
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Dissolved Diazinon in Water 1996
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Figure 32. Dissolved diazinon concentrations in water (ppq) at 16 RMP stations sampled
in February, April, and August 1996. % = not analyzed. Dissolved diazinon concentrations ranged
from 190 to 58,000 ppq (see Appendix B for MDLs). The highest concentration was sampled at
Grizzly Bay (BF20) in February, and the lowest at Golden Gate (BC20) in August. Average
concentrations were highest in the South Bay in February (37,833 ppq) and lowest in the Central
Bay in August (745 ppq).
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Figure 33. Total diazinon concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled, ND = not detected, R = unacceptably low
surrogate recoveries. Total diazinon concentrations ranged from 190 to 58,350 ppq (see Appendix B
for MDLs). The highest concentration was sampled at Grizzly Bay (BF20) in February, and the
lowest at Golden Gate (BC20) in August. Average concentrations were highest in the Northern
Estuary in February (38,072 ppq) and lowest in the Central Bay in August (745 ppq). Three samples
were above the Department of Fish and Game guideline of 40,000 ppq.
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Dissolved HCHs in Water 1996
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Figure 34. Dissolved HCH concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled. Dissolved HCH concentrations ranged from
24 to 5,689 ppq (see Appendix B for MDLs). The highest concentration was sampled at San Jose (C-3-
0) in August, and the lowest at Sacramento River (BG20) in February. Average concentrations were
highest in the the South Bay in February (1,326 ppq) and lowest in the Rivers in April (74 ppq).
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Figure 35. Total HCH concentrations in water (ppq) at 16 RMP stations sampled in
February, April, and August 1996. NS = not sampled, R = unacceptably low surrogate recoveries.
Total HCH concentrations ranged from 30 to 5,829 ppq (see Appendix B for MDLs). The highest
concentration was sampled at San Jose (C-3-0) in August, and the lowest at Sacramento River
(BG20) in February. Average concentrations were highest in the South Bay in February (1340 ppq)
and lowest in the Rivers in February (30 ppq). Water quality criteria do not exist for total HCHs
although individual compounds have criteria. None of the samples were above individual criteria.
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Figure 36. Aquatic bioassay results for 1996. Clean artificial seawater was used for control samples.
See Appendix A for a description of the methods used. Toxicity was determined by statistical comparison
to controls. Toxicity in the seven-day Mysidopsis test was observed in both February and July at Grizzly
Bay (BF20), Sacramento River (BG20), and San Joaquin River (BG30). Mysid toxicity was also observed
at Napa River (BD50) in February. None of the 48-hour tests using Mytilus larvae indicated toxicity in
either February or July. In the July Mytilus tests, controls for nine stations (denoted by *) had less than
70% normal development, which is the quality control guideline (see text for discussion).




Water Monitoring

Water Monitoring Trends

Trace Elements
Long-term Trends

Long-term trends in total trace element
concentrations were examined in detail the
1995 Annual Report (Jassby, 1996). Increasing
or decreasing trends were essentially nonexist-
ent in the data collected from April 1989 to
April 1995. Data for 1996 can now be included
in long-term trend plots (Figure 37). In general
the 1996 data are consistent with previous data
and do not alter last year’s conclusions.

With data from four years, however, sea-
sonal patterns are becoming apparent and can

be seen in the long-term trend plots (Figure 37).

For example, cadmium concentrations have
shown a consistent pattern of seasonal varia-
tion in the four years of RMP sampling. The
pattern is clearest in the Central Bay. Cad-
mium concentrations are relatively low in
winter and spring and high in late summer.
The seasonal increase during the summer
appears to be due to a combination of varying
oceanic influence and seasonal variation in
cadmium sources within or upstream of the
Bay. Arsenic has shown a similar pattern to
cadmium in the Northern Estuary and South
Bay, but not the Central Bay, suggesting that
seasonal variation in in-Bay or upstream
sources (and not oceanic influence) causes the
pattern seen in the Bay.

Another pattern is becoming clear in nickel
concentrations in the Northern Estuary. Near-
total nickel concentrations at the Petaluma
River (BD15) are consistently high in the
winter and spring sampling. While this is
partially due to high total suspended solids
(T'SS) concentrations at this station, dissolved

nickel concentrations are also consistently high.

The unusually high concentration of near-total
nickel in February 1996 actually consisted of
90% dissolved nickel. Sampling began at the

Petaluma River station (BD15) in 1994 and
dissolved nickel has been consistently high at
this station, especially in February and April.
These data strongly suggest the presence of a
source of nickel in the Petaluma River water-
shed. This source is especially evident when
salinity at this station is low, indicating that
the nickel is transported during periods of
freshwater runoff.

Several trace elements exhibit a seasonal
pattern in total concentrations in the Northern
Estuary (chromium, copper, lead, mercury,
silver, and zinc) but this is largely driven by
seasonal variation in TSS. This pattern was
weak in 1996 due to relatively little seasonal
variation in T'SS in the Northern Estuary.

Trace Organic Contaminants
Long-term Trends

Long-term trend plots for total trace or-
ganic concentrations are provided in Figure 38.
As for many trace elements, total concentra-
tions of many trace organics are highly corre-
lated with concentrations of T'SS and this
obscures real trends in the long-term dataset.
In general, increasing or decreasing trends are
not apparent in the data. Long-term seasonal-
ity is evident in the plot for diazinon, with high
concentrations in February sampling for the
past three years.Diazinon concentrations in
February 1996 included the highest RMP
values yet recorded for the Northern Estuary
and Central Bay.
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Figure 37. Plots of average trace element concentrations (parts per
billion, ppb) in water in each Estuary reach from 1989-1996. The vertical
bars represent ranges of values. Sample sizes are as follows: South Bay 1989-
1993 n=4, 1994-1996 n=7; Central Bay 1989-1990 n=1, 1991 n=3, 1992-1993
n=4, 1994-1996 n=>5; Northern Estuary 1989-1990 n=4, 1991-1992 n=7, 1993
n=6, 1994-1996 n=8; Rivers 1989-1990 n=1, 1991-1996 n=2.
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Near-Total Cadmium, pg/L
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Figure 37 (continued). Plots of average trace element concentrations

(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Total Chromium, pg/L
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Figure 37 (continued). Plots of average trace element concentrations
(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Figure 37 (continued). Plots of average trace element concentrations

(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Near-Total Lead, pug/L
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Figure 37 (continued). Plots of average trace element concentrations

(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Total Mercury, pg/L
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Figure 37 (continued). Plots of average trace element concentrations

(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Near-Total Nickel, pg/L
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Figure 37 (continued). Plots of average trace element concentrations

(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Figure 37 (continued). Plots of average trace element concentrations
(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Near-Total Silver, ug/L
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Figure 37 (continued). Plots of average trace element concentrations
(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Near-Total Zinc, pg/L
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Figure 37 (continued). Plots of average trace element concentrations

(parts per billion, ppb) in water in each Estuary reach from 1989-1996.
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Figure 38. Plots of average dissolved + particulate organic concentrations (parts per
quadrillion, ppq) in water for each Estuary reach from 1993-1996. The vertical bars
represent the range of values. Sample sizes are as follows: South Bay 1993 n=2, 1994-1996 n=4;
Central Bay 1993 n=2, 1994-1996 n=3; Northern Estuary 1993 n=5, 1994-1996 n=6; Rivers 1993—
1996 n=2. Please note that in 1996 several samples had laboratory QA problems and the data from
these samples are not available.
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Figure 38 (continued). Plots of average dissolved + particulate organic concentrations
(parts per quadrillion, ppq) in water for each Estuary reach from 1993-1996.
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Figure 38 (continued). Plots of average dissolved + particulate organic concentrations
(parts per quadrillion, ppq) in water for each Estuary reach from 1993-1996.
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Figure 38 (continued). Plots of average dissolved + particulate organic concentrations
(parts per quadrillion, ppq) in water for each Estuary reach from 1993-1996.
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Water Quality Variability in San Francisco Bay, Some
General Lessons from 1996 Sampling

James E. Cloern, Brian E. Cole, Jody L. Edmunds, and Jelriza I. Baylosis
United States Geological Survey, Menlo Park, CA

Introduction

A primary objective of the Regional Monitor-
ing Program (RMP) is to identify the seasonal
and annual patterns of variability in the chemi-
cal and biological condition of San Francisco
Bay. One element of the RMP is a program of
regular water quality measurements conducted
by the US Geological Survey (USGS) to supple-
ment the RMP monitoring done three times each
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year. This element is designed to describe the
changing spatial patterns of water quality vari-
ability from the lower Sacramento River to the
southern limit of the South Bay. Five water
quality parameters are measured as basic de-
scriptors of the chemical-biological status of the
Estuary, and as indicators of the key processes
that control the concentration, chemical form, or
biological availability of toxic contaminants.

CALIFORNIA

Drainage basin:
Sacramento and
San Joaquin Rivers

Figure 39. Map showing locations of USGS sampling stations along the
axial transect of the San Francisco Bay-Delta, from the lower
Sacramento River to the southern South Bay. Distances along the transect
are referenced as positive values for the North Bay and negative values for the
South Bay (see Figures 40—44), starting at station 18, south of Angel Island.



Another primary objective of the RMP is to
identify trends of change in the concentrations
of contaminants in San Francisco Bay. This
objective poses a difficult challenge because
estuaries have large natural variability that
acts as noise around any signals of water
quality improvement or degradation over time.
Progress toward this objective will require
innovative approaches for characterizing the
natural variability of biological and chemical
conditions in the Estuary, and then separating
these natural fluctuations from any trends of
change. In this chapter we summarize results
of the USGS measurement program for 1996,
and then use these results to illustrate four
general lessons about natural variability in the
San Francisco Bay-Delta ecosystem. Each of
these lessons has direct relevance to the pri-
mary goals of the RMP.

The Measurement Program
Design

This element of the RMP characterizes
water quality in the deep channel of the Bay-
Delta system. It includes measurements at a
series of fixed stations spaced every 3—6 km,
from Rio Vista (lower Sacramento River; Figure
39), through Suisun Bay, Carquinez Strait, San
Pablo Bay, the Central Bay, and South Bay to
the mouth of Coyote Creek. Vertical profiles are
taken at each station, so this measurement
program provides two-dimensional (longitudi-
nal-vertical) descriptions of spatial structure.
Sampling along the 145-km transect requires
12-15 hours, so measurements are taken at
varying phases of the semidiurnal tide cycle.
Although it is logistically difficult to synchro-
nize sampling to a constant tidal phase, we
minimized the effects of intratidal variability
by sampling near the periods of monthly
minimum tidal energy when possible. There-
fore, this sampling program is biased toward
neap-tide conditions, and it is confounded by
intratidal variability during the course of
sampling (e.g., Cloern et al., 1989). Sampling is
confined to the central channel, so it does not
measure directly the transverse component of
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water quality variability across the broad
shoals (e.g., Powell et al., 1989). However,
sampling along the axial transect does describe
variability along the estuarine salinity gradi-
ent, and it provides an integrative picture of all
the “processes occurring upstream, in adjacent
marshes and lateral shoals, due to point source
discharges, and within the local water column”
(Jassby et al., 1997). Sampling was done once
each month along the entire North Bay-South
Bay transect. More frequent sampling was done
in the South Bay to follow the dynamic water
quality changes caused by the spring phy-
toplankton bloom (Cloern, 1996). Sampling
dates for 1996 are listed in Table 1.

Table 1. Dates of USGS water quality
sampling in the San Francisco Bay-Delta in
1996. Listed for each date are the range of
station numbers, and a description of the spatial
sampling. SB = South Bay only, NBSB = North
Bay and South Bay.

Date, 1996 Station Range Coverage
11 January 32-657 NBSB
1 February 36-21 SB
6 February 33-657 NBSB
13 February 36-21 SB
21 February 36-21 SB
1 March 36-21 SB
6 March 36-657 NBSB
14 March 36-21 SB
26 March 36-21 SB
3 April 36-657 NBSB
18 April 36-21 SB
23 April 36-21 SB
1 May 34-657 NBSB
9 May 36-21 SB
12 June 34-657 NBSB
17 July 36-657 NBSB
13 August 36-657 NBSB
11 September 34-657 NBSB
16 October 36-657 NBSB
13 November 33-657 NBSB
17 December 36-2 NBSB
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Water Quality Parameters

This element of the RMP measures five
water quality parameters, each reflecting a
different set of processes that cause estuarine
variability. Salinity measures the relative
proportion of freshwater and seawater, and the
salinity distribution reflects the changing
importance of river flow as a source of dissolved
materials carried into the Bay-Delta from
runoff produced in the Estuary’s watersheds.
Water temperature is an independent indicator
of mixing, and an important control on biologi-
cal transformations of reactive trace sub-
stances. The concentration of suspended
particles (as total suspended solids, T'SS)
changes in response to the alternating tidal
cycles of sediment deposition and resuspension,
episodic wind-driven resuspension, and riverine
inputs of new sediments during periods of high
flow. These processes are relevant to the RMP
because many trace substances are reactive
with particle surfaces, so the pathways of
transport, retention, and incorporation of these
contaminants into the food web are influenced
by the transport of sediments. The USGS
measurement program provides information
about the large-scale changes in the spatial
distribution of T'SS associated with river
inputs. Variability at shorter time scales is
characterized by the continuous measurements
of TSS by moored instruments at fixed locations
(Schoellhamer, 1996).

The phytoplankton community represents
the single largest component of living biomass
in San Francisco Bay, and we measure the
distribution of chlorophyll a as an index of this
biomass. Unlike salinity and TSS, chlorophyll a
is a nonconservative quantity that changes in
response to processes of production and con-
sumption as well as inputs and transports. The
production of phytoplankton biomass involves
the uptake of inorganic forms of elements
(including C, N, P, and some trace metals)
dissolved in the water, and then transformation
of these inorganic raw materials into new
organic matter packaged as algal cells. The
partitioning of reactive elements between

dissolved and particulate forms can be highly
influenced by the phytoplankton community in
San Francisco Bay (Cloern, 1996), and chloro-
phyll a concentration is a simple indicator of
the potential for these biotransformations.

We measure dissolved oxygen (DO) concen-
tration as an indicator of the net trophic status
of the Estuary. When the oxygen content of
water is undersaturated (less than that at
equilibrium with atmospheric oxygen), this
indicates that oxygen is being consumed by the
biota faster than it is produced by photosynthe-
sis (community respiration exceeds primary
production). Supersaturation of oxygen occurs
when the photosynthetic production of oxygen
within the Estuary is faster than all the pro-
cesses of consumption. Therefore, DO concen-
tration is an index of the balance between
production and oxygen consumption, a key
descriptor of the status of the ecosystem.
Episodes of DO supersaturation occur during
periods of rapid phytoplankton primary produc-
tion when the inorganic forms of elements (C,
N, P, Si, Cd, etc.) are rapidly removed from
solution and converted into particulate form.
Therefore, DO provides a useful indicator of the
rate of phytoplankton-mediated transforma-
tions of reactive elements in the water column.
It also can be a very useful indicator of the
origin of different water masses within the
Estuary (see below).

Methods

Data for this RMP element were collected
with an instrument package that includes
sensors for measuring: sampling depth, conduc-
tivity, temperature, salinity (calculated from
conductivity and temperature), TSS (optical
backscatter sensor), chlorophyll (fluorometer),
and DO (oxygen electrode). The instrument
package is lowered through the water column,
making measurements about every 4 cm. Here,
we report only the measurements made in the
upper meter of the water column, calculated as
the mean of all measurements made between
0.5 and 1.5 m. The complete data set, including
measurements made at all depths, is available
as a data report (Baylosis et al., 1997) or over



the Internet at the USGS website that archives
and displays results of the water quality
program: URL = http:/sfbay.wr.usgs.gov/access/
wqdata/.

The conductivity and temperature sensors
were calibrated by Sea-Bird Electronics prior to
the first sampling in January 1996. The optical
backscatter sensor, fluorometer, and oxygen
electrodes were calibrated each sampling date
with analyses of water samples. Surface
samples were collected by pump, and bottom
samples were collected with a Niskin bottle.
Aliquots were analyzed for: TSS (gravimetric
method of Hager, 1993); chlorophyll a (spectro-
photometric method of Lorenzen, 1967; using
the equations of Riemann, 1978); and dissolved
oxygen (automated Winkler titration, following
Granéli and Granéli, 1991). Values reported
here are calculated quantities based on daily
calibrations of the optical backscatter, fluores-
cence, and oxygen sensors from linear regres-
sions of measured concentrations versus
voltage output of each instrument.

1996 Results
Hydrologic Variability

The 1996 water year was classified as a wet
year in California, with statewide runoff 125%
of average (Roos, 1997). Precipitation from
December 1995 through February 1996 was
well above normal, and flows into San Fran-
cisco Bay from the Delta were above average in
January and February, reaching a peak Delta
Outflow Index (DOI) of 5,983 m®/s on February
23 (see Figure 40). Delta outflow then progres-
sively declined until mid May, when a large
Pacific storm carried heavy rainfall to northern
and central California. This storm prompted
flood-control releases from upstream reservoirs,
overflow through the Yolo Bypass (Roos, 1997)
and a Delta outflow spike of 2,873 m%s on May
20. Delta outflow was less than 400 m%s from
July through September, and the dry season
ended with a period of above-average precipita-
tion and runoff in December 1996. Delta
outflow peaked again at 3,621 m?/s in mid
December. The 1996 RMP samplings for trace
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substances were done in early February, late
April, and late July, representing distinctly
different hydrologic conditions.

Water Quality Variability

Results of the water quality sampling are
summarized in Table 2, which gives the
baywide mean and range of each constituent
from the USGS samplings that coincided with
the 1996 RMP water monitoring. Also included
are measurements during the three prior years
of RMP monitoring. These summary statistics
give a general picture of the changing condition
of the surface waters of the Estuary during the
twelve events of RMP water monitoring since
inception. Of these first four years, three (1993,
1995, 1996) were classified as wet or very wet,
so the early results of RMP monitoring are
biased toward conditions of heavy precipitation
and runoff. Notable features of water quality
variability during RMP monitoring of 1996
include:

¢ The mean DOI during the February 1996
sampling was 3,490 m?/s, the highest
outflow among all 12 RMP sampling
periods (Table 2). Mean surface salinity
in February was only 8.5 psu (practical
salinity units), indicating that surface
waters of the Bay were, on average,
about 75% freshwater (salinity usually
increases with depth, so the freshwater
fraction decreases with depth). Chloro-
phyll and DO concentrations were both
low, indicating small phytoplankton
biomass and low primary productivity
during this winter sampling.

¢ The April RMP sampling occurred during
the period of declining flows, when mean
DOI was 1,060 m?/s and mean surface
salinity increased to 14.8 psu. Mean TSS
concentration was small and chlorophyll
concentration was relatively high, indi-
cating that the biogenic (phytoplankton)
component of the suspended particles
was relatively high in April. The maxi-
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mum DO concentration was 117% satura-
tion, indicating high primary productiv-
ity in some regions of the Bay.

¢ Mean DOI during the July RMP sam-
pling was 231 m?/s, and mean surface
salinity was 16.9 psu (equivalent to about
50% freshwater baywide), considerably
smaller than the mean surface salinities
measured during the low-flow RMP
samplings of September 1993 and August
1994 (Table 2). These differences in mean
salinity show how the mean water
chemistry depends on the month in
which the annual low-flow sampling is
conducted. The RMP samplings in 1993
and 1994 were more representative of
estuarine conditions during sustained
periods of low river flow than the July
1996 sampling.

Results from all the USGS measurements
are depicted in Figures 40—44, which show the
spatial-temporal patterns of water quality
variability as gray scale shadings. The upper
panel of each figure shows the daily record of
the Delta Outflow Index. The bottom panels
show the patterns of variability as shaded
contour images, where shading intensity is
proportional to the concentration of a particular
constituent. The vertical axis represents the
longitudinal transect from the lower Sacra-
mento River (top of image, at kilometer 92), to
the Central Bay at Angel Island (kilometer 0),
and then to the lower South Bay at the mouth
of Coyote Creek (kilometer -52.7). The horizon-
tal axis represents monthly variability during
1996. Each shaded image is based on interpola-
tions of the 499 surface measurements made
during the 21 USGS sampling cruises in 1996.
We can use these images to illustrate some
general lessons of water quality variability in
the San Francisco Bay-Delta Estuary.

Lesson #1: The Bay is Influenced by
Processes in its Watershed

Perhaps the single most important prin-
ciple of Bay-Delta variability is that all aspects
of the Estuary, including physical processes,
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transports, water chemistry, turbidity, and the
biota, respond to changing inputs of freshwater,
sediments, and the dissolved constituents
carried by river runoff—especially runoff
through the Delta. This principle was illus-
trated with results from USGS sampling in
1993-1995 (Cloern et al., 1996), and it is clearly
evident from the changing distributions of
salinity in the Bay-Delta during 1996 (Figure
40). Here, dark shading indicates high salinity
and light shading indicates low salinity. The
thick solid line shows the changing position of
the surface salinity of 2 psu (an index of the
location of X2, where bottom salinity = 2). This
image shows that 1996 began with near-marine
salinities in the South Bay, and a landward
position of X2 near Suisun Bay. The salinity
distribution changed dramatically in February
and March (days 30-90), in response to the
large input of freshwater from the Delta, as
well as inputs from local streams. During peak
flows of February—March, surface salinity in
eastern San Pablo Bay was only 2 psu (nearly
freshwater). As flows receded during the dry
season, the salinity gradient progressively
migrated upstream, and surface salinity of 2
psu was found far upstream, in the lower
Sacramento River. The December 1996 floods
displaced the salinity gradient seaward (a
precursor to the radical changes following the
New Year’s Flood of 1997). This image also
shows the response of the South Bay to inputs
from its urban watershed, when surface salini-
ties became diluted by local runoff in March
(between days 60 and 90, lower region of Figure
40). The complex shading patterns in Febru-
ary—March show how the salinity (and there-
fore chemistry) of the South Bay changes in
response to freshwater input from both the
Delta and local streams. This figure also shows
that salinities of the North Bay and South Bay
do not necessarily change together, because
local and Delta-derived flow events are not
always synchronized.

The small diamonds on Figure 40 show the
locations of USGS samples at the time of the
three RMP monitoring periods. They show that
the first RMP monitoring of 1996 occurred after
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the North Bay salinity gradient had been
displaced seaward by high Delta outflow, but
before South Bay salinities were diluted by
inputs from the local watershed. The second
(April) RMP sampling occurred when the
salinity distribution of North Bay and South
Bay were recovering from the previous months
of high flow. The July RMP sampling was done
just at the beginning of the summer-autumn
low-flow season. The distribution of the tri-
angles on Figure 40 shows that RMP monitor-
ing in 1996 did not capture changes associated
with the peak local inputs of urban runoff to
South Bay in March, the anomalous May flood,
the period of minimum inflow and maximum
salinity in October—November, or the large
floods that began in December. Therefore, some
features of the Bay-Delta response to water-
shed inputs were sampled by the RMP monitor-
ing in 1996; other features were not sampled.

Lesson #2: The Bay is Influenced by
Processes in the Pacific Ocean

San Francisco Bay is connected to the
coastal Pacific Ocean (Gulf of the Farallones) by
tidal- and wind-driven currents that drive
transport and mixing of water masses through
the Golden Gate. Just as the Bay is influenced
by events in the watershed, it also is influenced
by events in the coastal ocean that propagate
into the Bay by these transport mechanisms.
The temperature record for 1996 illustrates this
lesson. The shading in Figure 41 shows the
annual temperature distribution in the Bay-
Delta, based on the 499 surface measurements
made within the USGS element of the RMP.
Dark shading indicates warm water, and the
overriding pattern here is the seasonal fluctua-
tion of temperature from about 10 °C (light
shading) in winter to a maximum of about 23
°C (darkest shading) in summer. Within this
regular seasonal pattern is a prominent
anomaly in Central Bay around day 150. This
anomaly shows a core of cold surface water at
Angel Island which was measured both on May
1 and June 12. This temperature anomaly is a
clear signal of coastal upwelling, which brings
salty, cold, deep oceanic waters to the surface,
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where they can be transported into San Fran-
cisco Bay.

Deep oceanic water has very different
chemistry from surface water, so the transport
of deep Pacific water into San Francisco Bay
after upwelling events can directly change the
chemistry of Bay waters. One example of
chemical change is illustrated in Figure 42,
which shows the patterns of variability in
dissolved oxygen (DO). Here, low DO is indi-
cated with dark shading and high DO with
light shading. This image shows the dynamic,
complex character of the oxygen content of Bay
waters. One obvious feature is the dark patch
near Angel Island measured around day 150. In
May and June 1996, DO in Central Bay was
only about 67% of saturation, comparable to the
low oxygen content of deep Pacific waters. This
DO anomaly confirms the impact of coastal
upwelling on San Francisco Bay, including
changes in water chemistry in the Central Bay.
These episodes of coastal influence have impor-
tance for the RMP because of large differences
in the concentrations of trace substances
between ocean and Bay waters. For many trace
substances, exchange with coastal waters can
act to dilute contaminants in the Central Bay.
However for some elements, coastal upwelling
can be a source to the Bay. Deep oceanic water
is enriched in elements such as cadmium,
silicon, and phosphorus. During episodes of
upwelling, the dissolved cadmium concentra-
tion in coastal waters adjacent to San Francisco
Bay can increase from 0.2 to 0.8 nanomoles/
liter (van Geen et al., 1992). Therefore, the
potential existed for a fourfold increase in
dissolved cadmium concentrations in Central
Bay during the May and June upwelling events
recorded by the USGS sampling component of
the RMP.

Lesson #3: The Bay is Influenced by
Internal Processes within the Estuary

In addition to the input of materials across
the ocean-Estuary and Estuary-land bound-
aries, internal processes of geochemical and
biological transformation cause change in the
water quality of San Francisco Bay. One of the
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most important internal processes is phy-
toplankton primary production, which acts to
transform dissolved substances (nitrogen,
carbon, phosphorus, trace elements, organic
contaminants) into organic particles in the form
of algal cells (Cloern, 1996). The most striking
manifestation of this internal process is the
spring phytoplankton bloom, a recurring event
that leads to large chemical changes in the
South Bay every year. The changing abundance
of phytoplankton in 1996 is depicted in Figure
43, which shows the chlorophyll a concentration
in surface waters of the Bay-Delta. Three
different patterns of variability are evident: (1)
the intense spring bloom between the Bay
Bridge and Dumbarton Bridge, which began in
March and persisted until late April (peak
around day 90); (2) a sequence of localized
episodes of high chlorophyll concentration
below the Dumbarton Bridge in spring and
summer; and (3) a smaller chlorophyll increase
in the North Bay around May 1 (day 120).

The South Bay spring bloom occurred
between the February and April RMP water
monitoring (shown as diamonds), so the effects
of this large biological event might not be
evident in the measurements of trace contami-
nants. A clear signal of the chemical changes
caused by the spring bloom is seen in the DO
measurements (Figure 42), which show the
greatest oxygen supersaturation (highest
primary productivity) in South Bay from late
March to early April. The April RMP sampling
did coincide with the period of smaller phy-
toplankton population growth in North Bay,
and the chemical consequences of this event
may be evident in the other RMP results. For
example, this small biomass increase was
associated with DO increases, especially in
Suisun Bay where slight DO supersaturation
was measured. Similar increases in DO were
measured in the North Bay in mid-August
(Figure 42), again indicating a period of en-
hanced phytoplankton production and biotrans-
formation.

These indicators of phytoplankton abun-
dance and activity have direct relevance to the
RMP because phytoplankton primary produc-

tion is a potent force that transforms reactive
elements from dissolved into particulate forms
that can be transferred to consumer animals
through their feeding. This pathway of
bioconcentration is especially important for
elements such as selenium, nickel, cadmium,
and zinc. For example, observations during the
1994 spring bloom suggest that over half the
total annual point-source loadings of cadmium,
nickel, and zinc to the South Bay are assimi-
lated by the phytoplankton (Luoma et al.,
1997). Progress toward full understanding of
the trends of change in trace substances will
require consideration of the biogeochemical
transformations that take place within the
Estuary, including those associated with
phytoplankton production.

Lesson #4: The Bay is Composed of
Geographic Subregions

The final lesson of estuarine variability can
be illustrated with measurements of suspended
solid concentrations in the Bay-Delta. Figure 44
shows high TSS concentrations with dark
shading, and low concentrations with light
shading. Within the North Bay, two patterns of
variability were evident in 1996: (1) high TSS
concentrations in the upper Estuary during
periods of high Delta outflow, reflecting the
large riverine input of sediments during floods
(e.g., February and December); and (2) the
formation of the turbidity maximum in Suisun
Bay during summer (most evident around day
180). The highest surface concentrations of
suspended solids were measured in the south-
ernmost South Bay, during a sequence of events
in spring and summer (Figure 44). These
features show very sharp spatial gradients,
with the highest TSS concentrations (and
turbidity) confined below the Dumbarton
Bridge. This highly patchy distribution of
suspended solids suggests that the region of the
Bay below the Dumbarton Bridge is a distinct
subregion which can acquire its own particular
water quality characteristics. Distributions of
other constituents, such as salinity (Figure 40),
dissolved oxygen (Figure 42), and chlorophyll
(Figure 43), support this notion. The patchy
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distribution of T'SS illustrates the importance
of spatial variability, which can arise from
many different processes and is unusually large
in estuaries. The partitioning of the Bay-Delta
system into geographic subregions is a conse-
quence of the topographic and bathymetric
features which shape the patterns of water
circulation, mixing, and transport (Powell et al.,
1986). In this particular case, locally-high
concentrations of TSS could be the result of
intense resuspension in the shallow domain
below the Dumbarton Bridge, coupled with the
very narrow constriction that acts to slow
horizontal mixing between this lower region
and the main body of the South Bay. Other
topographic controls on mixing and spatial
variability include the San Bruno Shoal, Pinole
Shoal, and Carquinez Strait.

This lesson, too, has relevance to the RMP
and its design. Since large spatial variability is
an inherent property of estuarine water quality,
baywide monitoring should include identifica-
tion of, and sampling within, all the important
subregions. Recent analysis of high-resolution
transects of salinity, chlorophyll, and TSS in
San Francisco Bay (Jassby et al., 1997) give
general guidelines about how to allocate spatial
sampling in complex estuarine ecosystems, and
particular guidelines for efficient spatial
sampling in San Francisco Bay.

Summary

In this chapter we use results from twenty-
one USGS sampling cruises to describe some
key features of water quality variability in San
Francisco Bay during 1996. The patterns of
variability are displayed as shaded images
showing the annual cycle and the spatial
gradients of water quality, from the Sacramento
River to the southern South Bay. The five water
quality parameters described here were chosen
as indicators of different processes of estuarine
variability, so results from this program ele-
ment can be used as a starting place for inter-
preting the more complex patterns of variabil-
ity in trace contaminants and their effects. We
use results from 1996 to illustrate some general
lessons of estuarine variability that are clearly
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evident in the easily-measured quantities:
salinity, temperature, T'SS, chlorophyll, and
DO. These same lessons apply to trace sub-
stances, and we hope these lessons will be
useful guides for identifying the patterns and
causes of variability in trace substances, which
are also influenced by watershed inputs,
oceanic inputs, internal transformations, and
physical features of the Bay-Delta that control
circulation and mixing.
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Episodic Toxicity in the San Francisco Bay System

Scott Ogle, Pacific Eco-Risk Laboratories, Martinez, CA
Andy Gunther, Applied Marine Sciences, Livermore, CA

Background and Objectives

The Regional Monitoring Program for Trace
Substances in the San Francisco Estuary
(RMP) has been assessing aquatic toxicity of
estuarine waters two or three times annually
since 1993. It is known that variations in
contaminant concentrations occur on smaller
time scales due to events such as urban runoff
following rainstorms or from similar surface
runoff following application of pesticides in
agricultural areas. RMP sampling in the winter
of 1995 coincided for the first time with
stormwater inflows to the Estuary, and signifi-
cant toxicity to mysid shrimp was detected in
water samples from Grizzly Bay (BF20) and the
Sacramento (BG20) and San Joaquin (BG30)
Rivers. Sensitive life-stages of various organ-
isms are present in this portion of the Estuary
during winter and spring. It is therefore pos-
sible that episodic pollution events with impor-
tant ecological consequences are occurring on
time scales that the RMP would not systemati-
cally detect.

The goal of the episodic toxicity pilot study
is to determine if short-term episodes of signifi-
cant toxicity are occurring in the Estuary. If
toxicity is detected, temporal correlations
between these observations and the presence of
sensitive Bay organisms would indicate species
at risk.

Study Approach

Following is a brief summary of the meth-
ods used in this project; more detail can be
found in the Sampling Plan that was completed
and delivered to the San Francisco Estuary
Institute in December 1996. The technical
approach of the study is to use event-directed
observations of water chemistry (using ELISA
analysis) and aquatic toxicity at several sites.
These observations were made at times when
toxicity might be expected (high Delta outflow
following pesticide applications, for example),
using the sensitive crustacean species
Mysidopsis bahia with representative sites in
the extreme South Bay, and in the northern
reach near Chipps Island.

The goal in the South Bay was to sample
runoff that has begun to mix with estuarine
water (as evidenced by elevated salinity) in
Guadalupe Slough and Alviso Slough
(Guadalupe River). We were provided with on-
line access to real-time precipitation and runoff
data by the Santa Clara Valley Water District,
and these data were used to decide when
sampling should occur. Sampling in the South
Bay was accomplished using a 12-foot inflatable
vessel that was launched in Guadalupe Slough.
Sampling was timed to coincide with high tide
when possible in order to facilitate boat access.

Table 3. Summary of RMP episodic toxicity testing pilot project, 1996-1997.

Napa River Guadalupe Mallard Island  Mallard Island

Slough & River (USGS ?) (Runoff ®)
Number of Tests 2 16 8 4
Tests with Significant 0 3 0 0

Toxicity to Mysid Shrimp

a Sampling was conducted in conjunction with the USGS Honker Bay Project.
b Sampling was conducted independently, in response to rainstorm events.
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The other sampling location was at the Progress to Date
head of the Estuary near Chipps Island. The
Department of Water Resources (DWR) pro-
vided access to their sampling station at
Mallard Slough on the south side of the San
Joaquin River near Chipps Island. This was an

The rainfall pattern in 1996-97 was quite
unusual, and this influenced the progress of the
project. The results of the toxicity tests are
summarized in Table 3.

. . . . Heavy rains occurred early in the winter,
ideal location for sampling, as it represents the . . . .
. with major flooding occurring on the Sacra-
mixture of upstream waters (from the Sacra- .
mento and San Joaquin Rivers. The scale of
this flooding completely disrupted the USGS
Honker Bay Project, which was put on hold

after sampling in early January. The eight

mento and San Joaquin watersheds) that flow
into the northern Estuary, and is located near
the toxicity-testing laboratory in Martinez.

Wat d directly int li
aler was puripec. ¢irectly into sampung ambient water samples taken in conjunction

with USGS were collected as part of our infor-
mal agreement with USGS, and we did not

containers using the pumping equipment at the
site. In addition, the US Geological Survey
(USGS) offered to provide GCMS analysis of

tt toxicity in th 1 th
the water collected at Mallard Slough in con- CXpect to see toxictly in these sampies as they

. . . . . . ere collected prior to the period of hea
junction with their Honker Bay Project, which wer . . prior pert vy
pesticide use in the watershed.

We conserved our testing resources during

the winter to sample spring storms, as there is

was an extraordinary opportunity for the
project.

Table 4. Summary of South Bay RMP episodic toxicity pilot study testing results (1996-97).

Sample Collection % Mysid Survival ELISA Analyses
Site Date Control Site Water  Diazinon  Chlorpyrifos
(ng/L) (ng/L)
Guadalupe Slough (2 ppt salinity) 10-29-96 97.5 o* 392 145
Guadalupe Slough (4 ppt salinity) 10-29-96 97.5 92.5 b.d. b.d.
Guadalupe Slough 11-17-96 100 90 n.m. n.m.
Guadalupe River 11-17-96 100 97.5 n.m. n.m.
Guadalupe Slough 12-10-96 100 95 176 b.d.
Guadalupe River 12-10-96 100 95 515 67
Guadalupe Slough 1-2-97 100 95 b.d. b.d.
Guadalupe River 1-2-97 100 95 b.d. b.d.
Guadalupe Slough 3-17-97 97.5 95 b.d. b.d.
Alviso Slough 3-17-97 97.5 90 b.d. b.d.
Guadalupe Slough 4-19-97 95 (0 b.d. 78
Guadalupe River 4-19-97 95 82.5 b.d. 67
Guadalupe Slough 5-23-97 97.5 47.5* b.d. 70
Guadalupe River 5-23-97 97.5 82.5 b.d. 63
Guadalupe Slough 6-4-97 95 100 54 *
Guadalupe River 6-4-97 95 100 74 *

n.m. = not measured.
b.d. = below detection limits.
* inconsistent results for chlorpyrifos analyses.
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Table 5. Metal concentrations (Mg/L) measured in stormwater runoff in South Bay.

Site Date Cd Cu Pb Ni Ag Zn As Hg Se

Guadalupe River  11/20/96  0.048 9.05 5.91 16.6 0.026 386 235 0.0366 0.7
Guadalupe River  12/17/96 0.814 7161 76.3 171.69 0332 364 164 0971 198
Guadalupe Slough 11/20/96 0.027 5.31 3.1 8.47 0.013 20.2 2.09 0.0153 0.27
Guadalupe Slough 12/17/96 0.522 58.93 49.3 132.87 0.105 271 152 0585 1.17
South Bay 11/7/96 0.088 10.1 499 13.42 0.0003 62.8 357 0.0202 1.33

more pesticide use in the watershed in late
winter and early spring. Previous work sug-
gested that runoff from spring storms might
introduce episodic toxicity into the watershed.
Unfortunately, there were no large spring
storms after the early January flooding, with
no opportunity to collect samples between
January 12 and March 17. The storms sampled
in March, April, May, and June were quite
small, and did not generate large volumes of
runoff. None of these samples were toxic.

In the extreme South Bay, toxicity was
observed during three storm events, apparently
associated with chlorpyrifos concentrations in
the range of 70 ng/L or greater (Table 4);
chemical analyses of these waters indicated
that metals were below toxic concentrations
(Table 5). Additional ELISA samples taken in
conjunction with the toxicity tests indicated
that pesticide concentrations varied on a very
small spatial scale. It thus appears likely that
the toxicity samples, although timed to coincide
with episodes of runoff, probably did not coin-
cide with “peak” pesticide concentrations.
Characterizing the spatial and temporal extent
of such toxicity as it enters the Bay should be a
focus of further investigation.

Episodic Toxicity Monitoring
Planned for 1997-1998

The planned Episodic Toxicity monitoring
for 1987-1998 will be performed with the
following objectives:

¢ document the frequency and duration of
toxic episodes;

¢ expand the spatial extent of monitoring in
the Bay system.

1. Episodic Toxicity Monitoring in the
Northern Bay

Water samples will be collected from the
Mallard Slough sampling station twice each
week for six months, beginning in November (or
the first major rainfall). The toxicity of these
samples will be evaluated using the estuarine
shrimp Mysidopsis bahia. The data from this
sampling program will be plotted graphically
over time to provide information regarding the
frequency and duration of significant ambient
water toxicity, which in turn will be used to:

1) confirm whether pulses of toxicity that
move down the rivers are still toxic upon
reaching the Estuary;

2) determine the magnitude of toxicity in the
Estuary;

3) further test the working hypothesis that
observable toxicity is caused by pesticide
application and runoff.

Given that the RMP Baseline toxicity
testing has detected ambient water toxicity in
summer months as well, it may be desirable to
extend such monitoring and toxicity testing
throughout the year. Furthermore, as the
observation of ambient water toxicity in sum-
mer is not explained by our current working
hypothesis of ambient water toxicity due to
seasonal runoff of pesticides, it would also be
desirable to further investigate the causes of
such toxicity through the application of Toxicity
Identification Evaluation (TTE) methods.
Additional extramural funding is currently
being sought to provide additional monitoring
and testing of ambient waters in the northern
reach of the Bay.
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2. Episodic Toxicity Monitoring in South Bay

At Guadalupe Slough, the focus will be on
toxicity due to runoff. ELISA analysis of runoff
waters collected last season clearly demon-
strated that the practice of “grab” samples is
‘hit or miss’ with respect to catching the peak
pesticide concentrations. Therefore, we are
proposing to collect composite samples using an
autosampler. Using on-line access to the runoff
monitoring system of the Santa Clara Valley
Water District to determine when significant
runoff occurs, we will activate the autosampler
to collect a composite sample over a 24 hour
period. These water samples will be trans-
ported to the testing laboratory in Martinez,
where diazinon and chlorpyrifos levels will be

determined using ELISA, and toxicity evalu-
ated using Mysidopsis bahia. Current funding
will allow for the collection and evaluation of 12
runoff samples.

We will tentatively expand the spatial
extent of the monitoring to include one other
site where runoff enters the Estuary. There are
many candidate sites, including the Napa
River, Walnut Creek, Alameda Creek, San
Lorenzo Creek, and Sonoma Creek. Discussion
is currently underway between the RMP, the
Regional Board, and the Bay Area Stormwater
Management Agencies Association regarding
these candidate sites. Samples entering the
Bay at the selected site will be sampled and
evaluated as at Guadalupe Slough.
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Time Series Of Suspended-Solids Concentration,
Salinity, Temperature, and Total Mercury
Concentration in San Francisco Bay

During Water Year 1996
David H. Schoellhamer, U.S. Geological Survey, Sacramento, CA

Many physical processes affect how con-
stituents within San Francisco Bay vary.
Processes and their associated time scales
include turbulence (seconds), semidiurnal and
diurnal tides (hours), the spring-neap tidal
cycle (days), freshwater flow (weeks), seasonal
winds (months), ecological and climatic changes
(years), and geologic changes (thousands of
years). The effect and relative importance of
physical processes on the Bay can be deter-
mined from continuous time series of sus-
pended-solids concentration (SSC), salinity, and
water temperature. SSC time series and
Regional Monitoring Program (RMP) water-
quality data can be used to calculate time series
of some trace-element concentrations
(Schoellhamer, 1997). The purpose of this
chapter is to qualitatively describe time series
of SSC, salinity, water temperature, and
mercury during water year 1996 (October 1995
through September 1996). In addition, a calcu-
lated time series of mercury will be used to
evaluate the accuracy of using instantaneous
water samples to evaluate a 4-day average
water-quality objective.

Salinity, temperature, and sediment are
important components of the San Francisco
Bay estuarine system. Salinity and tempera-
ture affect the hydrodynamics (Monismith et
al., 1996), geochemistry (Kuwabara et al.,
1989), and ecology (Cloern, 1984; Nichols et al.,
1986; Jassby et al., 1995) of the Bay. Suspended
sediments limit light availability in the Bay,
which, in turn, limits primary production
(Cloern, 1987; Cole and Cloern, 1987), and thus
food for higher trophic levels. Sediments
deposit in ports and shipping channels, which
must be dredged to maintain navigation (U.S.
Environmental Protection Agency, 1992).

Potentially toxic substances, such as metals
and pesticides, adsorb to sediment particles
(Kuwabara et al., 1989; Domagalski and
Kuivila, 1993; Schoellhamer, 1997).

The transport and fate of suspended sedi-
ments are important factors in determining the
transport and fate of constituents adsorbed on
the sediments. For example, the concentration
of suspended particulate chromium in the Bay
appears to be controlled primarily by sediment
resuspension (Abu-Saba and Flegal, 1995).
Concentrations of dissolved trace elements are
greater in South Bay than elsewhere in San
Francisco Bay, and bottom sediments are
believed to be a significant source (Flegal et al.,
1991). The sediments on the Bay bottom
provide the habitat for benthic communities
that can ingest these substances and introduce
them into the food web (Luoma et al., 1985;
Brown and Luoma, 1995). Bottom sediments
also are a reservoir of nutrients that contribute
to the maintenance of estuarine productivity
(Hammond et al., 1985).

Time Series Data

The US Geological Survey (USGS) operates
several continuous salinity, temperature, and
SSC monitoring sites in San Francisco Bay
(Figure 45; Buchanan and Schoellhamer, 1996;
Freeman et al., 1997). At most sites, electrical
conductance, temperature, and/or optical
backscatterance (OBS) sensors are positioned
at mid-depth and near the bottom. A measure-
ment is taken every 15 minutes by a data
recorder by averaging the output of each sensor
for 1 minute. Electrical conductance and
temperature are converted to salinity using the
methods of Miller et al. (1988). The OBS sen-
sors optically measure the amount of sus-
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Figure 45. San Francisco Bay study area and USGS continuous

monitoring sites.



pended material in the water, and the output of
the sensors is converted to SSC with calibration
curves developed from analysis of water
samples. The sites are serviced every one to five
weeks to clean the sensors, which are suscep-
tible to biological fouling, and to collect water
samples for sensor calibration. Biological
growth fouls the sensors and invalidates sensor
output. Equipment malfunctions also were
responsible for some lost data.

This summary includes time series data on
some processes that affect salinity and SSC.
Estimates of discharge from the Sacramento-
San Joaquin River Delta were obtained from
the California Department of Water Resources
(1986). Tidal currents are strongest during full
and new moons, called spring tides, and weak-
est during half moons, called neap tides. The
strength of the spring-neap cycle was quanti-
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fied by calculating the low-pass root-mean-
squared (RMS) water level by squaring water
level measured at Point San Pablo, low-pass
filtering, and taking the square root
(Schoellhamer, 1996). Meteorological data,
including insolation (solar energy) and wind
speed and direction, were measured at the Port
of Redwood City by Schemel (1995). Wind data
were used to estimate the daily mean shear
stress (force per unit area) on the water surface
along the axis of South Bay from San Francisco
toward San Jose (Pond and Pickard, 1983).

Salinity

Salinity decreased throughout the Bay
during the winter wet season in 1996. The
largest freshwater discharges from the Central
Valley into San Francisco Bay for the water
year occurred during the winter, and the lowest
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Figure 46. Time series of Delta discharge (California Department of Water Resources, 1986)
and salinity at Point San Pablo (PSP) and the San Mateo Bridge (SMB), water year 1996.
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Figure 47. Time series of salinity stratification (bottom salinity minus mid-depth
salinity) at Point San Pablo (PSP) and San Mateo Bridge (SMB), water year 1996.

salinity at mid-depth at Point San Pablo
occurred at the end of February (Figure 46). In
South Bay at the San Mateo Bridge, minimum
salinities occurred during March. This delay in
response in South Bay was because of the
longer time required for mixing of oceanic
water and freshwater in South Bay than in
Central Bay. During summer and autumn,
salinity was relatively high and gradually
increased at both sites because freshwater
discharge was relatively low.

Tidal variations of salinity, as indicated by
the range of salinity on a given day, were much
greater at Point San Pablo than at the San
Mateo Bridge (Figure 46). Point San Pablo is
closer to the Sacramento River, the primary
source of freshwater to the Bay, and to the
Pacific Ocean, the source of saltwater. Tidal
currents also are greater at Point San Pablo

68

than at the San Mateo Bridge. Thus, the
change in salinity over a tidal cycle at Point
San Pablo is greater than at the San Mateo
Bridge.

The spring-neap cycle had a small, but
noticeable, effect on salinity at Point San Pablo
during the winter and spring. After the first
discharge peak in mid-December, the envelope
of tidal cycle salinity variations, which appears
as a thick black band on Figure 46, oscillated
with a 14-day period. Peaks in the envelope in
late December, early January, and mid-January
occurred during spring tides. Valleys in the
envelope occurred during neap tides. Energetic
spring tides pushed high salinity water farther
up into the Estuary, and weak neap tides
allowed low salinity water to move down into
the Estuary. During late March, April, and
early May, the salinity envelope increased and



oscillated slightly with a period of 14 to 28 days
that was similarly correlated with the spring-
neap cycle.

Vertical salinity differences that stratify the
water column result when denser, more saline
water lies below lighter, fresher water. Stratifi-
cation at Point San Pablo was greatest during
the wet season when delta discharge was large
(Figure 47). Throughout the water year, the
greatest stratification occurred during neap
tides, which were too weak to vertically mix the
water column. Stratification was much smaller
during spring tides, which vertically mixed the
water column. Because South Bay had less
freshwater inflow, there was less stratification
than in other parts of San Francisco Bay.
Stratification was observed at the San Mateo
Bridge only during the neap tides of February,

x10°
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March, and April (Figure 47). The annual
phytoplankton bloom in South Bay occurs
during periods of salinity stratification (Cloern,
1984). In 1996, the phytoplankton bloom
peaked during late March and early April after
a period of significant stratification (B.E. Cole,
U.S. Geological Survey, written commun.,
1996).

Temperature

Time series of solar radiation (insolation)
and water temperature had a strong seasonal-
ity. Maximum temperatures occurred during
summer and minimum temperatures during
winter at both Point San Pablo and the San
Mateo Bridge (Figure 48). Because of the
seasonal dependence of temperature on insola-
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Figure 48. Time series of daily mean insolation at the Port of Redwood City
(Schemel, 1995) and mid-depth water temperature at Point San Pablo (PSP) and
the San Mateo Bridge (SMB), water year 1996.
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Figure 49. Time series of Delta discharge (California Department of Water Resources,
1986) and suspended-solids concentration (SSC) at Mallard Island, water year 1996.

tion, the general trend of water temperature at
the two sites was very similar. The seasonal
variation of water temperature lagged the
seasonal variation of insolation by about 1
month. Tidal cycle variations in temperature
were usually greatest at Point San Pablo
because there is more exchange with the cooler
Pacific Ocean. During winter, however, the
differences in temperature over a tidal cycle at
the two sites were small because water tem-
peratures in the Bay and the ocean were more
uniform. Instruments at both sites are located
in deep channels adjacent to shallow waters,
which are conducive to warming during the
summer.

Suspended Solids Concentration

SSC in the northern part of San Francisco
Bay varied in response to freshwater discharge
from the Central Valley during water year

1996. In mid-December 1995, delta discharge
peaked at 72,000 ft3/s during the first large
runoff event of the wet season (Figure 49). In
response, SSC at Mallard Island, at the bound-
ary between the Bay and the Delta, increased
to more than 100 mg/L (Figure 49). This “first-
flush” of the Central Valley watershed lasted
about 2 weeks and produced the greatest SSC
measured at Mallard Island during the water
year. Larger peaks in Delta discharge that
occurred after December produced smaller
peaks in SSC, similar to the observations by
Goodwin and Denton (1991). For example, the
maximum daily mean discharge during the
water year was 212,000 ft¥/s in late February,
almost three times the December flow peak, but
the response of SSC was much smaller.

During March and April 1996, discharge
varied from 32,000 to 130,000 ft*/s, and SSC at
Mallard Island was relatively small. The



variation in SSC as a result of tides also was
small. SSC during late winter and early spring
is often relatively small because of releases of
reservoir water with low SSC and periods of
relatively low wind (discussed later).

Delta discharge did not have as much effect
on SSC farther seaward in the Bay, but the
tidal variation of SSC, especially the spring-
neap tidal cycle, was more important. Through-
out the water year, SSC varied with the spring-
neap cycle at Point San Pablo (Figure 50), with
greater SSC during spring tides and smaller
SSC during neap tides. Previous analyses
indicate that about one-half the variance in
SSC is caused by the spring-neap cycle and that
SSC lags the spring-neap cycle by about 2 days
(Schoellhamer, 1994; 1996). The first-flush in
December and discharge peaks in February
increased SSC at Point San Pablo, but this

3
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effect was less than that observed at Mallard
Island.

Winds in the Bay Area are strongest during
summer, and these winds generate waves on
the Bay that resuspend bottom sediments in
shallow water (Schoellhamer, 1996). Wind-wave
resuspension in the shallow waters of Suisun
Bay and subsequent transport increased SSC at
Mallard Island during the summer (Figure 49).
During water year 1996, the estimated daily
mean wind shear along the axis of South Bay
from San Francisco toward San Jose decreased
from autumn to winter, was large during winter
only during storms, increased during spring,
and was sustained at a relatively large value
through the summer (Figure 51). SSC at
channel marker 17 in South Bay was relatively
low during winter, increased during spring as
the seabreeze increased, and diminished slowly
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Figure 50. Root-mean-squared (RMS) water-surface elevation (WSE) and suspended-
solids concentration (SSC) at Point San Pablo, water year 1996. Maxima in the RMS
water-surface elevation indicate spring tides, and minima indicate weaker neap tides.
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Figure 51. Estimated wind-shear stress along the landward axis of South Bay and
suspended-solids concentration (SSC) at channel marker 17, water year 1996. Positive
stress indicates wind blowing from San Francisco toward San Jose.

during the summer. The supply of finer, erod-
ible sediment in shallow water is greatest
during early spring and diminishes during the
summer because wind-waves winnow fine
sediment (Nichols and Thompson, 1985). Thus,
SSC is greater in late spring and early summer
compared to late summer, even though the
wind-shear stress is about the same. The
fortnightly spring-neap cycle also affects SSC at
channel marker 17, with peaks in SSC corre-
sponding to spring tides and valleys corre-
sponding to neap tides. It is interesting to note
that the variability in SSC at channel marker
17 is greater than at Point San Pablo (Figure
50) or at Mallard Island (Figure 49).

Strong southerly winds caused by winter
storms increase SSC only for a length of time
about equal to the duration of strong winds. On
December 11 and 12, 1995, the strongest

southerly winds of the water year blew in the
Bay Area (Figure 51). The daily mean landward
wind shear stress in South Bay was -0.54
dynes/cm? on December 11. Water levels mea-
sured at Point San Pablo were elevated 1 to 2 ft
by the wind, which appears as a spike in the
RMS water-surface elevation in Figure 50. SSC
at Point San Pablo increased to over 600 mg/L
early on December 12 and returned to prestorm
levels of about 50 mg/L by mid-day on Decem-
ber 13 (Figure 50). Sediment resuspended by
wind waves in San Pablo Bay and carried by
tidal currents to Point San Pablo were the
likely cause of the observed increase in SSC.
Sediment resuspended by wind waves settled a
few hours after the wind decreased. The fetch
for southerly winds was smaller in Suisun Bay,
and, therefore, SSC at Mallard Island increased
only slightly to almost 50 mg/L (Figure 49).



Total Mercury Concentration

In the 1995 RMP annual report, RMP data
from 1993 and 1994 were used to show that
total concentrations of seven trace elements
were well correlated with SSC (Schoellhamer,
1997). RMP mercury and SSC data from 1995
were added to the 1993 and 1994 data to
update the relation between mercury and SSC
shown in Figure 52. Some RMP sampling sites
are located in tributary channels to the Bay.
RMP data from tributaries sometimes had
either low or high mercury compared to the
predicted values based on SSC (‘x’ symbols in
Figure 52). These data probably reflect the
influent waters, not Bay waters and, therefore,
were discarded (Schoellhamer, 1997). The slope
is 0.32 ng/mg, the intercept is 2.8 ng/L, the
squared correlation coefficient is 0.83, the

Water Monitoring

significance level is less than 0.001, and the
root-mean-squared error is 6.0 ng/L for 180
data points. These statistical properties are
similar to those calculated using only the 1993
and 1994 data. These linear correlation results
and SSC time series can be used to estimate
time series of total mercury concentration.
Example time series for SSC and mercury at
mid-depth at Point San Pablo are shown in
Figure 53.

The strong correlation between total
mercury concentration and SSC indicates that
the physical processes that affect SSC also
affect total mercury concentration. These
processes include semidiurnal and diurnal
tides, the spring-neap tidal cycle, freshwater
discharge, and seasonal winds. As with SSC,
about one-half the variance of total mercury
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Figure 52. Correlation of suspended-solids concentration (SSC) and total mercury
concentration. Outliers from samples taken from influent waters are indicated with

an ‘x’.
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Figure 53. Time series of mid-depth suspended-solids concentration (SSC, measured)
and total mercury concentration (calculated) at Point San Pablo, water year 1996.

concentration is the result of the spring-neap
cycle.

The time series of total mercury concentra-
tion can be used to calculate the 4-day average
concentration. The water quality objective
currently in effect for mercury in the San
Francisco Bay Estuary is a 4-day average total
concentration of less than 25 ng/L (San Fran-
cisco Bay Regional Water Quality Control
Board, 1995; Figure 15 of this chapter). This
objective is based on laboratory experiments
that expose organisms to constant contaminant
levels, but the variability shown in Figure 53
reminds us that the Bay is a much more com-
plex system. Discrete water samples provide an
instantaneous value for total mercury concen-
tration, not a 4-day average. The time series
from a fixed point used here provides a
Eulerian estimate of the 4-day average concen-

tration. Individual parcels of water may experi-
ence a different 4-day average concentration
because they are moving within the Estuary (a
Lagrangian reference frame) and are not static
at a fixed point. The 4-day centered running
median of total mercury concentration at mid-
depth at Point San Pablo is shown in Figure 54.

The 4-day averaging window removes the
influence of diurnal and semidiurnal tides,
primarily leaving a signal from the spring-neap
cycle. Thus, for the present geochemical condi-
tion of the Estuary, the spring-neap cycle is the
primary factor that determines whether the
water-quality objective is satisfied at any given
time.

The accuracy of using instantaneous water
samples to evaluate a 4-day average water
quality objective can be evaluated by comparing
the time series averaged over 1 minute (Figure
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Figure 54. Four-day centered running median of suspended-solids concentration
(SSC, measured) and total mercury concentration (calculated) at mid-depth at Point
San Pablo, water year 1996. A median value was computed if more than 90 percent of the
data within the 4-day averaging window were valid.

53) and averaged over 4 days (Figure 54).
Instantaneous grab samples that are analyzed
for total mercury concentration and 1-minute
averaged OBS measurements that are con-
verted to SSC and then to total mercury con-
centration are assumed to be equivalent for
purposes of this analysis. The percent occur-
rence of the four possible combinations of the
two averaging windows being less than or
greater than the threshold concentration (25
ng/L) are presented in Table 6. Twenty percent
of the time, a 1-minute average concentration
gave an incorrect evaluation of the water-
quality objective. When the 1-minute average
was less than the threshold, 12 percent of the 4-
day averages actually exceeded the threshold,
and the water-quality objective was not satis-
fied. When the 1-minute average was greater

than the threshold, 35 percent of the 4-day
averages were actually less than the threshold,
and the water quality objective was satisfied.
Thus, the averaging periods for water quality
objectives and sampling should be as similar as
possible to evaluate water quality objectives
accurately.

Conclusions

Time series data collected during water
year 1996 reveal the influence of physical
processes that are typically observed in San
Francisco Bay. Freshwater discharge from the
Central Valley during the winter and spring,
seasonal wind, insolation, the spring-neap tidal
cycle, and diurnal and semidiurnal tides
affected salinity, temperature, suspended solids
concentration, and total mercury concentration.
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Table 6. Comparison of 1-minute and 4-day average concentrations for evaluating a 4-day
average water quality objective using calculated total mercury concentration time series
at mid-depth at Point San Pablo, water year 1996.

Averaged concentration compared

Percent occurrence

Percent occurrence

to threshold concentration for all data when 1-minute
1-minute average  4-day average average isless  average is greater
than the threshold than the threshold
Less Less 58 88 —
Less Greater 8 12 —
Greater Less 12 — 35
Greater Greater 22 — 65

Calculated time series of total mercury concen-
tration, and other time series of trace element
concentrations that are linearly correlated with
SSC, can be used to evaluate water quality
objectives that are based on averaging periods
much longer than the time required to sample.
Large differences between the averaging
periods of water-quality objectives and sample
collection can result in an inaccurate evaluation
of water quality objectives from water samples
(Table 6).
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Levels And Patterns of Polychlorinated Biphenyls
in Water Collected from the
San Francisco Bay and Estuary, 1993-95
Abstract *

Walter M. Jarman, Glenn W. Johnson, Corinne E. Bacon, University of Utah,
Department of Civil and Environmental Engineering, UT;
Jay A. Davis, San Francisco Estuary Institute, Richmond, CA;
and Robert W. Risebrough and Robert Ramer, The Bodega Bay Institute, Berkeley, CA

Levels of polychlorinated biphenyls (PCB)
were measured in water (particulate and
dissolved fractions) from various locations in
the San Francisco Estuary over the years 1993—
1995 during six cruises. Geometric mean levels
of YPCBs (sum of 58 congeners) in the com-
bined dissolved and particulate fractions for the
six cruises ranged from 342 ng/L to 1,600 ng/L.
Comparing this data to previous data from
1975 and 1980 do not reveal any significant
temporal trends. The partitioning of PCBs into
the dissolved/particulate fraction were corre-
lated with total suspended solids. Using the
novel chemometric technique of polytopic vector
analysis (PVA) on the data from cruise 8 (April
1995), five separate PCB congener fingerprints

were identified in the data. Fingerprint 1 (or
end-member 1) represents a slightly degraded
source of Aroclor® 1260 in the northern part of
the South Bay; the end-member (EM) 2 finger-
print is related to a predominantly Aroclor®
1260 source that has been moderately-severely
degraded present in the highest proportions in
the Pacific Ocean sample; EM-3 is interpreted
as a slightly degraded Aroclor® 1242:1254:1260
mixture in southern San Pablo Bay; EM-4 is
interpreted as a moderately degraded source of
multiple Aroclors® and is present in the River
samples; EM-5 is interpreted as a slightly
degraded Aroclor® 1254/1260 mixture present in
northern San Pablo Bay and the South Bay.

! This is an abstract from a paper originally published in Fresenius J. Analytical Chem. (1997) 359:254—260. For reprints,

please contact SFEI.
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Water Monitoring Discussion

Introduction

With data now available from four years of
RMP sampling, clear seasonal and spatial
patterns in contaminant concentrations in the
waters of the Estuary are beginning to emerge.
It is also becoming clear that RMP contractors
are producing very precise data that allow
detection of these patterns, which are in some
cases subtle but have persisted year after year.

These patterns are most apparent in the
dissolved water data. As discussed in the 1995
Annual Report (SFEI, 1996), spatial and
temporal patterns in total (dissolved + particu-
late) concentrations of many contaminants are
strongly influenced by fluctuations in total
suspended solid (T'SS) concentrations, which
vary due to tidal movements, winds, algal
growth, and freshwater inflows. Consequently,
trends in total concentrations generally mirror
those of TSS. The influence of TSS on total
concentrations can be evaluated and removed
statistically, but these procedures produce
results that are not intuitively obvious. Data
from the dissolved fractions of water samples,
however, are relatively independent of the
influence of T'SS, and therefore provide a more
direct, intuitively obvious, measure of contami-
nant dynamics in the Estuary.

The gradients and trends discussed in this
section are based upon examination of plots of
the raw data from 1996 (Figures 4-35) and
from previous Annual Reports (SFEI, 1994;
1995; 1996). Long-term trends in total concen-
trations are also presented (Figures 37 and 38),
and long-term patterns that are evident in
these plots are also discussed. This discussion
focuses on spatial gradients and seasonal
trends that have persisted over the four years
of the RMP. The strength of spatial gradients is
expressed by comparing the magnitude of the
highest concentrations with the lowest, which
usually are measured in oceanic waters at the
Golden Gate station.

High concentrations are interpreted in the
following discussion as indications of sources of
contamination. The term sources is used in a
general sense that could include point sources,
non-point sources, or processes that cause
remobilization of historically deposited masses
of contaminants. While the data probably hold
clues as to the nature of the sources, that
subject is not addressed in this discussion.

In evaluating inter-annual patterns in
contaminant concentrations, it is important to
keep in mind the large seasonal and annual
hydrological variation that are characteristic of
this Estuary. As described by Cloern et al. (see
Water Quality Variability in San Francisco Bay,
this chapter), 1996 was a wet year. At the time
that February water samples were being
collected, Delta outflow was higher than during
any other RMP water sampling period. Salini-
ties were correspondingly low, with salinities of
2 psu as far seaward as San Pablo Bay. At this
time Bay surface waters were comprised of
approximately 75% freshwater. Salinities
during the second round of water sampling in
April and July were higher. In July, Bay surface
waters were comprised of approximately 50%
freshwater. July 1996 salinities were similar to
August 1995 (summer sampling period) salini-
ties, but much lower than salinities during
summer sampling in 1993 and 1994. Relative to
other years in which RMP sampling was
conducted, the hydrology in 1996 was similar to
1995 and 1993, two other years with significant
Delta outflow, and dissimilar to 1994, when
freshwater inflow was low and salinity was
high.

Determination of long-term trends in the
chemical quality of Bay waters is one of the
primary objectives of the RMP. Long-term
trends in total trace element concentrations
were examined in detail by Jassby in the 1995
Annual Report (SFEI, 1996). Increasing or
decreasing trends were essentially nonexistent
in the total concentrations measured from April
1989 to April 1995. In general the 1996 data
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are consistent with previous data and do not
alter last year’s conclusions. More detailed
analyses (e.g., of long-term data on dissolved
concentrations or statistically filtered total
concentrations) might reveal trends that are
not apparent in the raw data for total concen-
trations, but these analyses have not yet been
performed.

Spatial and seasonal trends
Trace elements

Dissolved arsenic concentrations have
exhibited a consistent pattern in all four years
of the RMP. A spatial gradient that varies
seasonally exists in the southern end of the
Estuary. In winter (February) samples, the
gradient is weak with peak concentrations in
the lower South Bay, but concentrations in the
Southern Sloughs and lower South Bay in-
crease progressively in spring and summer. The
summer gradient is strongest, with concentra-
tions in 1996 at Sunnyvale (C-1-3) approxi-
mately 3 times the concentration at Golden
Gate (BC20). In the northern end of the Estu-
ary, Petaluma River (BD15) consistently had
the highest concentrations of dissolved arsenic.
The same seasonal progression of concentra-
tions seen in the south was evident at most
northern stations. Concentrations at the Rivers
were comparable to those at Golden Gate
(BC20). The dissolved arsenic data therefore
point to sources at the Southern Sloughs in
April and July and at Petaluma River (BD15)
in all three sampling periods.

Dissolved cadmium concentrations have a
distinct spatial pattern, with higher concentra-
tions at Golden Gate (BC20) than at the Rivers
and landward portion of the Northern Estuary.
A weak spatial gradient in the south was
clearest in February and August, with concen-
trations approximately double those at Golden
Gate (BC20) and eight times higher than at the
Rivers. At the Golden Gate (BC20), spring
concentrations have been higher than winter
and summer in three of four years, and are
high relative to spring measurements Bay-
wide. Upwelling of waters with relatively high

cadmium concentrations occurs along the coast
in the spring, and is the likely cause of this
pattern (Flegal et al., 1991). Cloern et al. (see
Water Quality Variability in San Francisco Bay,
this chapter) showed the effect of upwelling on
temperature and dissolved oxygen profiles in
1996 in the Central Bay. The influence of
oceanic circulation on cadmium concentrations
in the Bay therefore appears to be strong in the
spring sampling period. In the summer sam-
pling period concentrations are often higher
than winter or spring at many stations when
in-Bay sources of cadmium appear to become
more influential than oceanic processes. The
dissolved cadmium data indicate that sources of
cadmium exist in the lower South Bay and at
Petaluma River (BD15). The plot of long term
trends in total cadmium (which is mostly
comprised of dissolved cadmium) (Figure 37)
shows the seasonal increase in summer concen-
trations that occurs at most stations.

The Sacramento and San Joaquin Rivers
are clear sources of chromium, especially in
winter sampling. Abu-Saba and Flegal (1995)
and Abu-Saba et al. (1997) have described point
and non-point sources of chromium in this
region of the Estuary. February concentrations
at the Sacramento River station (BG20) were
13 times higher than at the Golden Gate
station (BC20). The gradient between these
stations was weaker in April and August. A
weak gradient exists in the southern end of the
Estuary, with a maximum elevation at San Jose
(C-3-0) in February of three-fold relative to
Golden Gate (BC20).

Sources of copper exist in the southern end
of the Estuary and at the Petaluma River.
Dissolved copper concentrations in the south
were up to 13 times higher (at San Jose [C-3-0]
in April) than at Golden Gate (BC20). Concen-
trations in the northern portion of the Estuary
were relatively low and constant, with the
exception of Petaluma River (BD15) which was
consistently about 10 times higher than Golden
Gate (BC20). Spatial gradients in dissolved
copper concentrations showed little seasonal
variation. Previous studies have indicated that
wastewater discharges are the principal source



of dissolved copper in the South Bay (Flegal et
al., 1991).

Steep spatial gradients in dissolved lead
concentrations have been measured, with high
concentrations at both the southern and north-
ern ends of the Estuary. Concentrations at the
Southern Sloughs have been consistently high,
up to 34 times higher at Sunnyvale (C-1-3) than
at Golden Gate (BC20). Concentrations in the
Northern Estuary in February were quite
variable. Concentrations at the Rivers stations
were consistently high, with the highest values
measured in February. In February, dissolved
lead at the San Joaquin River station (BG30)
was 9 times higher than at the Golden Gate
station (BC20). Rivera-Duarte and Flegal
(1994) present data suggesting that
remobilization from contaminated Bay sedi-
ments is a primary source of dissolved lead in
the Estuary.

Mercury sources are evident at both ends of
the Estuary and at Petaluma River (BD15).
Concentrations in the southern end are consis-
tently elevated relative to Golden Gate (BC20),
with a maximum 9-fold difference at San Jose
(C-3-0) in February. Significant seasonal
variation has been observed in the northern
reach. Concentrations in February were higher
than in other months, and were particularly
high at Petaluma River (BD15, 15 times higher
than Golden Gate, BC20) and San Joaquin
River (BG30, 11 times higher than Golden
Gate, BC20). Concentrations at Petaluma River
were the highest in the northern reach in all
sampling periods.

Sharp gradients in dissolved nickel concen-
trations have been detected, indicating nickel
sources near the Southern Sloughs and
Petaluma River (BD15). The gradient toward
the southern reach was steepest in August,
when the concentration at San Jose (C-3-0) was
17 times higher than at Golden Gate (BC20).
Concentrations at Petaluma River (BD15) in
winter have been high every year, with the
highest concentration measured in February
1996 which was 47 times higher than at Golden
Gate (BC20). Concentrations were also high at
Petaluma River (BD15) in April and July, but

Water Monitoring

the magnitude of the elevation was lower. The
February concentration of total nickel at
Petaluma River (BD15) was the highest yet
recorded at an RMP base station, and the
dissolved fraction accounted for 90% of total.
Dissolved nickel concentrations in the rest of
the northern reach were relatively low. Waste-
water discharges are considered a primary
source of nickel in South Bay (Flegal et al.,
1991).

Dissolved selenium concentrations in the
Estuary have been very consistent seasonally. A
spatial gradient has persisted in the southern
reach. Concentrations in 1996 were consistently
about 12 times higher than at Golden Gate
(BC20). The highest concentration at an RMP
base station was observed at Coyote Creek
(BA10) in July. Some relatively high concentra-
tions were recorded at two Central Bay stations
(Yerba Buena Island [BC10] and Golden Gate
[BC20]) in February and April. Concentrations
in the northern reach have been relatively low
and constant.

Dissolved silver concentrations have
displayed a consistent seasonal pattern in
which concentrations increase considerably in
summer sampling. A spatial gradient in the
South Bay was present in all sampling periods,
but strongest in July when the concentration at
South Bay (BA20) was 9 times higher than at
Golden Gate (BC20). Increased remobilization
of silver from contaminated sediments is
thought to play a large role in the seasonal
increase in dissolved silver concentrations in
the South Bay (Smith and Flegal, 1993).
Dissolved silver concentrations were also
elevated relative to Golden Gate (BC20) in the
Northern Estuary, especially in July, with a
maximum of a 5-fold elevation at Petaluma
River (BD15) in July.

Dissolved zinc concentrations have exhib-
ited very distinct spatial gradients. Concentra-
tions at the Southern Sloughs were up to 56
times higher than at Golden Gate (San Jose [C-
3-0] in April). Concentrations in the northern
reach were relatively low and constant, with
the exception of one high value at Petaluma
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River (BD15) in February which was 11 times
higher than at Golden Gate (BC20).

Trace organics

Diazinon occurs in the Estuary almost
entirely in dissolved form. Diazinon concentra-
tions vary tremendously on a seasonal basis. In
winter the Estuary is awash in diazinon. The
lowest concentration in February was 5,800 pg/
L, measured at Golden Gate (BC20). This
concentration was 30 times higher than the
Golden Gate (BC20) concentration in August
(190 pg/L). Spatial gradients were observed in
both the southern and northern reaches in all
seasons. Concentrations were highest in Febru-
ary, but the difference between landward
stations and the Golden Gate station (BC20)
were strongest in April and August. In Febru-
ary the concentration at San Jose (C-3-0) was 6
times higher than Golden Gate (BC20), in July
it was 56 times higher, and in August it was 44
times higher. In the north, the highest concen-
trations were at Grizzly Bay (BF20) in Febru-
ary (10 times higher than at Golden Gate,
BC20), Petaluma (BD15) in April (30 times
higher), and Grizzly Bay (BF20) again in
August (34 times higher).

Water organics were measured at San Jose
(C-3-0) for the first time in 1996, and concen-
trations of many trace organics were relatively
high at this station. Dissolved PAHs at San
Jose (C-3-0) were relatively high in all three
sampling periods, up to 9 times higher than at
Golden Gate (BC20). Concentrations at Yerba
Buena Island (BC10) were higher than at other
South Bay and Central Bay stations, as they
have been in past RMP sampling. Concentra-
tions were consistently elevated at Napa River
(BD50) in the northern reach, up to 5 times
higher than at Golden Gate (BC20).

Dissolved PCBs were also relatively high at
San Jose (C-3-0, 9 times higher than Golden
Gate, BC20, in April), with a distinct drop in
concentrations between this station and the
adjacent Coyote Creek (BA10) station (5 times
higher than Golden Gate, BC20, in April). In
August the southern gradient was even steeper,
with a concentration at San Jose (C-3-0) 29

times higher than Golden Gate. No spatial
gradient was evident in the northern reach, but
one relatively high value was observed at
Sacramento River (BG20) in August (8 times
higher than Golden Gate, BC20).

Dissolved DDT data suggest sources at both
the southern and northern ends of the Estuary.
Concentrations were very high at San Jose (C-
3-0), up to 35 times higher than Golden Gate
(BC20). As with other trace organics, concentra-
tions were significantly lower at the adjacent
Coyote Creek (BA10) station, which was a
maximum of 5 times higher than Golden Gate
(BC20). Relatively strong spatial gradients
were also observed in the northern reach, with
high concentrations at Davis Point (BD40) in
February (9 times Golden Gate) and at Sacra-
mento River (BG20) in August (11 times Golden
Gate).

Dissolved chlordane concentrations suggest
a source near the San Jose (C-3-0) station,
which had concentrations in February that
were 14 times higher than the Golden Gate
(BC20). In all years of the RMP a spatial
gradient has consistently been observed in the
southern reach with concentrations increasing
toward the south end. Concentrations in the
northern reach have been relatively constant
and low.

Summary of spatial and seasonal trends

In summary, concentrations of many
contaminants have shown consistent patterns
of spatial and seasonal variation in RMP
sampling. Spatial gradients in contamination
have been consistently observed for most
contaminants. Spatial variation has been
especially strong in concentrations of lead,
nickel, zinc, diazinon, and DDT. Concentrations
of every contaminant discussed in this section
were elevated in the southern reach. The
Petaluma River (BD15) also appears to be a
source of many contaminants, including many
trace elements and diazinon. High concentra-
tions of several contaminants were also ob-
served at the Sacramento and San Joaquin
Rivers (BG20 and BG30), including chromium,
lead, mercury, diazinon, and DDT.
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Table 7. Water quality objectives and criteria used for evaluation of 1996 RMP water
results. Proposed California Toxics Rule water quality criteria (US EPA, 1997) are listed except
where noted. Dissolved trace element criteria are listed (except for mercury and selenium). Total
trace element criteria (not shown) were also calculated using the procedures specified in the
proposed California Toxics Rule (except for mercury and selenium). Organic compounds are listed on
a total (dissolved + particulate) basis. Units are ug/L. Bold and italicized values are hardness-
dependent criteria and are calculated for this table using a hardness value of 100 mg/L.

Aquatic Life Human Health
(10 risk for carcinogens)
Parameter Fresh Water Salt Water Fresh Water Salt & Fresh
Water
1-hour 4-day 1-hour 4-day O\rg:;eiérﬁs Organisms only

Ag 34 . 19 .
As 340 150 69 3%
cd 43 22 42 9.3
Cr VI 16 u 1100 50 .
Cu 13 90 48 31 1300 .
Hg * 24 0.012 21 0.025 0.05 0.051
Ni 468 52 74 82 610 4600
Pb 65 25 210 81
Se?® 2 5.0 20 50
Zn 120 120 0] 81
Alpha-HCH . . . . 0.0039 0.013
Beta-HCH . . . . 0.014 0.046
Gamma-HCH 0.095 0.08 0.16 . 0.019 0.063
Total Chlordane 24 0.0043 0.09 0.004 0.00057 0.00059
Heptachlor 052 0.0038 0.053 0.0036 0.00021 0.00021
Heptachlor Epoxide 0.52 0.0038 0.053 0.0036 0.0001 0.00011
Chlorpyrifos © 0.083 0.041 0.011 0.0056
Diazinon ® 0.08 0.04 0.08 0.04 . .
p,p'-DDD . . . . 0.00083 0.00084
p.p'-DDE . . . . 0.00059 0.00059
p,p-DDT 11 0.001 013 0.001 0.00059 0.00059
Dieldrin 0.24 0.056 0.71 0.0019 0.00014 0.00014
Endosulfan | 0.22 0.056 0.034 0.0087 110 240
Endosulfan Il 022 0.056 0.034 0.0087 110 240
Endosulfan Sulfate . . . . 110 240
Endrin 0.086 0.036 0.037 0.0023 0.76 0.81
Mirex © . 0.001 . 0.001 . .
Hexachlorobenzene . . . . 0.00075 0.00077
Total PCBs ° . 0.014 . 0.03 0.00017 0.00017
Acenaphthene . . . . 1200 2700
Anthracene . . . . 9600 110000
Benz(a)anthracene . . . . 0.0044 0.049
Benzo(a)pyrene . . . . 0.0044 0.049
Benzo(b)fluoranthene . . . . 0.0044 0.049
Benzo(k)fluoranthene . . . . 0.0044 0.049
Chrysene . . . . 0.0044 0.049
Dibenz(a,h)anthracene . . . . 0.0044 0.049
Fluoranthene . . . . 300 370
Fluorene . . . . 1300 14000
Indeno(1,2,3-cd)pyrene . . . . 0.0044 0.049
Pyrene . . . . 960 11000

A Mercury criteria are from the Basin Plan (SFBRWQCB, 1995), and are for total mercury.

® Selenium criteria are specific for the Bay region as outlined in the National Toxics Rule (US EPA, 1992). Criteria are
for total selenium and freshwater criteria apply to the whole Estuary.

¢ Chlorpyrifos and mirex are not included in the proposed California Toxics Rule, but US EPA criteria for these chemicals were provided
by the SFBRWQCB.

® Criteria apply to sums of congeners.

£ Diazinon criteria are not included in the California Toxics Rule. Values are from the California Department of Fish and Game
(Menconi and Cox, 1994).
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Clear seasonal variation was evident for
many contaminants, including arsenic, cad-
mium, chromium, mercury, nickel, silver, and
diazinon. The large masses of fresh water that
entered the Estuary in February were appar-
ently relatively enriched in chromium, mercury,
nickel, zinc, and diazinon and responsible for a
clear increase in concentrations of these con-
taminants in the northern reach. Concentra-
tions of arsenic, cadmium, and silver were
higher during the low-flow months of summer;
these increases may have been due to the
increasing relative influence of remobilization
from Bay sediments or upstream sources that
receive less dilution in low-flow periods.

Comparison to Water Quality
Guidelines

This section provides a brief overview of
how 1996 data compare to relevant water
quality guidelines (Table 7). Of the ten trace
elements measured, concentrations of chro-
mium, copper, mercury, nickel, and lead were
higher than guidelines on one or more occasions
(Table 8). Copper concentrations were most
frequently above guidelines: total copper was
above the guideline in 26 samples and dissolved
copper was above the guideline in 9 samples.
Nickel, mercury, and chromium concentrations
were also above guidelines in numerous in-
stances. Several trace organics also had concen-
trations above guidelines, including PCBs,
DDTs, heptachlor epoxide, several PAHs,
chlorpyrifos, and diazinon (Table 9). The sum of
39 PCB congeners were well above the conge-
ner-based Y PCBs criteria of 170 pg/L in all but
three RMP samples. Trace organic concentra-
tions were generally highest at the San Jose (C-
3-0) station, and this station accounted for
many of the instances in which trace organics
were above guidelines.

Effects of Water Contamination

Clear statistically and biologically signifi-
cant toxicity was observed in the Mysidopsis
test in February 1996 at Sacramento River
(BG20), San Joaquin River (BG30), Grizzly Bay
(BF20), and Napa River (BD50) stations.
Survival was sharply depressed at three of
these stations; only Grizzly Bay (BF20) showed
survival greater than 8%. Statistically signifi-
cant, but less distinct, toxicity was also ob-
served in July samples at Sacramento River
(BG20), San Joaquin River (BG30), and Grizzly
Bay (BF20), with percent survival ranging from
73% to 75%. The timing and geographical
location of this toxicity suggest that organo-
phosphate pesticides carried by agricultural
runoff from the Central Valley and Napa Valley
had a role in causing the toxicity.

None of the 48-hour tests using Mytilus
larvae indicated toxicity in either February or
July.

The presence of some contaminants in
waters of the Estuary, such as the organophos-
phate insecticides, is known to be episodic, with
high concentrations entering the Estuary
during periods of heavy use and/or high runoff.
With just three sampling events in the RMP
base program that are not targeted at specific
contaminants, the likelihood is low that short-
duration contamination events would be
detected. In a special study begun in late 1996,
a more targeted approach is being taken, with
toxicity testing of water samples collected
during storm events. Ogle and Gunther (see
Episodic Toxicity in the San Francisco Bay
System, this chapter) provide a detailed de-
scription of this study.
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Background

Sediments are monitored because they are
an important component of the Bay and Estu-
ary ecosystem. Most contaminants accumulate
in sediments to concentrations that are orders
of magnitude above those in water, creating the
potential for exposures to increased contamina-
tion.

Information about sediment contamination
is used in making decisions related to many
important management issues: the identifica-
tion of sediment “toxic hot spots” is currently a
priority for the State and Regional Boards, the
clean-up of numerous military bases in the
region requires information about background
contaminant levels, and the continuous dredg-
ing of the Estuary requires testing and com-
parisons to some reference or background
concentrations. Information gathered in those
studies will use comparable information from
the RMP as ambient or background levels.

However, the geochemistry of sediments is
complex, and in order to interpret contaminant

Sediment Monitoring

concentrations measured in sediments it is
necessary to understand how hydrology and
other non-contaminant sediment properties
may affect contaminant concentrations. A
description of those interactions is included in
the Sediment Monitoring Discussion at the end
of this chapter.

The RMP monitors sediment quality (grain-
size, organic carbon, ammonia, and sulfides),
trace elements, and trace organic contaminants
at 22 RMP Base Program stations. Sediments
were also monitored at two stations in the
southern end of the Estuary in cooperation with
the Regional Board and the Cities of San Jose
(station C-3-0) and Sunnyvale (station C-1-3).
CTD (conductivity, temperature, depth) profiles
of the water column were collected at all RMP
sediment stations, but those data are not
presented.

Station locations are shown on Figure 1 in
Chapter One: Introduction. Sediment samples
were collected during the wet season (February)
and dry season (August). Sampling dates are

Arsenic in Sediment 1996
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Figure 1. Arsenic (As) concentrations in sediment in parts per million, dry weight (ppm) at
24 stations sampled in February and August of 1996. * indicates coarse sediment stations. Arsenic
concentrations ranged from 4.7 to 17.5 ppm. The highest concentration was sampled at San Pablo Bay
(BD22) in August and the lowest at Sunnyvale (C-1-3) in February. Average concentrations were
highest in the Northern Estuary in August (14.2 ppm). No consistent seasonal trend was observed in
the Estuary although the February concentrations were usually higher except in the Southern Sloughs.
As concentrations were below the ERM of 70 ppm at all stations. However, concentrations were above
the ERL of 8.2 ppm at twenty stations in February and eighteen stations in August.
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shown on Table 1 in Chapter One: Introduction.
Detailed methods of collection and analysis are
included in Appendix A, and a listing of the
measurements made on sediment samples are
in Table 3 in Chapter One: Introduction.

This section contains descriptive data for
sediment trace elements, selected trace organic
contaminants, and sediment bioassays (Figures
1-16). The selected trace organic contaminants
are presented as total concentrations of detect-
able compounds. For example, total DDTs is the
sum of the detectable concentrations of six
isomers, total PAHs are the sum of 25 com-
pounds, total PCBs are the sum of 49 conge-
ners, chlordanes are the sum of seven com-
pounds. Sediment quality parameters including
station depths, and all contaminant concentra-
tions are tabulated in Appendix C.

In order to compare sediment monitoring
results among the major areas or reaches of the
Estuary, the RMP stations are separated into
six groups of stations in five Estuary reaches
based subjectively on geography, similarities in
sediment types, and patterns of trace contami-

nant concentrations. Five Estuary reaches
include all stations with fine sediments: the
Southern Sloughs (C-1-3 and C-3-0), South Bay
(six stations, BA10 through BB70), Central Bay
(five stations, BC11 through BC60), Northern
Estuary (eight stations, BD15, through BF40),
and Rivers (BG20 and BG30). Stations with
coarse sediments (>60% sand: BC60, BD41,
BF10, and BG20) generally have considerably
lower contaminant concentrations and were
grouped separately for analytical comparisons.

Results from an RMP Special Study on the
development of sediment indicators are pre-
sented in articles by Thompson, Anderson et al.,
Phillips et al., and Weston. A progress report on
the Benthic Pilot Study is also presented.

Sediment Quality Guidelines

There are currently no Basin Plan objec-
tives or other regulatory criteria for sediment
contaminant concentrations in the Estuary. The
US EPA has produced draft objectives for five
trace contaminants: three PAHs—acenapthene,
fluoranthene, and phenanthrene —and two

Cadmium in Sediment 1996
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Figure 2. Cadmium (Cd) concentrations in sediment in parts per million, dry weight (ppm)
at 24 stations sampled in February and August of 1996. Note logarithmic scale. * indicates
coarse sediment stations. Cadmium concentrations ranged from 0.04 to 1.00 ppm. The highest
concentration was sampled at San Jose (C-3-0) in August and lowest at Red Rock (BC60) in February.
Average concentrations were highest in the Southern Sloughs in August (0.60 ppm). No consistent
seasonal trend was observed in the Estuary although Cd concentrations were higher in the Northern
Estuary in February. Cd concentrations were all below the ERM of 9.6 ppm and the ERL of 1.2 ppm.



pesticides—dieldrin and endrin (EPA, 1991).
Those draft objectives, along with NOAA’s
Sediment Quality Guidelines (Long and Mor-
gan, 1990; Long et al., 1995) are used in this
report as guidelines for the interpretation and
assessment of sediment contaminant concentra-
tions in the Estuary. These values are intended
to be used as informal screening tools and hold
no regulatory status. Several other sets of
sediment guidelines are tabulated in the
discussion of this chapter for comparison.
NOAA’s Sediment Quality Guidelines
(SQGs) are based on data compiled from nu-
merous studies in the United States that
included sediment contaminant and biological
effects information. The guidelines were devel-
oped to identify concentrations of contaminants
that were associated with biological effects in
laboratory, field, or modeling studies. The

Sediment Monitoring

Effects Range-Low (ERL) is the concentration
at which 10% of the studies showed effects, and
the Effects Range-Median (ERM) is the concen-
tration at which 50% of the studies showed
effects. Sediment concentrations below the ERL
are interpreted as being “rarely” associated
with adverse effects. Concentrations between
the ERL and ERM are “occasionally” associated
with adverse effects, and concentrations above
the ERM are “frequently ” associated with
adverse effects (Long et al., 1995). Effects range
values for mercury, nickel, total PCBs, and total
DDTs have low levels of confidence associated
with them. The SQGs used for chlordanes and
dieldrin are from Long and Morgan (1990).
There are no SQGs for selenium, but the
Regional Board has suggested guidelines of 1.4
ppm (Wolfenden and Carlin, 1992), and 1.5 ppm
(Taylor et al., 1992).

Chromium in Sediment 1996
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Figure 3. Chromium (Cr) concentrations in sediment in parts per million, dry weight
(ppm) at 24 stations sampled in February and August of 1996. * indicates coarse sediment
stations. Chromium concentrations ranged from 47.6 to 134.3 ppm. The highest concentration was
sampled at Petaluma River (BD15) in February and the lowest concentration was at Red Rock
(BC60) in February. Average concentrations were highest in the South Bay in February (110.5 ppm).
No consistent seasonal trend was observed in the Estuary. Cr concentrations were below the ERM
value of 370 ppm at all stations. However, concentrations were above the ERL value of 81 ppm at
twenty stations in February and twenty stations in August.
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Copper in Sediment 1996

70 | |
60— I I [ February
= | |
= | | Bl August
=
> | |
© 40— I I
g | |
g 30 . .
:J;): | |
220
o
O | |
10— | |
| |
0
™ o o — o — Ln o o — — N - o L0 N i — o o - o o o
& ! N [52] < bl 3] ~ o N ™ < © | - N [s2] <t 0 — N < 0N [+2]
f < < <« « m o o 0 O 0O O O o o0 o0 o o wow woo o
O O M M M M M MO M M @M @M@ @M; MO M M M @M @ @O 0O, M @
* * * *
Southern ' South Bay ! Central Bay : Northern Estuary " Rivers
Sloughs ! ! ! !

Figure 4. Copper (Cu) concentrations in sediment in parts per million, dry weight (ppm)
at 24 stations sampled in February and August of 1996. * indicates coarse sediment stations.
Copper concentrations ranged from 8.3 to 68.6 ppm. The highest concentration was sampled at
Honker Bay (BF40) in February and the lowest at Red Rock (BC60) in February. Average
concentrations were highest in the Northern Estuary in February (563.0 ppm). Concentrations were
generally higher in February than August. Cu concentrations were below the ERM value of 270 ppm
at all stations. However, concentrations were above the ERL value of 34 ppm at sixteen stations in
February and fifteen stations in August.

Lead in Sediment 1996
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Figure 5. Lead (Pb) concentrations in sediment in parts per million, dry weight (ppm) at
24 stations sampled in February and August of 1996. * indicates coarse sediment stations. Lead
concentrations ranged from 10.3 to 69.3 ppm. The highest concentration was sampled at Horseshoe
Bay (BC21) in February and the lowest concentration at Pacheco Creek (BF10) in August. Average
concentrations were highest in the Southern Sloughs in August (38.3 ppm). No consistent seasonal
trend was observed in the Estuary. Pb concentrations were below the ERM value of 218 ppm at all
stations. However, concentrations were above the ERL value of 46.7 ppm at Horseshoe Bay (BC21)
during both sampling periods and at San Jose (C-3-0) in August.
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Mercury in Sediment 1996
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Figure 6. Mercury (Hg) concentrations in sediment in parts per million, dry weight (ppm)
at 24 stations sampled in February and August of 1996. * indicates coarse sediment stations.
Mercury concentrations ranged from 0.02 to 0.56 ppm. The highest concentration was sampled at
San Jose (C-3-0) in August and the lowest at Red Rock (BC60) during both sampling periods. Average
concentrations were highest in the Southern Sloughs in August (0.39 ppm). No consistent seasonal
trend was observed in the Estuary. Hg concentrations were below the ERM value of 0.71 ppm at all
stations. However, concentrations were above the ERL value of 0.15 ppm at nineteen stations in
February and twenty stations in August.
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140 . T T
| | |
120 | : | [ February | |
|
S 100 | ! . August ! !
q;’ | | | |
= 80— | | | |
©
g 60 ' ' : !
g’ I | | | |
T 40 : : ' !
Q | | 1 |
zZ
20— | | | |
| | | |
0
™ o o - o - L0 o o — — N — o n N — — o o — o o o
rld S d O Kld N & ¥ 06/l o o ¢ O A4 & '8 @
T g« €« €« @@ @m0 0O 0 0 00 o0 Q8 a0 b w0 o0
O O|mM O O M M M MM @ O O MM O M M o O MO Oilm M
| * | * * | *
|
Southern South Bay | Central Bay Northern Estuary \ Rivers
Slouahs ! :

Figure 7. Nickel (Ni) concentrations in sediment in parts per million, dry weight (ppm) at
24 stations sampled in February and August of 1996. * indicates coarse sediment stations.
Nickel concentrations ranged from 58.3 to 129.8 ppm. The highest concentration was sampled at San
Jose (C-3-0) in August and the lowest at Horseshoe Bay (BC21) in February. Average concentrations
were highest in the Northern Estuary in February (106.3 ppm). In general, concentrations were
higher in February than in August. Ni concentrations were above the ERM value of 51.6 ppm and
the ERL value of 20.9 ppm at all stations for both sampling periods.
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Selenium in Sediment 1996
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Figure 8. Selenium (Se) concentrations in sediment in parts per million, dry weight (ppm)
at 24 stations sampled in February and August of 1996. * indicates coarse sediment stations.
Selenium concentrations ranged from 0.06 to 0.44 ppm. The highest concentration was sampled at
San Jose (C-3-0) in August and the lowest concentration was at Red Rock (BC60) in both sampling
periods. Average concentrations were highest in the Southern Sloughs in August (0.38 ppm).
Concentrations were slightly higher in August than in February at most stations. There are no ERM
and ERL values for selenium and concentrations were always below Regional Board guidelines of
1.4-1.5 ppm.
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Figure 9. Silver (Ag) concentrations in sediment in parts per million, dry weight (ppm) at
24 stations sampled in February and August of 1996. * indicates coarse sediment stations.
Silver concentrations ranged from 0.03 to 1.30 ppm. The highest concentration was sampled at San
Jose (C-3-0) in August and the lowest concentration at Red Rock (BC60) in February. Average
concentrations were highest in the Southern Sloughs in August (0.83 ppm). No consistent seasonal
trend was observed throughout the Estuary. Ag concentrations were below the ERM of 3.7 ppm at all
stations. However, The concentration was above the ERL value of 1 ppm at San Jose (C-3-0) in
August.
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Zinc in Sediment 1996
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Figure 10. Zinc (Zn) concentrations in sediment in parts per million, dry weight (ppm) at
24 stations sampled in February and August of 1996. * indicates coarse sediment stations. Zinc
concentrations ranged from 62 to 177 ppm. The highest concentration was sampled at San Jose (C-3-
0) in August and the lowest concentration was at Red Rock (BC60) in August. Average concentrations
were highest in the South Bay in February (140.0 ppm). Concentrations were higher in February
than in August at most stations. Zn concentrations were below the ERM value of 410 ppm. However,
concentrations were above the ERL value of 150 ppm at five stations in February and one station in
August.

Total PAHs in Sediment 1996
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Figure 11. Total PAH concentrations in sediment in parts per billion (ppb), dry weight at
24 stations sampled in February and August of 1996. * indicates coarse sediment stations. * =
not analyzed. Total PAH concentrations ranged between 32 and 5,464 ppb. The highest concentration
was sampled at San Pablo Bay (BD22) in August and the lowest concentration was measured at
Sacramento River (BG20) in August. Average concentrations were highest at the South Bay stations.
Total PAH concentrations were below the ERM of 44,792 ppb and only San Pablo Bay (BD22) was
above the ERL of 4,022 ppb in August.
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Total PCBs in Sediment 1996
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Figure 12. Total PCB concentrations in sediment in parts per billion (ppb), dry weight at 24
stations sampled in Febuary and August 1996. Note logarithmic scale. * indicates coarse
sediment stations. * = not analyzed. ¥ = below detection limit. Total PCB concentrations ranged
between not detected (¥) and 320 ppb (see Appendix A for MDLs). The highest concentration was
sampled at San Jose (C-3-0) in August and concentrations were below the detection limit at several
stations. Average concentrations were highest in the Southern Sloughs. Total PCB concentrations
were below the ERM of 180 ppb at all stations except San Jose (C-3-0) in August, and the ERL of 23
ppb at all stations except San Jose (C-3-0) in February and August, and at South Bay (BA21) in

Total DDTs in Sediment 1996
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Figure 13. Total DDT concentrations in sediment in parts per billion (ppb), dry weight at 24
stations sampled in Febuary and August 1996. Note logarithmic scale. * indicates coarse sediment
stations. * = not analyzed. ¥ = below detection limit. DDT concentrations ranged between not detected
(V) and 127 ppb (see Appendix A for MDLs). The highest concentration was sampled at San Jose (C-3-0)
in August. Average concentrations were highest in the Southern Sloughs. Total DDT concentrations were
below the ERM of 46 ppb at all stations except San Jose (C-3-0) in August. However, concentrations were
above the ERL of 1.58 ppb at seventeen stations in February and August.
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Total Chlordanes in Sediment 1996

10 ] T T
% ] I I
2 1 ! B February !
> | I I
©
=] 1_: | . August |
= E
g2 ! !
7 1 | |
9] |
3 | |
o
5 013 | |
= 7]
(@] ] | |
g ' '
= 7 | !
* vy \AA \/ vvyyvy
0.017 1 1 1
9 2'2 883§ 2823887823238 2¢8 888
: m @ o L L L0
O 013 B B B B D BIB B BB BB DB B @A D @& D@ @
* * * *
Southern' South Bay : Central Bay : Northern Estuary ' Rivers
Sloughs ' : : :

Figure 14. Total chlordane concentrations in sediment in parts per billion (ppb), dry
weight at 24 stations sampled in Febuary and August 1996. Note logarithmic scale. * indicates
coarse sediment stations. *x = not analyzed. ¥ = below detection limit. Chlordane concentrations
ranged between not detected (¥) and 9.2 ppb (see Appendix A for MDLs). The highest concentration
was sampled at Sunnyvale (C-1-3) in February. Average concentrations were highest in the Southern
Sloughs. Total chlordane concentrations were below the 1990 ERM of 6 ppb at all stations except
Sunnyvale in February. However, concentrations were above the 1990 ERL of 0.5 ppb at four stations
in February and three stations in August.
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Figure 15. Dieldrin concentrations in sediment in parts per billion (ppb), dry weight at 24
stations sampled in Febuary and August 1996. * indicates coarse sediment stations. * = not
analyzed. ¥ = below detection limit. Dieldrin concentrations ranged between not detected (¥) and 1.8
ppb (see Appendix A for MDLs). The highest concentration was sampled at San Jose (C-3-0) in
August. Average concentrations were highest in the Southern Sloughs. Dieldrin concentrations were
below the 1990 ERM of 8 ppb at all stations. However, concentrations were above the 1990 ERL of
0.02 ppb at nineteen stations in February and fourteen stations in August.
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Sediment BiO&SS&yS results for San Francisco Bay (Anderson and Hunt,

unpubl.; Hunt et al. 1996). Based on those analyses,

98

Sediment bioassays are conducted to deter-
mine the potential for biological effects from
exposure to sediment contamination. Although
the bioassays are conducted in the laboratory,
standard, well developed protocols are used
(detailed in Appendix A). When a sample is
found to be toxic, it is interpreted as an indica-
tion of the potential for biological effects. How-
ever, since sediments are mixtures of numerous
contaminants, it is difficult to determine which
contaminant(s) may have caused any toxicity
observed. The results of two RMP Special
Studies are reported in this chapter which begin
to investigate the question of what causes
sediment toxicity.

Two sediment bioassays were conducted at
12 of the RMP stations (Figure 16) in February
and again in August of 1996. Sampling dates are
listed in Table 1 in Chapter One: Introduction.
Amphipods (Eohaustorius estuarius) were
exposed to whole sediment for ten days with
percent survival as the endpoint. Larval mussels
(Mytilus sp.) were exposed to sediment
elutriates (water-soluble fraction) for 48 hours
with percent normal development as the end-
point. Detailed methods of collection and testing
are described in Appendix A, and quality assur-
ance information is included in Appendix B.

A sample was considered toxic if:

1) there was a significant difference between
the laboratory control and test replicates
using a t-test, and

2) the difference between the mean endpoint
value in the control and the mean endpoint
value in the test sample was greater than
the 90 percentile minimum significant
difference (MSD).

The MSD is a statistic that indicates the
difference between the two means that will be
considered statistically significant given the
observed level of between-replicate variation
and the alpha level chosen for the comparison.
The 90% percentile MSD value is the difference
that 90% of the t-tests will be able to detect as
statistically significant. Use of the 90" percen-
tile MSD is similar to establishing statistical
power at a level of 0.90, and is a way to insure
that statistical significance is determined based
on large differences between means, rather than
small variation among replicates. MSDs were
established by analysis of numerous bioassay

the 90 percentile MSD for Eohaustorius was
18.8% and for the bivalve larvae test 21%. For the
1996 sediment bioassays, an amphipod bioassay
was toxic if it had below 79.2% survival in either
season tested. A larval bivalve bioassay was toxic it
if had below 56% or 60% normal development in
February or August, respectively.

Some of the samples used in the February
bioassays were held in the laboratory beyond the
recommended 14 days. Sediment samples from
Grizzly Bay, Sacramento, and San Joaquin River
were held for 18 days, and samples from Napa
River and Davis Point were held for 19 days.
Exceeding sample holding times by a few days is
not considered to be a serious problem. Results
from those samples were consistent with results
from previous samples at those sites.
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Figure 16. Sediment bioassay results for 1996. The control sediment used in the
Eohaustorius test was “home” sediment from Yaquina Bay, Oregon where the amphipods were
collected. The control used for the Mytilus (mussel) test was clean seawater from Granite Canyon,
California. See Appendix A for a description of the tests used. Toxicity was determined as

described in the text.
Sediments were toxic to either the amphipods

or bivalve larvae at all stations, except Red Rock

(BC60), San Bruno Shoal (BB15), and Davis Point (BD41), during at least one sampling period in
1996. Those stations have very sandy sediments with generally low levels of contamination.
Amphipod toxicity occurred in both sampling periods at Redwood Creek (BA41) and Yerba Buena
Island (BC11). Sediments were not toxic to amphipods at Red Rock, Davis Point, San Bruno Shoal,
or Sacramento River (BG20). Sediment elutriates were toxic to larval mussels during both
sampling periods at the Sacramento and San Joaquin Rivers (BG20, BG30), Grizzly Bay (BF20),
and Napa River (BD50), and were only toxic at South Bay (BA21) in September. Sediments were
not toxic to larval mussels at the remaing stations.
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Sediment Monitoring Trends

Sediment contaminant concentrations have
been measured at most of the RMP sites since
1991. Samples were collected by the State’s Bay
Protection and Toxic Clean-up Program
(BPTCP) in 1991 and 1992, and by the RMP
since 1993. Combining data from these two
programs provides a time-series of ten sam-
pling periods over six years. Average and
ranges of concentrations for several trace
element and trace organic contaminants are
shown for each major Estuary reach (Figures
17 and 18).

Except for the Rivers, plots for the various
Estuary reaches represent only muddy sedi-
ments (<60% sand). At the River stations, one
or both stations had coarse sediments in each
sampling period. A separate plot is presented
for stations with coarse (>60% sand) sediments,
including the Rivers. Most coarse sediment
stations are from the Northern Estuary, but all
samples from Red Rock, and one sample from
Horseshoe Bay (August 1995) are also included.

In general, differences between the average
concentrations and the ranges were small.
There did not appear to be any seasonal or
water-year-type variations in concentrations.

Trace element concentrations were mostly
stable and constant between 1993 and 1996,
and there were few obvious increasing or
decreasing trends. Only arsenic and chromium
at the River stations appear to have increased
in concentration since 1991. However, since
arsenic and mercury were systematically lower
in most reaches in 1991-1992 than in 1993—
1996, and the analyses in 1991-1992 were
conducted by different laboratories than in
1993-1996, differences in measurement meth-
ods between laboratories are suspected rather
than real increases in concentrations beginning
in 1993. The remaining trace elements were all
analyzed by the same laboratory. Selenium was
not measured in 1991-1992. Silver in the
Northern Estuary was higher in 1991 and 1992

than in most subsequent years. Lead at the
Rivers was higher in August 1994 than in the
other samples. Selenium was higher in most
reaches, especially at the Rivers and Northern
Estuary, in September 1993 than in the other
samples. The sources of those two trace ele-
ments that may have caused those elevated
measurements are not known. Mercury at the
Rivers and Central Bay had the widest range of
concentrations, and the coarse sediment sta-
tions generally had the lowest range of varia-
tion.

The trace organic contaminants exhibited
wider ranges of concentrations within each
reach, and more variation over time than trace
elements. Chlorinated hydrocarbons (PCBs,
DDT, chlordanes, dieldrin) at the River stations
appeared to decrease in concentrations since
1991 (Figure 18). Average PAHs and dieldrin
concentrations were higher in several reaches
in February 1994, but the causes of those
increases are not known. Average chlordanes
appear to have decreased in most reaches since
about 1994.

In considering the trends in these plots, it
is important to recognize that concentrations
may be influenced by physical sediment factors
as well as proximity to sources. In general,
sediments with more silt and clay (percent
fines) and higher total organic carbon (TOC)
have higher concentrations than sediments
with sandy sediments and low TOC (see Sedi-
ment Monitoring Discussion for more details).
Therefore, some of the variation represented in
the plots could be attributable to spatial and
temporal variations in sediment type rather
than in changes in concentrations per se.
Additionally, rigorous time-series analysis
generally requires more than the eight to ten
samples available. Further study of the rela-
tionships between concentrations and other
sediment factors, and over time are good
candidates for future RMP Special Studies.
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Figure 17. Plots of average trace element concentrations in sediment for each Estuary
reach from 1991-1996. Units are in parts per million, ppm. The vertical bars represent the range of
all values within a reach. Sample sizes are as follows: South Bay: 1991-1992 n=4, 1993 n=4, 1994
n=6, 1995-1996 n="7; Central Bay: 1991-1992 n=3, 1993-1995 n=4, 1996 n=>5; Northern Estuary:
1991 n=5, 1992 n=5, 1993 n=4, 1994 n=5, 1995 n=6, 1996 n=8; Coarse Sediment Stations: 1991-1992
n=1, 1993 n=2, 1994-1995 n=3, 1996 n=4; Rivers: 1991-1996 n=2.
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Figure 17 (continued). Plots of trace element concentrations in sediment for each Estuary

reach from 1991-1996.
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Figure 17 (continued). Plots of trace element concentrations in sediment for each Estuary

reach from 1991-1996.
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Figure 17 (continued). Plots of trace element concentrations in sediment for each Estuary

reach from 1991-1996.
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Figure 17 (continued). Plots of trace element concentrations in sediment for each Estuary

reach from 1991-1996.
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Figure 18. Plots of average trace organic concentrations in sediment for each Estuary reach
from 1991-1996. Units are in parts per billion, ppb. The verticle bars represent the range of all values
within a reach. Chlordane sample sizes are as follows: Rivers 1991-1996 n=2; Northern Estuary 1991
n=6, 1992 n=5, 3/93 n=4, 9/93 n=5, 1994 n=5, 1995 n=6, 1996 n=6; Central Bay 1991 n=3, 1992 n=3,
1993 n=4, 1994 n=4, 2/95 n=4, 8/95 n=3, 1996 n=4; South Bay 1991 n=4, 1992 n=4, 1993 n=4, 1994 n=6,
1995 n="7, 1996 n=7; Coarse Sediment Stations 1991 n=1, 1992 n=1, 3/93 n=4, 9/93 n=3, 1994 n=4, 2/95
n=4, 8/95 n=5, 1996 n=4. DDT sample sizes are as follows: Rivers 1991-1996 n=2; Northern Estuary
1991 n=6, 1992 n=5, 3/93 n=4, 9/93 n=5, 1994 n=5, 1995 n=6, 1996 n=6; Central Bay 1991 n=3, 1992
n=3, 1993 n=4, 1994 n=4, 2/95 n=4, 8/95 n=3, 1996 n=4; South Bay 1991 n=4, 1992 n=4, 1993 n=4, 1994
n=6, 1995 n=7, 1996 n=7; Coarse Sediment Stations 1991 n=1, 1992 n=1, 3/93 n=4, 9/93 n=3, 2/94 n=4,

8/94 n=3, 2/95 n=4, 8/95 n=5, 1996 n=4.
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Figure 18 (continued). Plots of average trace organic concentrations in sediment for each
Estuary reach from 1991-1996. PAH sample sizes are as follows: Rivers 1991-1996 n=2; Northern
Estuary 1991 n=6, 1992 n=>5, 1993 n=4, 1994 n=4, 1995 n=6, 1996 n=6; Central Bay 1991 n=3, 1992
n=3, 1993 n=4, 1994 n=4, 2/95 n=4, 8/95 n=3, 1996 n=4; South Bay 1991 n=4, 1992 n=4, 1993 n=4,
1994 n=4, 1995 n=7, 1996 n=7; Coarse Sediment Stations 1991 n=1, 1992 n=1, 3/93 n=4, 9/93 n=2,
1994 n=4, 2/95 n=4, 8/95 n=5, 1996 n=4. PCB sample sizes are as follows: Rivers 1991-1996 n=2;
Northern Estuary 1991 n=6, 1992 n=5, 3/93 n=4, 9/93 n=5, 1994 n=5, 1995 n=6, 1996 n=6; Central
Bay 1991 n=3, 1992 n=3, 1993 n=4, 1994 n=4, 2/95 n=4, 8/95 n=3, 1996 n=4; South Bay 1991 n=4,
1992 n=4, 1993 n=4, 1994 n=6, 1995 n=7, 1996 n=7; Coarse Sediment Stations 1991 n=1, 1992 n=1,
3/93 n=4, 9/93 n=3, 1994 n=4, 2/95 n=4, 8/95 n=5, 1996 n=4.
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Figure 18 (continued). Plots of average trace
organic concentrations in sediment for each
Estuary reach from 1993-1996. Dieldrin sample sizes
are as follows: Rivers 1993-1996 n=2; Northern Estuary
3/93 n=4, 9/93 n=5, 1994 n=5, 1995 n=6, 1996 n=6;
Central Bay 1993 n=4, 1994 n=4, 2/95 n=4, 8/95 n=3,
1996 n=4; South Bay 1993 n=4, 1994 n=6, 1995 n=7,
1996 n=7; Coarse Sediment Stations 3/93 n=4, 9/93 n=3,
1994 n=4, 2/95 n=4, 8/95 n=5, 1996 n=4.
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Sediment Monitoring

Relationships Between Sediment Toxicity and
Contamination in San Francisco Bay,
Summary and Conclusions?

Bruce Thompson, San Francisco Estuary Institute, Richmond, CA
Brian Anderson,John Hunt, and Bryn Phillips,
University of California, Santa Cruz, Institute of Marine Sciences, CA

Karen Taberski, San Francisco Bay Regional Water Quality Control Board, Oakland, CA

Introduction

Sediments sampled in monitoring programs
are usually mixtures of numerous potential
toxicants; therefore, the exact sediment
component(s) that may have caused any ob-
served toxicity in bioassays are difficult to
identify. This is mainly because relationships
between sediment bioassays and measurements
of sediment contamination are correlational
and it is not possible to attribute toxicity to a
specific contaminant. However, rigorous nu-
merical analysis of relationships between
toxicity and contamination may identify signifi-
cant associations, priority chemicals, or loca-
tions that can be used to form testable hypoth-
eses for further intensive experiments that
could determine the actual causes of toxicity.

The purpose of this study was to examine
the relationships between sediment toxicity and
sediment contamination in San Francisco Bay
in order to identify the contaminant(s) that
were statistically associated with the observed
toxicity. While the results presented do not
demonstrate the cause of sediment toxicity,
they have facilitated the articulation of testable
hypotheses about possible causes. These
analyses are an important step in developing
an understanding about which sediment
components may be causing toxicity in the Bay.
Environmental management requires such
information in order to target source control or
remedial action.

Methods

Data were analyzed from 14 sites sampled
from 1991 to 1995 (Figure 19) under the Re-

gional Monitoring Program (RMP) and the Bay
Protection Toxic Cleanup Program (BPTCP). At
Castro Cove, a spatial gradient of four sites
extending from an old oil refinery discharge
was sampled in May 1992. At the other sites,
seven sites were sampled during eight sam-
pling periods and six sites were sampled four or
five times. Sampling occurred during wet
(February—April) and dry (August—September)
months in the region. Sampling methods used
in the RMP and BPTCP were similar.

NOAA’s Effects Range guidelines (ERLs,
ERMs; Long et al., 1995; Long and Morgan,
1990) were used to evaluate whether sediment
concentrations were within ranges that have
been associated with biological effects. Those
guidelines were from a large national database
and are currently the most widely used and
accepted sediment effects guidelines available.
Interpretation of these guidelines is explained
in the introduction to the Sediment Monitoring
chapter.

Effects Range Median (ERM) values were
also used to calculate a mean ERM quotient
(mERMq). The concentration of each contami-
nant was divided by its ERM to produce a
quotient, or proportion of the ERM. The quo-
tients calculated for all contaminants in each
sample were summed, then divided by the
number of contaminants whose ERMs were
used to calculate each sum. The last step is
useful since the number of contaminants
measured at each site changed over time. Mean
ERM quotient values were used to evaluate the
cumulative contribution of many sediment
contaminants at each site to toxicity. Similar

! This summary contains excerpts from a more extensive RMP Technical Report available from SFEI.
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approaches have been used by Carr et al. (1996)
and Canfield et al. (1996).

Multivariate analyses (principal compo-
nents analysis, PCA and multiple regression) of
relationships between sediment contaminant
concentrations and toxicity test endpoints were
conducted in several steps using Statistical
Analysis System (1995) software (see Technical
Report for more details).

Results
Patterns in Sediment Contamination

Nickel was the only contaminant that was
above the ERM of 51.6 ppm at nearly all sites.
Arsenic, Cr, Cu, Hg, Ni, DDTs, and chlordanes
frequently exceeded ERLs.

There were obvious long-term changes in
some contaminants in some areas (e.g.,
chlordanes in the Northern Estuary, see Sedi-
ment Monitoring Trends in this chapter), as
well as seasonal changes in some contaminants
at some sites, such as PAHs at Alameda. Those
trends and patterns in sediment contamination
may be reflected by trends in sediment toxicity.

Patterns in Sediment Toxicity

Sediments were toxic to amphipods most
frequently (88% of the tests) at Redwood Creek
(Figure 19). The incidence of toxicity decreased,
and mean percent survival increased with
distance from that site, suggesting a possible
local source of contamination. Sediments from
Horseshoe Bay, Red Rock, Davis Point, and San
Joaquin River were never toxic to amphipods,
probably due to the relatively uncontaminated
coarse sediments at most of those sites.

There was temporal variability in the
results of the amphipod tests at most sites
between 1991 and 1995. Percent survival
increased significantly over time at Grizzly Bay,
Napa River, and South Bay. There were also
seasonal (wet, dry) differences in amphipod
toxicity. Overall, percent survival during the
wet periods was significantly lower than during
the dry periods (Wilcoxon 2- sample test,
p=0.003). Seasonal differences in percent
survival were obvious at San Joaquin River,
Grizzly Bay, Alameda, and San Bruno Shoal.

Sediment Monitoring

Sediments elutriates were always ex-
tremely toxic to larval bivalves at the Sacra-
mento and San Joaquin River sites. Fewer than
2.5% of larvae developed normally in samples
from the Sacramento River, and fewer than
4.6% developed normally at San Joaquin River.
The incidence of larval bivalve toxicity de-
creased, and mean percent normal development
increased with distance from those sites.
Toxicity also occurred in half the tests at
Alameda. No larval bivalve toxicity was ob-
served at Pinole Point, Davis Point, San Bruno
Shoal, or South Bay (Figure 19).

Relationships Between Sediment Toxicity
and Sediment Quality Guidelines

Percent survival of Eohaustorius was
significantly inversely correlated with the mean
ERM quotient (mERMgq; Figure 20). This
relationship suggests that many contaminants
present in relatively low concentrations in
sediments together may influence amphipod
toxicity. That plot also provides values that
reflect the potential for sediment samples from
the Bay to be toxic: values below 0.105 were
never toxic, values up to 0.182 were toxic in
about half the tests, values above 0.185 were
toxic in 89.2% of the tests, and values above
0.2195 were always toxic.

No meaningful relationship between
mERM(q and larval bivalve development was
observed (Figure 20). Instead, normal develop-
ment increased with increasing mERMq,
whereas an inverse relationship should be
expected. The lack of a meaningful relationship
with the bivalve test is probably because
mERM(q values were calculated from measure-
ments of contaminants in bulk sediment,
whereas sediment elutriates were used in the
larval bivalve bioassays.

Site Specific Relationships Between
Sediment Concentrations and Bioassay
Endpoints

Sediment contaminant patterns at each site
were different from each other, and changed
over time. Therefore, all samples collected at
each site over time were analyzed together
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providing a site-specific evaluation. Analyses
were only conducted at sites where toxicity
occurred more than once. Analyses using total
organic carbon (TOC) normalized trace organic
concentrations produced the same results as
using dry-weight concentrations except at three
sites. Therefore, dry-weight concentrations are
reported (TOC normalized exceptions are noted
in the full Technical Report).

The results of this analysis for the amphi-
pod bioassays at each station are summarized
on Table 1 which shows the suites of contami-
nants determined by principal components
analysis (PCA) that were most closely associ-
ated with amphipod percent survival using
multiple regression. Also shown are contami-
nants that were directly correlated with sur-
vival, thus probably not important factors,
although all contaminants could contribute

Significant regression models were ob-
tained at half of the site, and more than 60% of
the variation in amphipod survival was ex-
plained by those group of contaminants at all
but at South Bay. The groups of contaminants
identified are those that are most likely to have
contributed the most to the toxicity observed at
each site. Further evaluation of the contami-
nants within each group revealed several
strong relationships with percent survival.

Total chlordanes were related to toxicity at
the Sacramento River, Grizzly Bay, Napa River,
Pinole Point, and Redwood Creek, and were
significantly inversely correlated with amphi-
pod survival at all but Napa River. Combining
the data from those five sites showed that
chlordane concentrations above 0.28 ng/g were
always toxic (Figure 21). That concentration is
very near the ERL of 0.5 ng/g, and the concen-

cumulatively. tration of 0.3 ng/g predicted by equilibrium
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Figure 21. Plot of Eohaustorius percent survival and chlordanes in sediments at the

Sacramento River, Grizzly Bay, Pinole Point, Napa River, and Redwood Creek sites combined,

as identified by multivariate analysis.



partitioning for chronic effects (Pavlou et al.,
1987). There is no sediment LC, for chlordane
effects on Eohaustorius for comparison.

LPAHs and HPAHs were associated with
toxicity at Alameda and San Bruno Shoal.
Although the sample sizes at each station were
small (n=4), the correspondence between toxic-
ity and seasonal patterns of LPAHSs suggested
that wet weather runoff may be the source of
PAHs that were associated with toxicity. Com-
bining the data from those two sites showed
that LPAH concentrations above 474 ng/g were
always toxic and HPAH concentrations above
1,983 ng/g were always toxic (Figure 22). Both
concentrations are very near their respective
ERL values (552 and 1,700 ng/g).

For the bivalve bioassay, only weak relation-
ships between percent normal development and
concentrations were obtained (results not
included in this summary).

Discussion and Conclusions

This study showed that either mixtures of
contaminants (as mERMq) or individual con-
taminants in sediments could account for
toxicity to Eohaustorius in all samples (Table 1).
Overall, cumulative concentrations of contami-
nants in sediments (mERMq) were significantly
associated with percent survival. That relation-
ship was refined for each site using multivariate
analysis which identified groups of contami-
nants that were most highly associated with
toxicity (Table 1).

Individual contaminants identified by
multivariate analysis that were significantly
inversely correlated with percent survival, and
with concentrations above ERLs were probably
more important determinants of amphipod
toxicity than the cumulative effects of multiple
contaminants at most sites. However, since
mERM(q was significantly inversely correlated
with percent survival at Sacramento River and
Castro Cove, mixtures may have been more
important at those sites.

In contrast to the results for the amphipod
bioassay, a statistically significant relationship
between contaminants and reduced larval
bivalve development was observed only at the
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San Joaquin River where several metals were
implicated. Metals in sediments formed the
most consistent, yet weak, pattern related to
larval bivalve toxicity in the Northern Estuary.
The weak relationships between sediment
contamination and reduced bivalve develop-
ment was probably the result of comparing
concentrations obtained from analysis of bulk
sediments with bioassays using sediment
elutriates. Metals were independently impli-
cated based on toxicity identification evalua-
tions (TIEs) conducted at some of the sites (see
Investigating Classes of Compounds Associated
with Sediment Toxicity at Regional Monitoring
Program River Stations in this chapter).

The sites analyzed in this paper were
monitored to provide information on back-
ground, or ambient Bay conditions, and do not
provide a comprehensive assessment of all Bay
sediments. However, many other locations in
San Francisco Bay not sampled by the RMP
have also been shown to be toxic. In particular,
areas near some of the major harbors, closed
military bases, and superfund sites have very
toxic sediments (Hoffman et al., 1994; Long and
Markel, 1992; Chapman et al., 1987;
Risebrough, 1994; Swartz et al., 1994).

The results presented in this study repre-
sent an important intermediate step in the
determination of causes of sediment toxicity in
San Francisco Bay sediments. The associations
between individual sediment contaminants and
amphipod survival provide information that
can be used to pose hypotheses about the
causes of toxicity in Bay. One hypothesis is that
total chlordane concentrations in sediments
above 0.28 ng/g causes significant mortality to
Eohaustorius. Another hypothesis is that
HPAHSs above 1,983 ng/g, and LPAHs above 474
ng/g cause significant mortality. Other hypoth-
eses about the toxicity of mixtures of those
contaminants identified by multivariate analy-
sis could also be tested. Further research needs
to be conducted on elutriate or pore water
chemistry and trace metals bioavailability at
the San Joaquin and Sacramento Rivers to
determine whether metals could be causing
acute toxicity to bivalve larvae. Determination
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Figure 22. Plot of Eohaustorius percent survival and high molecular weight PAHs
(HPAH) and low molecular weight PAHs (LPAH) in sediments at the Alameda and San
Bruno Shoal sites combined, as identified by multivariate analysis.
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of the causes of sediment toxicity observed in
monitoring will ultimately require evidence
from numerical analysis of monitoring data and
manipulative experiments. Such experiments
could include TIEs, laboratory and/or in situ
sediment spiking and dose-response tests at
concentrations shown to be associated with
toxicity in this paper.
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Investigating Classes of Compounds Associated with
Sediment Toxicity at Regional Monitoring Program
River Stations

Bryn M. Phillips, Brian S. Anderson, and John W. Hunt
Institute of Marine Sciences, University of California, Santa Cruz, CA

Introduction

Since Regional Monitoring Program (RMP)
sampling began in the winter of 1993, three
stations have exhibited consistent toxicity to
bivalves, and intermittent toxicity to amphipods.
Significant toxicity to bivalves has been detected
in all but one of the sediment elutriate samples
from the Grizzly Bay, Sacramento River, and San
Joaquin River stations (see Thompson et al., this
chapter). The cause(s) of this toxicity are not
obvious. Because these sediments contain com-
plex mixtures of several contaminants, it is
difficult to associate measured contaminants
with toxicity using traditional statistical correla-
tions. Although elevated pesticide and metal
concentrations have been detected in some of the
water column samples at these sites, sediment
concentrations of organic chemicals and metals
have not exceeded published sediment quality
guidelines (e.g., ERMs) for any of the contami-
nants measured. In addition, unionized ammonia
and hydrogen sulfide measured during the
toxicity tests did not exceed known bivalve effect
concentrations for these sediment constituents.

The three stations mentioned above are
essentially freshwater stations, although there is
some tidal influence in Grizzly Bay. Because
RMP samples have been tested with marine/
estuarine species, sediment elutriates are pre-
pared by mixing the sediments with water at the
test salinity of 28%e. It is not clear what effect
elution of freshwater sediment with higher saline
water has on toxicant bioavailability or sediment
toxicity.

To better characterize the causes of toxicity,
we conducted Phase I Toxicity Identification
Evaluation (TIE) manipulations on sediment
elutriates from Grizzly Bay, Sacramento River,
and San Joaquin River. Combining TIE data with

measurements of trace metals and organics in
sediment elutriates provided evidence leading
toward the identification of chemical compounds
associated with sediment toxicity.

In addition to the amphipod solid-phase
tests and bivalve elutriate tests, we also exposed
bivalve larvae to solid-phase sediment from the
three river sites using a Sediment-Water Inter-
face exposure system (Figure 23, Anderson et
al., 1996). This exposure system mimics situa-
tions that may occur in nature when negatively
buoyant bivalve embryos contact sediment
before hatching. For this test, intact
(unhomogenized) sediment cores were taken
directly from the grab sampler. Intact cores
were used rather than sediment homogenates in
order to minimize artifacts caused by sediment
mixing. Freshwater sediment samples were
tested with bivalve larvae (Mytilus sp.) at 28%o
overlying water salinity. This system allows for
a more ecologically relevant exposure of
epibenthic species, and comparison of test
results allows evaluation of possible effects
related to the elutriate preparation process.

In addition to TIE manipulations and
Sediment-Water Interface (SWI) exposures
conducted in August 1996, we also conducted a
TIE manipulation of the overlying water in SWI
exposures in February and August 1997. Based
on results of the Phase I TIE manipulations of
elutriate samples, EDTA was added to the
overlying water to chelate and reduce the
toxicity of divalent cations such as some trace
metals potentially fluxing from the sediment.

In order to examine the possible effects of
eluting freshwater samples in water near
marine salinity, we also conducted freshwater
elutriate tests using the cladoceran,
Ceriodaphnia dubia.
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Methods
Phase | Toxicity Identification Evaluations
Elutriate Preparation

All toxicity testing and sample manipula-
tions were conducted at the Marine Pollution
Studies Laboratory at Granite Canyon.
Elutriate solutions were prepared by adding
200 grams of sediment to 800 mL of Granite
Canyon seawater (adjusted to 28%. with dis-
tilled water) in each of 4 clean 1-liter borosili-
cate glass jars with Teflon®-lined lids (1:4
volume to volume ratio; US EPA/ACOE, 1991).
These mixtures were shaken vigorously for 10
seconds, then allowed to settle for 24 hours
(Tetra Tech, 1986). The resulting supernatant
was siphoned off for use in toxicity testing, TIE
manipulations, and chemical analyses.

Chemical Analysis

Elutriate metals extraction was conducted
by Mike Gordon at the Moss Landing Marine
Laboratories, and analysis was conducted by
Jon Goetzl at the Department of Fish and
Game Trace Metals Analytical Facility. The
liquid-liquid extraction method using APDC-
DDDC-chloroform followed the procedure
described by Bruland et al. (1979). Chemistry of
both filtered and unfiltered samples was
analyzed for metals. Samples were filtered
using a 0.45 um Teflon filter. Trace organics
analysis was conducted by Walter Jarman at
the University of California, Santa Cruz, using
standard RMP trace organics methods (Appen-
dix A). Bulk phase and elutriate chemical
concentrations were compared to sediment
quality guideline values proposed by NOAA.
These were the Effects Range Low (ERL) and
Effects Range Median (ERM) developed by
Long et al. (1995).

Toxicity Testing

Prior to subjecting the samples to TIE
manipulations, initial rangefinder tests were
conducted to determine levels of sample toxic-
ity. Initial elutriate tests were conducted at 25,
50, and 100% concentrations. At the termina-

tion of the initial tests, three concentrations
that bracketed the EC, of the initial test were
chosen to use in the TIE. Grizzly Bay and
Sacramento River samples were tested at 25,
50, and 100%, and the San Joaquin River
sample was tested at 10, 25, and 100%
elutriate. Bracketing the EC,  value with three
concentrations increased the chance of detect-
ing differences in toxicity using the various TIE
manipulations.

Phase I TTE manipulations followed meth-
ods described by US EPA (1996). A brief de-
scription of the treatments follows. C18 solid-
phase extraction columns remove non-polar
organic compounds. Subsequent elution of the
column with methanol will remove stripped
organics that can be added back to clean
dilution water for testing. Graduated pH
adjustments (7.9, 8.1, and 8.4) assess toxicity of
ionic constituents such as ammonia. Sample
aeration (one hour) assesses volatile constitu-
ents such as sulfide. EDTA addition tests for
toxicity from divalent cations. The addition of
piperonyl butoxide (PBO) tests for the presence
of metabolically activated pesticides such as
diazinon. Each manipulation was conducted on
three concentrations of elutriate and a control.
Controls consisted of Granite Canyon seawater
diluted to 28%0 with distilled water, and served
as blanks for TIE treatments.

Because of limited data on the effects of pH
on bivalve larvae, and because previous bivalve
elutriate tests conducted for the RMP demon-
strated toxicity in samples with low pH, we
conducted rangefinder tests to determine the
toxicity of graduated pH treatments. Three
separate bivalve larval development tests were
conducted on pH treatments ranging from
seven to nine in quarter pH unit increments.
pH was maintained in 20 mL test containers by
filling the container completely, leaving no head
space. Initial and final pH readings were within
0.1 pH unit of target.

TIE results were compared using Analysis
of Variance between treatments within each
elutriate concentration. Results were also
compared by converting each treatment’s dose/
response into toxic units (1 TU = 100/EC, ).



Toxic units from each treatment were compared
qualitatively for differences.

Sediment-Water Interface Exposures

Intact sediment cores were sampled di-
rectly from a modified van Veen grab sampler
during routine sediment sampling for the RMP.
Cores were brought back to the laboratory and
prepared for testing by adding 300 mL of 28%.
overlying water, and were allowed to equili-
brate overnight with slow aeration. Before test
initiation, 25 pm mesh screen tubes were
inserted into the core tubes containing the
sediment, so that the screen was positioned
about 1 cm above the sediment. Approximately
200 mussel embryos were pipetted into the
screen tubes and exposed for 48 hours. Tests
were terminated by removing the screen tube
and rinsing larvae into vials to be fixed with
5% formalin. All resulting larvae were counted
in each test container at the end of the expo-
sure to determine the percentage of embryos
that developed into live normal larvae. This
value was determined by dividing the observed
number of normal prodisoconch larvae at the
end of the test by the mean number of live
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embryos inoculated at the beginning of the test.
Sediment-Water Interface exposures were
conducted concurrently with Phase I TIE
manipulations.

Sediment-Water Interface TIEs

Results of Phase I TIEs conducted on
elutriates in August 1996 indicated that re-
moval of divalent cations reduced sample
toxicity. To see if cation chelation would miti-
gate toxicity in SWI exposures, EDTA was
added to overlying water in intact sediment
cores from Grizzly Bay in February 1997. A
second set of cores served as a baseline test.
Cores of clean sand were also tested, with and
without EDTA, as controls. As a follow-up to
this test, a similar test was performed on intact
cores and homogenized cores from all three
sites in August 1997. Overlying water chemis-
try was not measured in these samples.

Ceriodaphnia Elutriate Exposure

To investigate whether changes of sample
salinity in the preparation of elutriates was
affecting toxicity, we conducted freshwater
elutriate tests using the cladoceran

Table 2. Results of TIE Initial Test, SWI, and definitive TIE manipulations for
Grizzly Bay (BF20) sampled August 1996. * indicates significantly reduced toxicity
compared to Baseline treatment (ANOVA, p = 0.05). ** indicates significantly increased
toxicity compared to Baseline treatment. *** indicates no significant difference from Eluate
blank. IS indicates insufficient sample was available to conduct tests for these treatments.
pH, ammonia and sulfide were measured in 100% sample.

Percent Unionized  Hydrogen
Normal Elutriate Concentration Toxic Ammonia Sulfide
Development [Control 25%  50% 100% Units pH (mg/L) (mg/L)
Initial 81% 64 1 0 2.9 7.45 0.004 0.074
Swi 72 65 8.05 ND 0.023
Baseline 95 83 0 0 2.8 7.85 0.054 0.037
EDTA 65** 68 51* 0 1.5 7.94 0.017

Aeration 84 80 0 0 2.7 8.11 0.025

Filtration 95 82 0 0 2.8 7.92 0.015

Column 84 91 0 0 2.7 7.95 0.012

Eluate 89 85*** QO 88*** 7.96 0.002

pH 7.9 83 IS 0 IS 7.92 IS

pH 8.1 76** IS 0 IS 8.15 IS

pH 8.4 79 IS 0 IS 8.43 IS

PBO 85 83 0 0 2.7 7.77 0.007
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Ceriodaphnia dubia. Forty-eight-hour acute
toxicity tests with Ceriodaphnia were con-
ducted in August 1997 using neonates that
were less than 24 hours old (US EPA, 1993).
Elutriate samples were prepared as described
above, but used moderately hard dilution water
rather than 28%. seawater (US EPA, 1993).

Results
Initial Elutriate Tests and SWI

All three concentrations of Grizzly Bay
elutriate were significantly toxic (Table 2).
Sixty-five percent of exposed larvae developed
normally in the SWI test, which was not
significantly different from the response in the
SWI control (72%). Sacramento River elutriate
was significantly toxic at 50 and 100% concen-
trations (Table 3). The SWI test produced 15%
normal larvae, which was significantly different
from the SWI control. Sediment elutriates from
the San Joaquin River were significantly toxic
at all concentrations (Table 4). The SWI expo-
sure resulted in 46% normal larvae, which was
significantly different from the control re-
sponse.

pH Rangefinder. In studies of pH-adjusted
clean Granite Canyon seawater, sample pH
beyond the range of 7.75 to 8.75 resulted in
significantly decreased rates of normal bivalve
larval development (Figure 24). Based on
previous experience with larval TIEs, we chose
more conservative limits for actual TIE ma-
nipulations (7.9-8.4).

Sediment and Elutriate Chemistry

As of this writing, sediment chemistry had
not yet been analyzed for the 1996 and 1997
samples, but a survey of chemistry from 1993—
1995 indicates that there were exceedances of
Effects Range Low (ERL) values for As, Cr, Cu
and Hg, but no exceedances of Effects Range
Median (ERM) values for the River sites, with
the exception of nickel. Nickel concentrations
exceeded the ERM on every sampling occasion.
It should be noted that there is low confidence
in the current nickel guideline (Long et al.
1995). There were no exceedances of either ERL
or ERM values for PAHs and PCBs, but p,p’-
DDE and dieldrin exceeded ERL values on
several occasions. Chlorpyrifos and diazinon
were below detection limits in bulk sediment at
all three sites. Although analysis of selected

Table 3. Results of TIE Initial Test, SWI, and definitive TIE manipulations for
Sacramento River (BG20) sample August 1996. * indicates significantly reduced
toxicity compared to Baseline treatment (ANOVA, p = 0.05). ** indicates significantly
increased toxicity compared to Baseline treatment. *** indicates no significant difference
from Eluate blank. pH, ammonia and sulfide were measured in 100% sample.

Percent Unionized Hydrogen
Normal Elutriate Concentration Toxic Ammonia  Sulfide
Development Control 25% 50% 100% Units pH (mg/L) (mg/L)
Initial 81% 78 42 0 1.7 7.5 0.001 0.065
SWI 72 15 8.0 ND 0.019
Baseline 94 83 34 0 2.3 7.79 0.001 0.036
EDTA 75** 71 27 0 2.3 7.8 0.001

Aeration 82 80 38 0 2.1 8.05 0.002

Filtration 99 81 28 0 25 7.83 0.002

Column 88 92 48* 0 1.9 7.83 0.002

Eluate 88 7xxx  G7FRk Qlrwx 7.95 0.002

pH 7.9 78 67** 39 0 2 7.92 0.003

pH 8.1 67** 77 32 0 2.1 8.16 0.004

pH 8.4 69** 57** 32 0 2.1 8.39 0.006

PBO 87 81 34 0 2.2 7.95 0.002
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Figure 24. pH tolerance limits for Mytilus spp. Error bars indicate one SD.

Table 4. Results of TIE Initial Test, SWI, and definitive TIE manipulations for San
Joaquin River (BG30) sampled August 1996. * indicates significantly reduced toxicity
compared to Baseline treatment (ANOVA, p = 0.05). ** indicates significantly increased
toxicity compared to Baseline treatment. ** indicates no significant difference from Eluate
blank. pH, ammonia and sulfide were measured in 100% sample.

Percent Unionized  Hydrogen
Normal Elutriate Concentration Toxic Ammonia Sulfide
Development  Control 25% 50% 100% Units pH (mg/L) (mg/L)
Initial 81% 0 0 0 8 6.48 0.002 0.274
SWiI 82 46 8.00 0.002 0.023
Baseline 92 48 3 0 5.6 6.76 0.004 0.201
EDTA 75 65 0 0 6.1 6.74 0.004

Aeration 96 63 3 0 7.3 6.62 0.006

Filtration 88 1 0 0 19.8 6.62 0.003

Column 94 68 0 0 6.8 6.68 0.004

Eluate 94 Q7*kx 8@k Qwkk 7.95 0.002

pH 7.9 85 15** 0 0 16.5 7.88 0.006

pH 8.1 81 26** 0 0 13.6 8.1 0.012

pH 8.4 83 26** 0 0 13.7 8.44 0.012

PBO 86 46 0 0 9.1 6.58 0.002
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Table 5. Results of metals analysis for filtered and unfiltered
elutriate samples and control water. @Martin et al., 1981, PMPSL

unpublished data.

Station Name Elutriate Matrix ~ Ag Cd Cu Zn
MO/L  pg/l g/l pg/l
Grizzly Bay (BF20) Filtered 0.0015 0.385 0.377 4.900
Unfiltered 0.0131 0.398 2.520 6.350
Sacramento River (BG20) Filtered 0.0030 1.59 0.889 5.510
Unfiltered 0.0052 152 2.100 7.210
San Joaquin River (BG30) Filtered 0.0026 0.172 0.170 3.930
Unfiltered 0.0030 0.135 0.390 2.850
Granite Canyon Water Filtered 0.0029 0.067 0.042 2.030
Unfiltered 0.0009 0.188 0.133 0.716
Mytilus EC, 142 3530° 5.82 1752

metals in sample elutriates showed concentra-
tions well below the effect limits for Ag, Cd, and
Zn, the Cu concentration approached the EC_
value of 5.8 (Table 5, Martin et al., 1981).
Pesticides, PCBs, and PAHs in the elutriates
were below known effects thresholds for
bivalves, but total chlordane in the elutriate did
exceed the ERL at Grizzly Bay (Table 6).

Grizzly Bay (BF20) TIE

Addition of EDTA significantly reduced
toxicity of the 50% dilution of this elutriate
sample (Table 2). This treatment was signifi-
cantly less toxic than the Baseline treatment.
The EDTA treatment produced 1.5 toxic units
compared to 2.8 in the Baseline test and 2.9 in
the Initial test. These results suggest that
divalent cations contributed to toxicity in this
sample. It should be noted that the EDTA
control was significantly more toxic than the
Baseline control. Though this suggests EDTA
toxicity in the full strength sample, in the 50%
sample EDTA probably was not toxic due to
dilution.

The elute treatments were not significantly
more toxic than the elute blank. This result
corroborates the result from the C18 Column
treatment: non-polar organic chemicals were
probably not a cause of toxicity, since their
potential removal from the sample by the
column did not affect sample toxicity, and no

toxic compounds could be eluted back off the
column. Unionized ammonia was below effects
threshold, and pH levels were within the
acceptable range. However, baseline concentra-
tions of hydrogen sulfide were above the effects
limits for Mytilus (0.0053 mg/L, Knezovich et
al., 1997). There was no mitigation of toxicity in
the aeration or graduated pH manipulations,
which would be expected if sulfide were the sole
cause of toxicity. Similar concentrations of
sulfide were found in the SWI exposure, which
produced results that were not significantly
different from the controls.

Sacramento River (BG20) TIE

Toxicity was significantly mitigated in the
50% concentration by the C18 Column treat-
ment (Table 3). Although the column removed
some toxicity, no compounds were eluted off the
column in toxic concentrations. Toxicity did not
occur in the eluate treatment probably because
the eluate concentrations were tested at 25% of
the original elutriate strength in order to
minimize toxicity associated with the methanol
used to elute the column. The Column treat-
ment produced 1.9 toxic units. This was lower
than the Baseline treatment (2.3), but higher
than the Initial test (1.7). Reduced toxicity in
the Column treatment suggests that non-polar
organic compounds might be the cause of some
of the observed toxicity in the Baseline test.
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Table 6. Results of selected pesticide, PCB, and PAH analyses for

elutriate samples and control water.

Station Name

Total PAH Total PCB Total DDT Total Chlordane

ng/L ng/L ng/L ng/L
Grizzly Bay (BF20) 79.6 4.09 1.36 0.78
Sacramento River (BG20) 55 3.29 0.80 0.40
San Joaquin River (BG30) 4.1 10.60 0.46 0.40
Granite Canyon Water 2.3 1.17 0.92 0
NOAA ERL 4022.0 22.70 1.58 0.50

Increased toxicity was noted in the 25% concen-
tration of the pH 7.9 and pH 8.4 treatments.
The cause for this is unknown.

Unionized ammonia and pH were within
acceptable limits, but hydrogen sulfide ex-
ceeded the effects limit for Mytilus. A similar
concentration of hydrogen sulfide was found in
the SWI exposure, which had significant
toxicity. Toxicity was not significantly reduced
in the aeration or graduated pH treatments,
which indicates that hydrogen sulfide was not
the principal cause of toxicity.

San Joaquin River (BG30) TIE

Toxicity was not significantly mitigated in
any of the TIE manipulations performed on this
sample (Table 4). The Baseline hydrogen sulfide
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Figure 25. Results of EDTA treatments
on overlying water of Sediment-Water
Interface exposures from Grizzly Bay.

concentration (0.201 mg/L) was above the
effects limit, and may have played a role in the
toxicity of the elutriate tests. Again, lack of
mitigation of toxicity in the aeration or gradu-
ated pH manipulations suggests other causes of
toxicity. The ambient pH of the elutriate sample
was well below the acceptable limit for Mytilus.
Graduated pH treatments did not mitigate
toxicity, and toxicity also occurred in the SWI
exposure where pH was within acceptable
limits. It appears that other factors must be
involved. There was slight but statistically
insignificant mitigation of toxicity in the EDTA,
Aeration and C18 Column treatments, perhaps
indicating a combination of toxic contaminants.

Sediment-Water Interface TIE
Manipulations

SWI exposures conducted in February 1997
produced no toxic response, therefore no mitiga-
tion is noted in the EDTA samples (Figure 25).
This test demonstrated that the concentration
of EDTA used in the overlying water would not
be toxic in this exposure system.

SWI exposures conducted in August 1997
produced significantly toxic responses in intact
cores from Sacramento River and San Joaquin
River (Figure 26). Less EDTA was added to
overlying water in this test, and no mitigation
of toxicity was seen, therefore only the SWI
data are presented. We prepared an additional
SWI exposure with homogenate of the same
sediment sample, creating a SWI exposure with
homogenized instead of intact cores. All three
sites were significantly toxic to bivalve larvae,
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Figure 26. Results of Sediment-Water
Interface exposures conducted on
intact cores.

with Grizzly Bay the most toxic at 19% normal
development (Figure 27). This is in contrast to
the exposure with intact cores, where Grizzly
Bay was not significantly toxic.

The addition of EDTA mitigated toxicity in
homogenized cores from Grizzly Bay and San
Joaquin River (Figure 25). Toxicity in the
Grizzly Bay and San Joaquin River exposures
was reduced by 57% and 32% respectively.
Overlying water metals concentrations were
not measured in either the intact or homog-
enized cores, but mitigation with EDTA sug-
gests divalent cations were associated with
sample toxicity.

Intact core samples have generally been
more toxic than homogenized samples in
previous SWI tests (Anderson et al., 1995). In
this study, however, the Grizzly Bay homoge-
nate was more toxic than its intact core coun-
terpart (Figure 25 versus Table 2).

Ceriodaphnia Elutriate Exposure

There were no mortalities in any of the
freshwater elutriates tested. Survival in the
control treatment was also 100%. A concurrent
Ceriodaphnia reference toxicant test with
copper produced an acceptable dose response
curve, with an LC_ of 14.87 ug/L, indicating
normal sensitivity of the test organisms.

Discussion

Elutriates (seawater extracts) of all samples
were significantly toxic. Corresponding SWI
exposures were significantly toxic in two of the
three samples (Sacramento River and San
Joaquin River). In Toxicity Identification Evalua-
tions (TIEs), EDTA chelation treatments signifi-
cantly reduced toxicity in the Grizzly Bay
sample, indicating divalent cations such as some
trace metals may have been responsible. Carbon
column filtration significantly reduced toxicity in
the Sacramento River sample, indicating non-
polar organics may have contributed to toxicity.
Although some toxicity was mitigated by the C18
column in the Sacramento River TIE (Table 3),
past bulk phase chemistry data for RMP Sacra-
mento River sediment samples show low levels of
measured organic contaminants. The pH value of
San Joaquin River elutriate samples were low
enough to cause the observed toxicity at this site,
but pH manipulations did not mitigate toxicity,
and toxicity was observed in the corresponding
SWI test, where pH was within acceptable limits.
Follow-up TIE manipulations utilizing EDTA in
the overlying water of SWI exposures suggest
divalent cations were responsible for toxicity in
Grizzly Bay SWI samples and, to a lesser extent,
in San Joaquin River SWI samples.

Divalent cations appear to have contributed
to the toxicity of some River samples at different
times during the past year. Although none of the
metals measured in this elutriate study had
concentrations above effects limits, copper did
approach the Mytilus EC, | for this metal in
Grizzly Bay elutriate (Table 5). Silver, cadmium,
copper, and zinc were the only metals measured,
and might have contributed to toxicity. Combina-
tions of certain metals have been shown to be
additive in their toxicity. Masnado et al. (1995)
found that combinations of metals including
cadmium, chromium, copper, nickel, and zinc
with concentrations below NPDES water quality
permit limits were toxic to Ceriodaphnia dubia.
If metals additivity was a factor, Grizzly Bay
exhibited the highest overall metals concentra-
tions measured for the August 1996 TIE manipu-
lations.
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Preliminary experiments with TIE manipu-
lations of the overlying water in SWI exposures
suggest divalent cations as a possible cause of
toxicity in Grizzly Bay and San Joaquin River.
Toxicity was significantly reduced in overlying
water when treated with an adequate concen-
tration of EDTA. These results agree with
Phase I TIE results on Grizzly Bay elutriates,
suggesting metals are a possible cause of
toxicity at the site. Although the San Joaquin
River elutriate TIE was inconclusive, toxicity in
SWI exposures, and the removal of toxicity with
EDTA, indicates metals toxicity. The low pH
levels found in the tests with San Joaquin
River, may have contributed to toxicity at that
site because the toxicity of metals such as
copper and lead tend to increase as pH de-
creases (Schubauer-Berigan et al., 1993).
Therefore, low pH, coupled with moderate
concentrations of metals may have caused
greater relative concentrations of bioavailable
metal ions.

Elutriate exposures with Ceriodaphnia
showed no mortalities. In-house (MPSL—
Granite Canyon) reference toxicant testing with

Ceriodaphnia has produced a mean 48 hour
LC,, value of 22.2 ug/L Cu. This value is four
times higher than the Mytilus EC, of 5.8 ug/L
(Martin et al., 1981). Although Ceriodaphnia
are known to be less sensitive than Mytilus
larvae, they are one of the most sensitive
freshwater species that can be tested using the
elutriate matrix. Bivalve toxicity might be
affected by elutriate preparation with seawater
or there might be some natural factor in fresh-
water sediments that is toxic to marine
bivalves. Potential metals toxicity in these
samples might be occurring at levels below the
sensitivity of Ceriodaphnia acute tests. Chronic
tests with Ceriodaphnia might provide better
resolution of metals toxicity.

Conclusions

Results of TIE manipulations, SWI expo-
sures, and SWI/EDTA exposures suggest some
possible causes of toxicity in Grizzly Bay,
Sacramento River, and San Joaquin River
samples. Mitigation of toxicity in Grizzly Bay
samples by EDTA manipulations in the TIE
and in the SWI/EDTA exposure indicate diva-
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lent cations are the likely cause of toxicity. SWI/
EDTA exposures for the San Joaquin River also
suggest divalent cations. Although toxicity
occurred in Sacramento River elutriate and SWI
exposures, TIE results were inconclusive.
Ceriodaphnia test results indicate either that
bivalves are more sensitive to toxicants in these
samples or that elutriate preparation with
seawater is changing the bioavailability of
contaminants. Further work is needed to isolate
the exact causes of toxicity at the River sites.
We suggest an extension of Phase I TIE manipu-
lations, including use of a cation exchange
column that will enable us to add back metals
after their removal from the sample. We would
also like to propose experiments on metals
additivity and the implementation of Phase II
TIE manipulations. In the case of the Grizzly
Bay and San Joaquin River stations, it would be
instructive to measure divalent ion concentra-
tions of specific metals and compare these
concentrations to effects concentrations mea-
sured in laboratory dose-response experiments.
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Sediment Monitoring

Progress Report on the Benthic Pilot Study

Bruce Thompson, San Francisco Estuary Institute, Richmond, CA
Heather Peterson, Department of Water Resources, Sacramento, CA
Michael Kellogg, City and County of San Francisco, CA
and Sarah Lowe, San Francisco Estuary Institute, Richmond, CA

Introduction

The RMP Benthic Pilot Study was started
in 1994 because it was important for the
Program to include some measurement of the
condition of resident biota in order to evaluate
whether or not ecological effects from contami-
nation actually occur in the Estuary. Benthic
macrofauna are monitored in all major national
and regional monitoring programs in the
United States (EMAP, NOAA Status and
Trends, Chesapeake Bay, and Puget Sound).
Benthos are monitored because they inhabit
sediments where they may be exposed to
elevated contaminant concentrations. Since
they are generally not very motile, benthic
organisms can be reliable indicators of sedi-
ment conditions within a local area. Addition-
ally, benthos may accumulate and transfer
contaminants from sediments into the estua-
rine food web as benthos provide food for
bottom feeding fish and birds. They also facili-
tate other important sediment functions, such
as nutrient and carbon flux, by their burrowing
and feeding activities.

The objective of this Pilot Study is to
evaluate the use of benthic information for
determining environmental conditions in the
Estuary. While the focus for the RMP is con-
taminant effects on the benthos, there is also a
need to understand natural variations of the
benthos in space and time as influenced by
freshwater flows, salinity, sediment-type, and
invasions of other species.

This report summarizes progress made on
the Benthic Pilot Study in 1996 which has
focused on refining descriptions of benthic
assemblages in the Estuary and on the determi-
nation of benthic “reference” sites.

Methods

The Benthic Pilot Study is a collaborative
project. It includes samples collected at RMP
stations, the Regional Board’s proposed refer-
ence sites, Bay Area Discharger’s Association’s
(BADA) Local Effects Monitoring (LEM) sites
near some of the major Publicly Owned Treat-
ment Works (POTW) outfalls in the Estuary,
and the California Department of Water Re-
sources’ (DWR) compliance monitoring stations
in the Northern Estuary and Delta (Figure 28).
All samples have been combined to provide an
Estuary-wide evaluation of benthic assem-
blages over the past three years, which were
rather different water-year types.

Sampling and analysis have been described
in the 1994 and 1995 Annual Reports. Several
modifications or additions were made in 1996.
DWR added several new sampling sites in the
Delta, and dropped several others (Figure 28).
Single samples were collected at four RMP
Wetland Pilot Study sites in China Camp in
March 1996. Overall, 424 benthic samples
collected from 44 sites were included in the
analysis.

In attempting to relate benthic species
composition and abundances to sediment
contamination, one of the biggest problems
encountered was that sediment chemistry was
not sampled at all sites. In particular, DWR
does not sample sediment contaminants.
Fortunately, three of their sites are within a
mile and are of similar sediment type as RMP
sites where sediment contamination is moni-
tored. Therefore, at Sacramento River, Grizzly
Bay, and Pinole Point, RMP sediment data is
used along with DWR benthos sampled in the
same month.

Ordination and classification analyses were
used to group sites based on similarities in
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Figure 28. Benthic sediment sampling sites. Circled DWR sites were added, slashed DWR sites
were dropped in 1996. For the location of the China Camp wetland site, see the Wetland Pilot Study
article in Chapter Six: Pilot and Special Studies.

species composition and abundances at each of as communities. The geographic scale of an
site (Smith et al. 1988). assemblage may vary depending on responses
Results of t.he‘z organisr.ns to physical factors su‘ch as
salinity or sediment type (e.g., sand, silt, etc.),
Defining a “reference”, “normal”, or and biological factors such as competition or
unimpacted benthic assemblage requires a predation. However, it is important to recognize
clear understanding of the biological and that an assemblage is a manifestation of
physical characteristics of the various benthic responses by individual organisms to physical
assemblages in the Estuary, and their natural gradients and biological interactions.

variation. An assemblage is a term used to
describe the association of benthic species that
inhabit a location; assemblages may be thought



Benthic Assemblages of San Francisco
Estuary

Three major benthic assemblages, each
with sub-assemblages, have been identified
through ordination and classification analyses
(Figure 29). The sites that were included in
each assemblage are shown in Table 7. These
assemblages may be slightly different from
those described in previous Annual Reports as
each year the analyses includes another year
of data. The most common and abundant
species collected in each assemblage are listed

on Table 8.

Sediment Monitoring

All of the DWR sites from the Delta and
Rivers, where water is fresh or brackish, were
grouped together because they had similar
species composition and abundances. Sites with
muddy or sandy sediment types were each
inhabited by similar species, but were charac-
terized by shifts in numerical dominance (Table
8). Some of the sites sampled at different times
were variously classified in different sub-
assemblages (Table 7), and sites in Suisun Bay
appear to represent the transition from brack-
ish water to estuarine conditions and included
species characteristic of both the Fresh / Brack-

ish, and Estuarine assemblages. Those results

Table 7. Benthic monitoring sites included in each benthic

assemblage.

Assemblage
sub assemblage

Sites Name (Code)

Fresh and Brackish
(oligohaline)
Muddy sediments

Sandy sediments

Estuarine transition

Estuarine
(euryhaline)
Muddy sediments

Contaminated seds

Central Bay
(stenohaline)
Muddy sediments

Sandy sediments

Franks Tract (D19)
Old River (D28A)

Sherman Is. (D11)
Twitchell Is. (D16)

Rio Vista (D24)
Collinsville (D4)

Grizzly Bay (D7)
CCCsD

Pacheco Creek (D6)
Petaluma R. (BD15)
Petaluma R. (D41A)
South Bay (BA21)
SFO2

Castro Cove

SFO1

Alameda (BB70)
EBMUD

Redwood Ck. (BA41)

Red Rock (BC60)

Buckley Cove (P8)
Clifton Court (C8)
Rio Vista (D24)
Collinsville (D4)

Twitchell Is. (D16)

Pacheco Creek (D6)
Collinsville (D4)

Davis Point (BD41)
Pinole Point (D41)
Grizzly Bay (D7)
SFO3

CCCsD

China Camp

Horseshoe Bay (BC21)
Yerba Buena Is. (BC11)
San Bruno Sh. (BB15)
CCSF
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reflect responses of the organisms to seasonal
changes in flow, salinity, or sediment type. Thus,
the Fresh / Brackish Assemblages are dynamic; a
site may alternately be inhabited by different
species with varying abundances in response to
changes in the physical environment.

Sites from the Northern Estuary and South
Bay were grouped together in an Estuarine
Assemblage dominated by the clam
Potamocorbula amurensis. In contrast to other
major assemblages, estuarine assemblage sites
with muddy and sandy sediments were grouped
together as they apparently had similar species
and abundances. That assemblage included the
RMP South Bay site, approximately equidistant
to the Golden Gate as the Northern Estuary
sites, thus similar salinities. Sites in Castro Cove
and in the wetland channels at China Camp
formed a related but distinct assemblage which,
as will be shown, appears to be moderately
impacted by contamination.

The RMP and LEM Central Bay sites were
grouped together. Sub-assemblages with muddy
or sandy sediments (only one site) were identi-
fied. The muddy sediment assemblage included
the sites near the East Bay Municipal Utility
District (EBMUD) and City and County of San
Francisco (CCSF) outfalls which apparently were
similar to the other Central Bay sites. The
Central Bay assemblages were dominated
by several species of amphipods (Table 8).

along two multivariate dimensions (axes) that
optimize the variation in species composition
and abundances among the sites. It is assumed
that the axes represent environmental gradi-
ents that influence the variation among the
sites. Since the Delta sites are on the left end,
and the Central Bay sites on the right end of
Axis 1, a salinity gradient is suggested. Corre-
lation analysis substantiated that observation.

Salinity was the abiotic variable most
highly correlated with the Axis 1 ordination
scores (Table 9). However, several other vari-
ables were also significantly correlated with
Axis 1 scores, indicating that salinity was not
the only influence along Axis 1, or that other
variables covaried with salinity. Total sus-
pended solids (T'SS) was also significantly
correlated with Axis 1, but the number of sites
where TSS was measured was restricted. There
were few strong correlations with Axis 2 scores.
Besides T'SS again, Total organic carbon (TOC)
was most highly correlated with Axis 2. Axis 3
(not shown) was associated with sediment type.
Percent sand, fines, and depth were each
significantly correlated with Axis 3 scores.
Delta outflow, near-bottom water temperature
and dissolved oxygen (DO) were not signifi-
cantly correlated with any of the axes.

Table 9. Rank correlation coefficients for several

abiotic variables and ordination axis scores. *

Factors that Influence Assemblages

significant at a=0.05; ** significant at 0=0.01.

While it appears obvious that the
assemblages (defined above) obtained were
related to the estuarine salinity gradient, no
salinity data was included in the ordination
and classification analyses. Those analyses
only included species and abundances at
each site. In order to help understand which
physical factors may influence the distribu-
tion of the benthos, ordination and physical
measurements were analyzed together.

The distribution of the benthic sites
along the first two ordination axes is shown
on Figure 29. Each point is a site, and sites
in each benthic assemblage are identified by
a different symbol. The sites are arranged

Abiotic n Axis 1 Axis 2 Axis 3
Variable

Salinity 336 .808** -.123* -.072
Temperature 306 -.113* .061 .074
Depth 284 176%* .164 -.544**
% Sand 422 -.062 -.121* -.558**
% Fines 422 .047 122* .555**
% Gravel 422 .306** .002 -.151**
TOC 419 -.496** .346** .390**
TSS 52 -.572** -.538** .550**
mERMq 113 A31** .297* .266**
Dflow 394 -.009 -.031 -.081
O 58 112 -.126 -.145

2




Table 10. Mean (range) of key physical variables for the

benthic assemblages in San Francisco Estuary.

Sediment Monitoring

should not be assumed that
because sediments at a site

are contaminated, or toxic in

Assemblage Salinity  Silt-Clay (%)  TOC (%) laboratory tests, that the
Fresh and Brackish ben1fhos that inhabit the. site
(oligohaline) are 1.m1.)acted by contaminants.
Muddy sediments 0.68 71.8 3.86 Prehn.unary taﬁsessments of
(0-5.1) (1-100) (3-21.7) benthl‘c condition should be
made independent of knowl-
Sandy sediments 0.08 153 14 edge about sediment contami-
(0-.1) (0-100) (:20-2.5) nation and toxicity and should
Estuarine transition 49 50.9 2.05 rely solely on the benthic
(0-15.9) (0-100) (.10-3.9) species that inhabit each site.
Estuarine A working definition of a
(euryhaline) “norm.al” or unimpacted
Muddy sediment 16.1 88.2 2.63 l.oenthlc a.ssemblage was
(.1-30.7) (13-100) (10-5.1) included 1r.1 last years Annual
Report article (Thompson et
Contaminated 22.8 91.8 2.0 al., 1996). Paraphrased, that
(22-24) (67.2-99) (1.1-3.3) definition stated that...an
Central Bay unimpacted benthic assem-
(stenohaline) blage is characterized by the
Muddy sediments 275 73.9 1.00 presence of species known to be
(16.3-33.3) (30-97) (.33-2.22) sensitive to contamination and
Sandy sediments 268 47 Aot contamination.
(15.6-31.9) (2-7) (<.01-.96)

However, a rigorous definition

Based on the above analysis, the assem-
blages may be defined by the ranges of their
physical variables. Averages and ranges of
salinity, sediment type, and TOC for each
benthic assemblage is shown on Table 10. The
ranges of salinity for the three major assem-
blages are very near those reported for other
estuaries (Boesch, 1977).

Defining “Reference” Benthic
Assemblages

How do we know if the benthic assemblages
that have been defined are impacted or
unimpacted by sediment contamination? From
RMP data on sediment contamination and
toxicity we know that sediments at some sites
may be moderately contaminated and that
toxicity occurs frequently. Some of the benthic
assemblages included sites located near outfalls
or other sources of contamination. However, it

of how many unimpacted
versus impacted indicator species there should
be for a site to be considered unimpacted has
not been developed. Therefore, such a designa-
tion will initially need to rely on professional
judgment.

The first step of the process being devel-
oped is to use the scientific literature, or other
reports, to guide the selection of benthic indica-
tor species. Based on the authors conclusions
about whether a species is an impacted or
unimpacted indicator, 104 species, about a third
of the benthic species identified in the Bay,
were categorized (Table 11). Since the species
listed on Table 11 do not include all species
collected, any estimates of the numbers (or
proportions) of impacted and unimpacted
indicator species at a site will probably be
underestimates. In addition to individual
species, several higher taxa have been used as
indicators. Overall, a dozen potential benthic
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Table 11. List of potential benthic indicator species. Compiled from Dauer, 1993; BPTCP, 1996;
Chapman et al., 1987; Swartz et al., 1994; Canfield et al., 1994; 1996; Word, 1977; Thompson, 1982; Pearson
and Rosenberg, 1978; Filice, 1954; Tetra Tech, 1990.

Estuarine Impacted Indicator Species

Fresh and Brackish Impacted Indicator Species

Polychaeta
Armandia brevis
Capitella "capitata”
Dorvilleidae
Dorvilleidae sp. A
Dorylaimus sp. A
Eteone lighti
Eteone spilotus
Glycinde armigera
Heteromastus filiformis
Neanthes succinea

Polychaeta (continued)
Nephtys caecoides
Notomastus tenuis
Paraprionospio pinnata
Polydora ligni
Prionospio cirrifera
Pseudopolydora kempi
Streblospio benedicti

Mollusca
Mysella tumida

Oligochaeta

Chironomidae
Chironomus attenuatus
Cryptochironomus sp. A
Cryptochironomus sp. B
Procladius sp. A
Tanytarsus sp. A

Aulodrilus limnobius

Dero digitata

Ilyodrilus templetoni
Limnodrilus claparedianus
Limnodrilus hoffmeisteri
Limnodrilus udekemianus
Ophidonais serpentina
Tubificoides brownae
Tubificoides fraseri
Tubificoides heterochaetus
Tubificoides wasselli

Estuarine Unimpacted Indicator Species

Fresh and Brackish Unimpacted Indicator Species

Phoronida
Phoronis spp.
Echinodermata
Amphiodia digitata
Amphiodia spp.
Amphipholis spp.
Amphiurid sp. A
Ophiodromus pugettensis
Ophionereis eurybrachyplax
Opbhionereis eurybrachyplax
Ophiuroidea
Ophiuroidea C
Mollusca
Mactridae
Tellina bodegensis
Tellina modesta
Amphipoda
Ampelisca abdita
Ampelisca macrocephala
Ampelisca spp.
Ampithoe spp.
Ampithoe valida
Aoridae
Caprella californica
Caprella equilibra
Caprella mendax
Caprella natalensis
Caprella spp.
Caprellidea
Corophium acherusicum
Corophium alienense
Corophium heteroceratum
Corophium insidiosum
Corophium oaklandense

Amphipoda (continued)
Corophium spinicorne
Corophium spp.
Corophium stimpsoni
Dulichia monocantha
Elasmopus antennatus
Ericthonius brasiliensis
Ericthonius hunteri
Ericthonius spp.
Gammarus daiberi
Gnathopleustes pugettensis
Grandifoxus grandis
Hyalella azteca
Ischyrocerus sp.

Jassa marmorata
Listriella goleta

Melita dentata
Metacaprella anomala
Microdeutopus schmitti
Monoculodes spinipes
Monoculodes spinipes
Orchestoidea columbiana
Paradexamine spp.
Paraphoxus milleri
Photis brevipes

Photis spp.

Podoceridae

Podocerus spongicolus
Protomedeia penates
Rhepoxynius tridentatus
Stenothoe spp.
Synchelidium shoemakeri

Amphipoda

Corophium alienense
Corophium insidiosum
Corophium spinicorne
Corophium stimpsoni
Crangonyx sp. A
Gammarus daiberi
Hyalella azteca
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indicators were identified for evaluation. Both
counts and proportions of each indicator listed
are being evaluated:

¢ impacted sediment indicator species

¢ impacted sediment indicator individuals

¢ nonimpacted sediment indicator species

¢ nonimpacted sediment indicator indi-
viduals

¢ amphipod species

¢ amhipods individuals

¢ echinoderm species

¢ echinoderm individuals

¢ oligochaete species

¢ oligochaete individuals

¢ chironomid species

¢ chironomid individuals

Amphipods have been shown to decrease in

abundance in contaminated sediments (Sand-
ers et al., 1980; Long and Chapman, 1985;

Swartz et al., 1994). Echinoderms are known to

avoid contaminated sediments in marine and
the more saline areas of the Estuary (Word et

al., 1977, Swartz et al., 1986). Increased propor-
tions of oligochaetes and chironomids have been

used as indicators of impacts in fresh and
brackish waters (Canfield et al., 1994; 1996).

Table 12. Significant relationships (p <.05)

Sediment Monitoring

Numbers (or proportions) of species and indi-
viduals are also frequently used as indicators.
Very low numbers of species are expected in
severely impacted habitats. However, there is
currently no way to decide a priori if a given
species count or number of individuals is
indicative of impacted or unimpacted sedi-
ments. Those indicators will be evaluated in a
subsequent step of the process being developed
(described below).

One criterion for good indicators of im-
pacted or unimpacted sediments is that the
indicator responds to gradients in contamina-
tion. To determine if each proposed indicator
responds to contamination in the Estuary,
correlations between each indicators and a
general measure of contamination were exam-
ined. The mean ERM quotient, mERMgq, is a
cumulative quotient of ERM values for all
contaminants measured at each site. It is
described in more detail in Relationships
Between Sediment Toxicity and Contamination
in San Francisco Bay in this chapter).

Only a few of the potential indicators were
significantly correlated with contamination
(mERMq; Table 12), but the fit of the regres-
sions (R?) were uniformly low. In general,

counts correlated better with mERMq
than proportions. Numbers (or

between potential benthic indicators and
sediment contamination, as mERMq. All other
potential indicators listed in the text were not
significantly correlated with mERMq, or the correlation
was of the wrong sign.

Site / Assemblages analyzed R 2 p

All sites (with chemistry, n=113)

No. of impacted indicator species .045 .024
No. amphipod individ. .071 .004
Proportion of amphipod individ. .051 .017
No. oligochaete species .048 .019

All fine sediment sites  (<60% sand, with chemistry, n=85)

No. unimpacted indicator species .130 .0007
No. species 144 .0003
No. amphipod species .095 .004
No. echinoderm species 132 .0006
No. echinoderm individ. .085 .007

proportions) of impacted and
unimpacted indicator species, amphi-
pods, echinoderms, and oligochaetes
were all significantly related to
contamination when data from all
sites, or only fine sediment sites were
used. Those results confirm that
those indicators may be used to
evaluate sediment contamination in
the Estuary. However, further testing
should be done to see if different sets
of indicators should be used for each
assemblage, or for specific sediment,
or salinity regimes.

Using several of the indicators
that were shown to respond to
contamination, an example of how
the they may be used to screen each
site is shown on Table 13. For each
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Table 13. Average proportions of several potential benthic indicators at each site
sampled, 1994-1996. + indicates presence, 0 indicates absence, - indicates not expected at
that station, * indicates that the site may occasionally have sandy sediments.

Average Proportions

Site Impacted  Unlmpacted Amphip. Echino. Oligo. Chiron.
Sp. Sp.
RMP Sites
BA21 0.31 0.11 0.02 - 0.04 -
BA41 0.09 0.15 0.33 + 0.04 -
BB15 0.17 0.15 0.23 + 0.18 -
BB70 0.07 0.19 0.87 + 0.00 -
BC11 0.08 0.18 0.31 + 0.00 -
BC21 0.12 0.11 0.27 + 0.02 -
BC60* 0.11 0.15 0.12 + 0.04 -
BD15 0.20 0.05 <.01 - 0.01 -
BD41* 0.22 0.07 <.01 - 0.00 -
DWR Sites
D11 0.12 0.18 0.47 - 0.16 0
D16* 0.08 0.32 0.36 - 0.10 0.10
D19 0.17 0.13 0.20 - 0.23 <.01
D24* 0.13 0.16 0.15 - 0.13 0.13
D28AL* 0.15 0.14 0.18 - 0.25 <.01
D28AR 0.20 0.10 0.06 - 0.18 <.01
D41 0.31 0.18 0.10 - 0.03 0
D41A 0.29 0.22 0.54 - 0.00 0
D4C* 0.03 0.25 0.20 - 0.07 0
D4L* 0.12 0.18 0.34 - 0.24 <.01
D4R* 0.19 0.13 0.07 - 0.58 <.01
D6* 0.04 0.32 0.07 - 0.00 0
D7 0.20 0.30 0.40 - 0.05 0
Co* 0.18 0.17 0.14 - 0.52 <.01
pP8* 0.22 0.12 0.14 - 0.54 0.03
Regional Board Reference Sites
SFO1 0.10 0.19 0.42 0 0.00 -
SF02 0.22 0.11 0.11 - 0.02 -
SF03 0.36 0.09 0.03 - 0.02 -
Outfall Sites
CCCSD04* 0.24 0.21 0.15 - 0.05 0
CCCSDO05* 0.14 0.19 0.13 - 0.01 0
CCCsSD06* 0.04 0.18 0.18 - 0.01 0
CCSF04 0.10 0.14 0.52 + 0.02 -
CCSF05 0.10 0.20 0.59 + 0.02 -
CCSF06 0.12 0.14 0.58 + 0.03 -
EBMUDO04 0.11 0.18 0.62 + 0.00 -
EBMUDO5 0.11 0.19 0.67 + 0.00 -
EBMUDO06 0.11 0.17 0.55 + 0.02 -
Castro Cove Sites
cC2 0.29 0.18 0.37 - 0.01 -
CC4 0.21 0.14 0.21 - 0.01 -
EVS4 0.27 0.27 0.54 - 0.00 -
Pt. Pinole 0.33 0.24 0.36 - 0.02 -
China Camp Sites
WBCC2A 0.27 0.18 0.09 - 0.76 0
WBCC2B 0.24 0.19 0.04 - 0.54 0
WBCC3A 0.30 0.10 0.02 - 0.54 0
WBCC3B 0.33 0.13 0.03 - 0.80 0
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site, the question, “are the benthos more
characteristic of impacted or unimpacted
assemblages?”, was considered.

At the South Bay site (BA21), an average of
31% of the species were indicators of impacted
sediments and 11% were indicators of
unimpacted sediments, 2% of the organisms
were amphipods, and 4% were oligochaetes.
Echinoderms and chironomids were not ex-
pected at that estuarine site where they would
not naturally occur. Based on the comparative
proportions of impacted versus unimpacted
indicator species and reduced proportions of
amphipods, that site would be considered to be
moderately impacted. In contrast, the remain-
ing RMP sites had low to moderate proportions
of impacted compared to unimpacted indicator
species, moderate proportions of amphipods,
with echinoderms present, and would be
considered to be characteristic of unimpacted
sites.

Two DWR sites in San Pablo Bay (D41,
D41A) had more that 25% impacted indicator
species. Most DWR sites had more than 6%
oligochaetes and some sites had more than 12%
chironomids, reported to be indicators for
impacted benthos in fresh water (Canfield et
al., 1994). Those proportions suggest slightly
impacted benthos.

The Regional Board Reference Site near
Tubbs Island in San Pablo Bay had elevated
proportions of impacted indicators and low
proportions of amphipods. Most of the outfall
sites had low to moderate proportions of impact
indicator species compared to unimpacted
indicator species, and moderate to high propor-
tions of amphipods. That the outfall sites were
classified with other Central Bay sites also
suggests no obvious differences in species
composition and abundances.

Most of the Castro Cove and wetland sites
had more than 25% impacted indicators com-
pared to nonimpacted species, very low propor-
tions of amphipods, and high proportions of
oligochaetes suggesting impacts. Those sites
were classified separately from the adjacent
San Pablo Bay Estuarine sites, which also
indicated that they had different benthos.

Sediment Monitoring

The initial screening demonstrated above
was largely subjective and more objective
methods based on numerical limits for each
indicator are needed to rigorously define
unimpacted benthos. The next step, which has
not been conducted, would be to calculate
statistical tolerance, or confidence limits for
selected indicators, such as number of species,
individuals, amphipods, etc. based on data from
only the sites considered to be characteristic of
unimpacted conditions. Additionally, it would
be prudent that sites selected to represent
unimpacted conditions be located away from
sources of contamination. Thus, sites near
outfalls or other sources of contamination
would be eliminated from statistical calcula-
tions. A numerical definition of unimpacted, or
reference benthic assemblage may then be used
in statistical comparisons to sites suspected of
being impacted.

Discussion

To date, the Benthic Pilot Study has pro-
vided information about the distribution,
species composition and abundances, variation,
and limits of physical factors on the benthos of
the Estuary. That information may be used to
rigorously define benthic assemblages in the
Estuary. Continued sampling will refine that
knowledge, especially for varying water years.

Firm conclusions about the condition of the
benthos of the Estuary related to sediment
contamination cannot be made at this time. The
development of methods for screening and
assessing contaminant impacts will continue.
More references are being checked to expand
the list of potential indicator species. Testing
will be conducted to evaluate temporal differ-
ences in the potential benthic indicators rather
than simply using averages, and calculation of
statistical tolerance limits will be conducted.

Similar approaches to defining “reference”
conditions have been used by BPTCP in de-
scribing reference envelopes for sediment
toxicity (Taberski and Hunt, 1996), and sedi-
ment contamination (Regional Board, Draft
Report). Additionally, several studies where a
benthic index (e.g., EPA, 1990), or other benthic
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assessment methods (e.g., Reynoldson et al.,
1997) have been reported will be considered for
use in the San Francisco Estuary.

Formal benthic assessments are not part of
the RMP. However, the development of a
scientific approach for evaluating benthic
conditions is an good role for the RMP, espe-
cially since the RMP is not currently monitor-
ing any other estuarine ecological component.
Benthic assessments are being used in a
variety of situations in the management of the
Estuary including the clean-up of military
bases and toxic hot spots, dredging assess-
ments, and habitat restorations. Thus, the
RMP Pilot Study may eventually provide a
methodology for monitoring the general condi-
tion of the benthos that includes a definition of
“reference” conditions that may also be used in
formal regulatory benthic assessments.
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Population Dynamics of

Ampelisca abdita

in San Francisco Bay

Donald P. Weston
Department of Integrative Biology, University of California, Berkeley, CA

Introduction

The amphipod Ampelisca abdita is a
prominent member of the benthic community in
many subtidal areas of San Francisco Bay. In
the central and southern portions of the Bay its
tubes may carpet the sediment surface, with
populations attaining a density up to 80,000
individuals m2(KLI, 1983). This study was
intended to quantify temporal fluctuations in
the abundance of a resident population of A.
abdita, and to examine the size structure of the
population throughout the year.

This study was conducted for two reasons.
First, work in San Francisco Bay (Weston,
1995; 1996) and elsewhere (Scott and Redmond,
1989; Redmond et al., 1994) have shown that
the growth rate of A. abdita holds promise as
an indicator of chronic sediment toxicity.
Approximately a 30-60% increase in body
length is attainable in a 17-day period under
laboratory conditions (Weston, 1996). Growth
rates are rapid in a wide variety of relatively
uncontaminated San Francisco Bay sediments,
but are depressed upon exposure to toxicants
such as cadmium, DDT, and crude oil (Weston,
1995; 1996). Use of a growth endpoint for
toxicity testing, however, obviously requires the
availability of individuals having some poten-
tial for growth. Attempts to culture A. abdita in
the laboratory in order to provide juveniles for
toxicity testing have not been consistently
successful (Redmond et al., 1994). Until cultur-
ing procedures are perfected, a growth-based
toxicity test will require the collection of ani-
mals from field populations. Thus, it is neces-
sary to establish if juveniles are available
throughout the year, and if not, those months in
which an adequate supply is available.

Secondly, the San Francisco Estuary
Regional Monitoring Program (RMP) regularly

monitors benthic invertebrate community
structure at many Bay locations with the intent
of using shifts in population density and species
composition as indicators of anthropogenic
disturbance. A. abdita is represented in the
benthic community at many of the RMP sta-
tions and is numerically dominant at some
stations (e.g., Yerba Buena, Alameda). The
presence and abundance of this one species
alone has a strong influence on community
structure parameters (e.g., total number of
individuals) and numerical classification
results. Thus, information on temporal fluctua-
tions of A. abdita density will be of value in
interpreting the benthic monitoring data, and
helping to differentiate between “natural”
population changes and those attributable to
human impacts.

Methods

All samples were collected at the RMP
Alameda station (BB70) located approximately
midway across the Bay between Alameda and
Hunters Point. This site is at least 3 km from
any pollution point source. Sampling was
conducted approximately every other month for
a year and a half from November 1995 through
March 1996. At each sampling time, three
replicate benthic samples were collected using a
0.025 m? Ponar grab. The contents of each grab
were washed on stacked sieves with screen
sizes of 2 mm, 1 mm, 0.5 mm, and 0.25 mm.
The material retained on each sieve was
preserved in 10% formalin and transferred to
70% ethanol within a few days.

All specimens of A. abdita were removed
from the samples by sorting under a dissecting
microscope. Individuals from each sample,
segregated by sieve size, were enumerated.
Body length in A. abdita was measured along
the dorsum from the insertion point of the first



Sediment Monitoring

Table 14. Sampling dates and concurrent hydrographic conditions during
the investigation

Sampling date Sediment temperature ( °C) Bottom water salinity (%o)

November 20, 1995 15 32
January 22, 1996 12 29
March 19, 1996 no data no data
June 5, 1996 17 25*
August 5, 1996 no data no data
October 8, 1996 18 33*
January 7, 1997 13 10
March 21, 1997 13 28

*Surface water salinities. Bottom water likely to be comparable or slightly more saline.

antennae to the base of the telson, using a
drawing tube to trace the dorsal outline and a
map-measuring device to obtain a length from
the drawing. If a sample contained fewer than
100 individuals (sum of all sieve sizes), then all
animals from that sample were measured. If
more than 100 individuals were collected, then
100 were randomly selected and measured. Size
frequency distributions were determined by
compositing individuals from all three repli-
cates at a station (i.e., maximum possible n of
about 300).

Data on amphipod sizes are available only
for samples collected during this investigation
(November 1995-March 1996), however tempo-
ral coverage of abundance data was extended
by inclusion of RMP data from the Alameda site
as generated during the routine spring and fall
sampling cruises. Data are available from
February and August 1994 and February and
August 1995. RMP sampling differed from that
of our investigation in the following respects:

1) a 0.5 m? van Veen grab was used,;

2) 0.5 mm and 1.0 screens were used, but
these are inadequate to retain juveniles of
A. abdita; and

3) only one replicate sample was collected
during some sampling events.

Results and Discussion

A. abdita densities at the Alameda site
were characterized by dramatic seasonal
fluctuations spanning two orders-of-magnitude
(Figure 30A). The total population (all size
classes included) varied from a minimum of 280
indiv. m? in March 1996 up to 34,480 indiv. m?
in June 1996. Although extended temporal
coverage would be desirable, available data
suggests that density minima occur in the
winter months (January to March of both 1996
and 1997). Both minima are coincident with
colder temperatures, but appear unrelated to
salinity fluctuations (Table 14).

Extension of observations into 1994 and
1995 is possible by inclusion of the regular
RMP monitoring data, however this program
utilizes a 0.5 mm screen sieve, and thus would
fail to quantitatively capture juvenile A. abdita.
Thus in order to make our data comparable
with that of the RMP, in Figure 30B we have
excluded those individuals that were retained
on a 0.25 mm screen, but which had passed
through a 0.5 mm screen. This adjustment had
the greatest impact on June 1996 data, reduc-
ing density estimates by about 50%, but was of
minimal effect in other months. From the
temporally-extended data set, it is evident that
the peak densities of the summer of 1996
(approximately 17,000 indiv. m2) were actually
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Figure 30. Fluctuations in abundance of A. abdita at the RMP Alameda site over time.
Panel A = Total population density including all individuals; Panel B = Density of individuals
retained on a 0.5 mm screen sieve, shown to achieve consistency with standard RMP practices;
Panel C = Density of individuals passing through a 1.0 mm screen but retained on a 0.5 mm
screen, representing the size class typically used for growth-based toxicity testing.
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low by historical standards. For two years prior
to that time densities had been about twice as
great (approximately 25,000-35,000 indiv. m2).
Winter density minima were evident in 1994,
1996, and 1997, but not in 1995.

These results are generally consistent with
historical data from A. abdita populations 7 km
south of the Alameda site (KLI, 1983). In
sampling from the fall of 1979 to the fall of
1981, population densities were typically lowest
in February to April, and peaked at about
80,000 indiv m? in the late summer and fall
(including the individuals retained on a 0.25
mm screen).

Use of A. abdita for toxicity testing using a
growth endpoint obviously requires the avail-
ability of animals having some potential for
growth. It has been the practice to exclude
large individuals as are retained on a 1.0 mm
screen (Weston, 1996). Very small juveniles as
are retained on a 0.25 mm screen provide
excellent growth potential, but are difficult to
count reliably and to separate from debris in
the sediment. Therefore, efforts to develop a
growth-based bioassay have relied on those
individuals passing through a 1.0 mm screen,
but retained on a 0.5 mm screen (Weston, 1995;
1996). Adjusting the abundance data to include
only this size class (Figure 30C) indicates that
appropriately-sized individuals were readily
available in the summer and early fall, but
were either absent or present in densities too
low to make growth-based toxicity testing
feasible in the late fall and winter months.

Size-frequency data (Figure 31) are useful
to investigate individual growth and recruit-
ment patterns in A. abdita. When emerging
from the egg, juveniles have a body length of
about 1.2 mm, as indicated by the smallest
individuals in the size-frequency distributions
and confirmed by our laboratory observations of
emerging animals. A maximum body length of
about 8 mm was observed in March 1997,
although this is unusually large. A maximum
size of 6—7 mm is more typical (KLI, 1983; our
1996 data). Sexual maturity in females, as
indicated by the brooding of embryos, occurs in
animals 3 to 6 mm in length (KLI, 1983).

Sediment Monitoring

Interpretation of our size-frequency data is
best done in light of the description of San
Francisco Bay A. abdita population dynamics
provided in a study by Kinnetic Laboratories
(KLI, 1983). This work indicated the presence
of two generations per year. Recruitment in
July through October produces a cohort which
overwinters. The overwintering cohort then
gives rise to a summer cohort produced in April
through June. The summer generation matures
rapidly, producing another overwintering
cohort in late summer.

The overwintering cohort was evident in
our data from November 1995 and January—
March 1996 (Figure 31). During these months
densities were low (indicated by the n value of
the figures) and the population was comprised
of animals about 4 to 6 mm in length. Juveniles
less than 3 mm were nearly absent. Growth
was negligible in the winter months, as indi-
cated by the similarity of the frequency distri-
butions over this five month period.

By June of 1996 only a few individuals of
the overwintering generation remained, and
the population was dominated by new recruits
of the summer generation, ranging in length
from about 1.5 to 4 mm. It is likely that the
peak period of recruitment occurred in April
and May, prior to the June sampling, as indi-
cated by:

1) a modal size of 2.0 mm relative to the 1.2
mm length representative of newly-
emerged individuals; and

2) the skewed nature of the distribution with
the cohort including animals up to about 4
mm.

In the summer of 1996 animals of the
summer generation grew rapidly, with the
modal size of the cohort increasing from 2.0 in
June, to 4.2 mm in August, and 4.6 mm in
October. By January of 1997 the summer cohort
could not be differentiated in the data, and past
studies by KLI (1983) suggest all representa-
tives of the cohort would have died in October
or November.

A filial cohort, representing the next over-
wintering generation, probably appeared in
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the approximate modal size of the winter and summer cohorts, respectively, as described in the text.

Figure 31. Size-frequency distribution of body lengths in the A. abdita population at the
Figure 31 continued on following page.

Alameda site. The n value represents the total number of individuals collected in the three
replicate samples, and serves as the basis for the percent composition histograms. W and S denote
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Figure 31 (continued).
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July, and is represented in the August 1996
data with a modal size of 1.8 mm. The modal
size increased to about 2.8 mm in October and
4.2 mm in January 1997. A striking period of
growth occurred from January to March 1997.
Data from the winters of 1980, 1981, and 1996
(KLI, 1983; this study) all indicate an increase
of less than a 1 mm during these months. In
contrast, during January to March of 1997, the
modal size of the overwintering cohort in-
creased by 2.8 mm (from 4.2 to 7.0 mm). This
growth rate is faster than growth rates noted at
any other time during the study. These results
indicate atypical conditions in factors such as
food availability during the winter of 1997, and
also demonstrate remarkable growth potential
under appropriate conditions even in relatively
large individuals.

From the perspective of growth-based
toxicity testing, the individuals previously
considered useful for such testing (passing
through a 1.0 mm screen, but retained on 0.5
mm) are typically about 2.8 to 4.5 mm in
length. Individuals within this size range are
available through the spring and summer from
either the summer generation (May through
August) or the overwintering generation
(August through October). Fecund females are
found in the population throughout the summer
months (KLI, 1983), thus insuring a good
supply of juveniles. Collection of individuals in
the 2.8-4.5 size class through the fall and
winter (roughly November to April) is likely to
be difficult or impossible in most years. Larger
animals (>4.5 mm) are generally available,
however, and the growth observed in resident
individuals in the winter of 1997 suggests these
individuals may have more than adequate
growth potential for toxicity testing purposes if
the proper conditions are provided.

Conclusions

Resident populations of A. abdita in San
Francisco Bay are a suitable source of animals
for sediment toxicity testing. If doing acute
tests in which growth is not a consideration,
animals would typically be available year
around. The collection effort required would
vary considerably however, with the greatest
effort required in the winter months when
densities are orders-of-magnitude below their
summer peaks. In the fall/winter of 1995/1996
densities were so low as to make collection
impractical, but data over four winters indi-
cates this situation was atypical.

For toxicity testing based on a growth rate
endpoint, availability of juveniles is a signifi-
cant seasonal constraint. A recruitment period
in the spring provides abundant juveniles from
May through August, and continued recruit-
ment throughout the summer extends avail-
ability through about October. Sufficient
numbers of small individuals (<4.5 mm) is
likely to be difficult to obtain for toxicity testing
during November through April if dependent
upon resident populations as a source of test
animals. Laboratory culturing and manipula-
tion of reproductive cycles would be necessary
to insure a reliable supply of small animals
during the fall and winter months. However,
monitoring of the resident populations have
shown remarkable growth potential in animals
previously considered too large (>4.5 mm) for
growth-based toxicity testing. These larger
individuals may be useful in extending the time
period suitable for growth-based testing into
months when juveniles are unavailable. If
appropriate conditions for growth of these large
individuals can be found, testing may be
possible in all months except March and early
April when nearly all individuals are at their
maximum body size.
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Sediment Monitoring Discussion

Variability in sediment contaminant
concentrations in the San Francisco Estuary
observed since 1991 reflect the complexity of
estuarine biogeochemical cycles and the varied
sources of contamination.

Contamination in sediments may derive
from two primary sources:

1) contaminants in dissolved forms that enter
the Estuary may adsorb onto the surfaces
of mineral particles or absorb into the
organic matrix of particulate organic
material (of various origins), or

2) contaminant laden sediment particles may
be directly transported into the Estuary
from its tributary watersheds.

As runoff from local rivers and streams
bring new mineral particles into the Estuary,
they undergo chemical changes that facilitate
adsorption of dissolved contaminants (Stumm
and Morgan, 1981). These particles may then
be deposited in the sediment. This mechanism
may explain the generally higher trace con-
taminant concentrations observed at the
Southern Slough stations and near the turbid-
ity maximum (Entrapment Zone) in the north-
ern Estuary. However, few studies have been
conducted to demonstrate this phenomenon.
Once in the Estuary, sediments are transported
by currents and tides, deposited, and resus-
pended. Plankton may assimilate contaminants
in water in dissolved or particulate forms, and
facilitate their deposition into the sediments in
their feces or their corpses. Organisms that live
in the sediments may mix the deeper layers
with the newly deposited material. Animals
that ingest particles may remove some of that
material, then re-deposit the sediment where it
may then re-adsorb more contaminants.

All of the mechanisms described above may
affect what is measured by the RMP. Monitor-
ing measurements alone can only provide
information on the status of sediments at the
time collected. Understanding the variability
among the stations, Estuary reaches, and

between the sampling periods, or over the long-
term will require understanding more of the
details of the mechanisms summarized above.
Such understanding must come from focused
special studies.

It is difficult to attribute elevated sediment
contamination to a particular source. Concen-
trations of contaminants measured in sedi-
ments reflect areas where contaminants associ-
ated with particulate material are deposited.
Sediment deposition and resuspension is
known to be very dynamic in the San Francisco
Estuary (Krone, 1992), often removing or
depositing large volumes of sediment within
short time-periods. Such dynamic resuspension,
transportation, and deposition in sediments
may result in sediment measurements that do
not necessarily reflect proximity to the contami-
nant sources.

Patterns in Sediment
Contamination in 1996

Sediment concentrations of Ag, Cd, Hg, Ni,
Se, Zn, PCBs, DDTs, chlordanes, and dieldrin
were higher at San Jose (C-3-0) in August than
at the other sites sampled. PAHs and As were
highest in San Pablo Bay (BD22) in August.
Concentrations at Red Rock (BC60) were
usually lower than all other sites, probably due
to tidal flushing and the sandy sediment at that
site.

On the average, Ag, Hg, Pb, Cd, Se, and
most trace organics had the highest concentra-
tions in the Southern Slough stations, PAHs
were highest in the South Bay, and As, Cu, and
Ni were highest in the Northern Estuary.
Sediment concentrations were generally lowest
at the sandy sediment sites.

Although As, Cd, Cu, Ni, and Zn were
usually higher during the wet-sampling period
in February than in August, and Se and PCBs
were usually highest in August of 1996, plots of
long-term trends for those metals did not reveal
any seasonality over the past several years
(Figure 17). Plots of trends in sediment con-



tamination between 1991-1996 suggested that
there have been increases in As, Cd, and Cr
concentrations at the Sacramento and San
Joaquin River sites since 1993, but decreases in
most trace organics (except PAHs) at those sites
(Figure 18). Chlordanes have decreased
throughout the Estuary since about 1994. No
seasonal or water-year trends were apparent in
the trends to date. However, further analyses
needs to be conducted to account for variation
in concentrations over time due to differences
in sediment type, organic content, and deposi-
tional characteristics in the Estuary. One of the
major recommendations by the RMP Program
Review conducted in 1997 was to rationalize
the RMP sediment contaminant sampling
design in light of sediment dynamics.

Comparisons to Sediment
Quality Guidelines

Although there are no formal regulatory
sediment quality criteria or objectives, informal
guidelines have been developed by several
programs. Table 15 lists several of the more
commonly used sediment quality guidelines
available. The RMP uses primarily NOAA’s
Effects Range guidelines to evaluate sediment
contaminant concentrations (see explanation in
the introduction of this chapter).

Sediment contaminants that were above
the ERM and ERLs in 1996 are tabulated in
Table 16. As in past years, Ni was above the
ERM (51.6 ppm) at all sites. 1996 was the first
year that trace organics were measured at the
Southern Slough sites, and those results
showed that total PCBs, p,p’-DDE, and total
DDTs were above ERMs at San Jose in August.
Arsenic, Cr, Cu, Hg, Ni, and DDTs were above
the ERLs at most sites. Additionally, Ag, Pb,
Zn, HPAHs, PCBs, DDTs, and several indi-
vidual PAH compounds were above ERLs at
some sites.

An ERL for chlordane (0.5 ppb) was pro-
posed by Long and Morgan (1990), but was not
included in Long et al. (1995) due to lack of
data. However, since chlordanes were shown to
be associated with sediment toxicity at concen-
trations below the old ERL at several sites (see

Sediment Monitoring

Relationships Between Sediment Toxicity and
Contamination in San Francisco Bay, this
chapter) comparisons to the old ERL are made,
with the qualification that the Effects Ranges
for chlordane are questionable. Sediment
chlordane concentrations were above the ERM
of 6 ppb at Standish Dam and Sunnyvale and
above the ERL in 15 other samples including
all Wetland Pilot Study sites in 1996 (Appendix
C, Table 15).

Effects of Sediment
Contamination

New information was produced this year by
RMP investigators about the possible effects of
sediment contamination in the Estuary. Analy-
sis of the relationships between sediment
contamination and toxicity between 1991 and
1995 showed that in general, amphipod toxicity
was associated with cumulative effects of many
contaminants, and at several sites, toxicity was
associated with specific contaminants (see
Relationships Between Sediment Toxicity and
Contamination in San Francisco Bay, this
chapter). Hypotheses about threshold toxic
concentrations of chlordanes (0.28 ppb), LPAHSs
(474 ppb), and HPAHs (1,983 ppb) were pro-
posed. Further studies are needed to test these
hypotheses using in situ or laboratory dose-
response experiments. No significant relation-
ships between normal bivalve larvae develop-
ment and sediment concentrations were
observed because the bivalves were exposed to
only the water soluble fraction of the sedi-
ments.

The persistent toxicity to bivalve larvae
exposed to sediment elutriates from the Sacra-
mento and San Joaquin Rivers and Grizzly Bay
was investigated (see Investigation Classes of
Compounds Associated with Sediment Toxicity
at Regional Monitoring Program River Stations,
this chapter). Toxicity Identification Evalua-
tions (TIEs) conducted on the elutriates in
August 1996 indicated that trace metals may
have influenced toxicity at San Joaquin River
and Grizzly Bay, and that non-polar organics
could have influenced toxicity at the Sacra-
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mento River. Further study is needed to verify
these preliminary findings.

The Benthic Pilot Study showed that, in
general, benthic assemblages at most sites
sampled did not appear to be severely impacted
by contaminants (see Progress Report on the
Benthic Pilot Study, this chapter). However, the
benthos at Castro Cove (1992), and at China
Camp may be moderately impacted, and
benthos at several other sites may be slightly
impacted. Further analysis is necessary before
firm conclusions can be made about the condi-
tion of the benthos.

The amphipod Ampelisca abdita is the
dominant benthic species at several sites. It is
also a commonly used species in laboratory
sediment bioassays. Dr. Weston’s article focused
on the population dynamics of A. abdita in
order evaluate their availability for laboratory
work and to begin to link information obtained
in laboratory sediment tests with information
from benthic sampling (see Population Dynam-
ics of Ampelisca Abdita in San Francisco Bay,
this chapter). Populations of this species in the
Central Bay exhibit large natural fluctuations
in abundances and growth rates in response to
dynamic environmental factors. Such varia-
tions complicate interpretation of benthic and
toxicity test information. Since Dr. Weston’s
work on the development of A. abdita as a
sediment indicator is complete, decisions may
now be made about incorporating its use into
the RMP.

Sediment Conditions in the
Estuary

Sediment assessments are being conducted
throughout the world using information about
sediment contamination, toxicity, and
benthos—the sediment quality triad. The RMP
monitors all of those components and can begin
to use that information to evaluate the health
of estuarine sediments. In a recent workshop
about using the Triad (Chapman et al. 1997), it
was recommended that each “leg” of the triad
be considered an independent piece of informa-
tion about the condition of the sediments. Used
together, along with any other pertinent infor-

Sediment Monitoring

mation (e.g., bioaccumulation), the measure-
ments provide a “weight-of-evidence” about the
condition of sediments in the Estuary.

For sediments, the mean ERM quotient
(mERMq) reflects increasing contaminant
concentrations in sediments from many con-
taminants and appears to provide a useful way
to express the degree of overall sediment
contamination (see Relationships Between
Sediment Toxicity and Contamination in San
Francisco Bay, this chapter for more details).
The mERMq was shown to be highly signifi-
cantly correlated with amphipod survival such
that at mERMq values below 0.105 toxicity
should not occur, and between 0.105 and 0.185
there is about an even chance for toxicity.
Toxicity probably occurs above 0.185 and above
0.220 toxicity will certainly occur. Using those
predictions, mERMq was calculated for the
1996 data and compared with the sediment
toxicity results to test those predictions (Table
17). Toxicity at the RMP monitoring sites was
accurately predicted at nine of the thirteen
sites. Toxicity did not occur at the South Bay
site in August despite an elevated mERMgq, but
did occur at Horseshoe Bay in February despite
a low mERMq. At the latter sites, chlordanes,
which are not included in the mERMq calcula-
tion, were 0.3 ppb near concentration hypoth-
esized to be toxic.

At sites where sediment toxicity was not
measured, mERMq values suggest that San
Jose and Sunnyvale in August would have been
toxic; Dumbarton Bridge, Oyster Point,
Petaluma River, San Pablo in February would
probably have been toxic; and Pacheco Creek in
August would not have been toxic. Further
development of the use of mERM(q as a sedi-
ment contamination “index” needs to be con-
ducted.

Samples collected from the four sites in
China Camp for the Wetland Pilot Study (see
article in Chapter Six: Pilot and Special Stud-
ies) included sediment contamination and
benthos, but did not include sediment toxicity.
The mERMgqs calculated for those samples
(0.183 to 0.205) suggest that those sites would
probably have been toxic. Furthermore, the
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Table 17. mERMq values for 1996 sediment samples.

* RMP sediment toxicity site. + Toxicity predicted to probably
occur. ++ Toxicity predicted to occur. - No toxicity predicted.
(see Relationships Between Sediment Toxicity and

Contamination in San Francisco Bay in this chapter).

mMERM(q
code station wet dry
Southern  C-1-3  Sunnyvale 0.144 0.296++
Sloughs C-3-0 San Jose 0.167 0.417++
BA10  Coyote Creek* 0.215+ 0.137
BA21  South Bay* 0.235++ 0.193+
South BA30 Dumbarton 0.212+ 0.175
Bay BA41  Redwood Creek* 0.195+ 0.185+
BB15 San Bruno* 0.147 0.136
BB30 Oyster Point 0.195+ 0.167
BB70  Alameda* 0.169 0.163
BC11  Yerba Buenalsland*  0.160 0.129
Central BC21  Horseshoe Bay* 0.112 0.141
Bay BC32 Richardson Bay 0.163 0.172
BC41  Point Isabel 0.171 0.173
BC60 Red Rock* 0.082- 0.078-
BD15 Petaluma River 0.217+ 0.167
BD22  San Pablo Bay 0.193+ 0.208+
BD31  Pinole Point 0.166 0.128
Northern BD41 Davis Point* 0.100- 0.098-
Estuary BD50 Napa River* 0.189+ 0.138
BF10 Pacheco Creek 0.110 0.105-
BF20 Grizzly Bay* 0.181 0.167
BF40 Honker Bay 0.172 0.160
Rivers BG20  Sacramento River* 0.125 0.122
BG30 San Joaquin River* 0.135 0.116

very reduced amphipod populations at those
sites correspond to elevated pesticide concen-
trations. Since amphipods are important food
for wetland fish and birds, further studies of
wetland sediment contamination and its food
chain consequences are needed.

The Benthic Pilot Study was summarized
above. With further development, the benthic
information may be used along with sediment
contamination and toxicity information in
sediment evaluations for the region.

The RMP sites are monitored to provide
information on background or ambient Bay
condition, and do not provide comprehensive
information about all Bay sediments. However,
other locations are being sampled by private
contractors working on military base closures,
the BPTCP, and for dredged material testing. A
synthesis of knowledge gained by those studies
is a good candidate for future RMP Special
Studies.
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Background

It has long been known that bivalves will
accumulate contaminants in concentrations
much greater than those found in ambient
water (Vinogradov, 1959). This phenomenon
results from the limited ability of bivalves to
regulate the concentrations of most contami-
nants in their tissues. This method of active
bio-monitoring has been widely applied by the
California State Mussel Watch Program
(Phillips, 1988; Rasmussen, 1994) and others
(Young et al., 1976; Wu and Levings, 1980;
Hummel et al., 1990; Martincic et al., 1992). For
many contaminants, bivalves are good integra-
tors of contaminant exposure over time and
indicators of contaminant transfer from water
into the food web.

Bivalves were collected from sites thought
to be uncontaminated and transplanted to 15
stations in the Estuary during the wet season
(April through May) and the dry season (Sep-
tember; Figure 1 in Chapter One: Introduction).
Sampling dates are listed in Table 1 in Chapter
One: Introduction. Contaminant concentrations
in tissues, survival, and biological condition
were measured before deployment (referred to
as time zero (T-0) or background) and at the
end of the 90-100 day deployment period.
Because of the variability between each indi-
vidual bivalve organism, composite samples of
tissue were made from T-0 organisms, and from
surviving organisms from each deployment site
(up to 45 individuals) for analyses of trace
contaminants. The Corbicula reference site had
to be changed from Lake Isabella to Putah
Creek and a pond at UC Davis, due to a popula-
tion crash at Lake Isabella.

The effects of high short-term flows of
freshwater on the transplanted bivalves west of
Carquinez Strait were minimized by deploying
the bivalves near the bottom where density
gradients tend to maintain higher salinities. All
bivalves were kept on ice after collection and
deployed within 72 hours. Multiple species
were deployed at several stations due to uncer-
tain salinity regimes and tolerances. Detailed

Bivalve Monitoring

methods are included in Appendix A. Data are
tabulated in Appendix C.

Overall, the bivalve bioaccumulation and
condition study objectives for 1996 were met,
with successful deployments at each of the
fifteen sites for both the wet- and dry-season
deployments. One exception to this was the loss
of the mooring (and thus the bivalves) at the
San Pablo Bay site (BD20) during the dry-
season deployment.

Accumulation Factors

In addition to using the absolute tissue
concentrations at the end of each deployment
period and comparing them to initial tissue
concentrations prior to transplanting the
bivalves to the Estuary (T-0), this report uses
accumulation factors (AFs) to indicate accumu-
lation during the 90-100 day deployment
period or depuration (loss of constituents from
bivalve tissue). The AF is calculated by dividing
the contaminant concentration in transplants
by the initial bivalve concentration at T-0. For
example, an AF of 1.0 indicates that the concen-
tration of a specific contaminant remained the
same during the deployment period compared
to the initial contaminant level prior to trans-
planting the bivalve sample to the Estuary. An
AF less than 1 indicates that the bivalves
decreased in contaminant concentration during
the deployment period, while an AF above 1
indicates accumulation.

Guidelines

In the following figures, tissue concentra-
tions of various trace contaminants are com-
pared to the guidelines for Maximum Tissue
Residue Levels (MTRLs), as used to evaluate
data from the California State Mussel Watch
Program (Rasmussen, 1994). However, it
should be kept in mind that there are a number
of more or less meaningful or science-based
yard sticks upon which comparisons can be
based. These are detailed in the discussion
section at the end of this chapter. MTRLs were
developed by the State Water Resources Con-
trol Board and are used as alert levels indicat-
ing water bodies with potential human health
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concerns. MTRLs are only an assessment tool
and are not used as compliance or enforcement
criteria. Since no direct regulatory tissue
standards for trace metal and organic contami-
nants exist in the United States (although
tissue “standards” are embedded in EPA water
quality criteria), comparisons to these guide-
lines serve only as a relative yard stick in
comparisons. A comprehensive summary of
applicable tissue concentrations guidelines is
tabulated in Table 6 in the Discussion section of
this chapter for the reader to evaluate a variety
of “yardsticks” that indicate how contaminants
in the Estuary compare with what is considered
“acceptable” or “undesirable” by public health
and regulatory agencies.

Tissue guidelines are expressed in ppm wet
weight, while the RMP tissue data are pre-
sented as ppm dry weight. A wet-to-dry weight
conversion factor of 7, based on an average of
85% moisture content in bivalves, was applied
for comparisons.

Biological Condition and
Survival

The biological condition (expressed as the
ratio of dry tissue weight to shell cavity vol-
ume) and survival rates of transplanted
bivalves following exposure to Estuary water is
evidence that the animals were healthy and
capable of bioaccumulation at most sites
(Figures 17 and 18). However, for a detailed
discussion of condition measurements, see
Bivalve Monitoring Discussion (pp. 201-207)
and An Evaluation of Bioaccumulation Moni-
toring with Transplanted Bivalves in the RMP
(pp. 187-200).
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Figure 17. Percent survival of four species of transplanted bivalves following exposure
to Estuary conditions during the wet (April-May) and dry season (September) of 1996.
* indicates 0% survival. Ostrea lurida was not deployed during the wet season.
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Figure 18. Condition Indices of three species of bivalves at their original "reference"
locations, prior to deployment (T-0), and at the end of their exposure to San Francisco
Estuary waters (various locations) during the wet and dry seasons of 1996. Bivalves deployed
at the Petaluma River station (BD15) during the wet season did not survive (indicated by *).
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Bivalve Monitoring Trends

Transplanted bivalves are valuable in the
assessment of long-term trends because they
provide an integrated measure of contamina-
tion over a three-month period. This interval is
more appropriate for assessment of inter-
annual trends than the one-hour interval
represented by RMP water samples or the
approximate 20-year interval represented by
RMP sediment samples. Long-term trends in
contaminant concentrations in bivalves as
measured in the California State Mussel Watch
and the RMP are discussed in detail in the
article by Gunther and Davis (this chapter).

This section presents plots of RMP bivalve
bioaccumulation data from 1993 to 1996 (Fig-
ures 19 and 20). Concentrations in these plots
are expressed as net bioaccumulation or depu-
ration during the deployment period (initial
concentrations prior to deployment have been
subtracted from final concentrations measured

after deployment). Presented in this manner,
the plots are capable of showing the presence or
absence of both trends and accumulation
during deployment. In many cases (e.g., ar-
senic) there was either little accumulation or
even net depuration during deployment. Mer-
cury in clams has exhibited a consistent sea-
sonal pattern, with higher concentrations in
summer samples in all four years and perhaps
an increasing trend over the period of record.
Organics in clams showed depressed net
accumulation in 1996 due to high concentra-
tions present prior to deployment (T,
trations). Clams at the Sacramento River in
May 1996 had the highest concentrations of
total PCBs and total DDTs observed in RMP

clam deployments to date—these concentra-

concen-

tions were far above even the high T concen-
trations for that sampling period.
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Figure 19. Trace element accumulation or depuration in parts per million, dry weight,
(ppm) in three species of transplanted bivalves for eight sampling periods from 1993-1996.
Initial (T-0) concentrations are subtracted from tissue concentrations after retrieval to give
concentrations accumulated or depurated (negative value) during deployment in the Estuary. Bars
indicate the range of values of all stations where species were deployed. Note different y-axis scales.
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Figure 19 (continued). Trace element accumulation or depuration in parts per million,
dry weight, (ppm) in three species of transplanted bivalves for eight sampling periods

from 1993-1996.
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Figure 19 (continued). Trace element accumulation or depuration in parts per million,
dry weight, (ppm) in three species of transplanted bivalves for eight sampling periods
from 1993-1996.
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Figure 19 (continued). Trace element accumulation or depuration in parts per million,
dry weight, (ppm) in three species of transplanted bivalves for eight sampling periods
from 1993-1996.
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Figure 19 (continued). Trace element accumulation or depuration in parts per million,
dry weight, (ppm) in three species of transplanted bivalves for eight sampling periods
from 1993-1996.
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Figure 20. Trace organic accumulation or depuration in parts per billion, dry weight,
(ppb) in three species of transplanted bivalves for eight sampling periods from 1993-1996.
Initial (T-0) concentrations are subtracted from tissue concentrations after retrieval to give
concentrations accumulated or depurated (negative value) during deployment in the Estuary. Bars
indicate the range of values of all stations where species were deployed. Note different y-axis scales.
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Figure 20 (continued). Trace organic
accumulation or depuration in parts
per billion, dry weight, (ppb) in three
species of transplanted bivalves for
eight sampling periods from 1993-1996.



Bivalve Monitoring

An Evaluation of Bioaccumulation Monitoring with
Transplanted Bivalves in the RMP

A.J. Gunther, Applied Marine Sciences
J.A. Davis, San Francisco Estuary Institute

Introduction

Contamination of estuarine waters by toxic
substances is a problem throughout the United
States (OTA, 1987; Kennish, 1992). In the San
Francisco Estuary, water quality standards have
been established for a variety of substances, and a
large number of management programs have
been implemented to reduce the discharge of toxic
substances to the Estuary (SFBRWQCB, 1995).
Monitoring the abundance and distribution of
regulated contaminants in the Estuary is an
essential step in determining the effectiveness of
control efforts, identifying new contamination
problems, and tracking natural processes that
control contaminant abundance and distribution
in the long term. The temporal and spatial
variability of contaminant concentrations in
water and sediment makes intensive sampling
necessary to identify temporal trends, which is
often too expensive for management agencies to
undertake.

One long-recognized solution to this predica-
ment is to utilize bivalves as biomonitors in what
has often been called the “mussel watch” ap-
proach (Goldberg et al., 1978; Phillips, 1980;
Burns and Smith, 1981; Martin, 1985; De Kock
and Kramer, 1994). Transplanted or resident
bivalves can provide an indication of temporally
and spatially averaged concentrations of
bioavailable contaminants in aquatic ecosystems,
thereby providing an integrated picture of the
success of source reduction efforts in a watershed.

Practical advantages of the mussel watch
approach include the ability of bivalves to:

1) accumulate contaminants to much higher
concentrations than in water,

2) be easily transplanted and maintained,

3) tolerate contaminated environments,

4) not metabolize contaminants appreciably, and

5) provide an indication of contaminant

bioavailability in an important estuarine and
marine species (Martin and Richardson,
1991; Dame, 1996).

Disadvantages include:

1) uptake of contaminants will vary with
environmental conditions such as salinity,
turbidity, and food availability,

2) uptake kinetics may be too slow to equili-
brate with the environment,

3) bioaccumulation can be affected by physi-
ological status, especially reproduction, and

4) not all contaminants in the environment are
readily accumulated by bivalves (Luoma and
Linville, 1995).

Bioaccumulation sampling can be conducted
using resident organisms (“passive”
biomonitoring), or by transplanting organisms
from relatively clean environments to locations of
interest (“active” biomonitoring) (De Kock and
Kramer, 1994). The latter technique has several
advantages, including:

1) organisms can be placed at desired locations,

2) bioaccumulation occurs over a known time
interval,

3) statistically similar groups of organisms
(source population, size, age, exposure
history) can be placed at each station, and

4) in San Francisco Bay, the State Mussel
Watch program provides a historical data-
base for comparison.

The disadvantages of transplants include:

1) spatial coverage of any one species is limited
in an estuary,

2) changes in behavior after transplantation are
possible, including reduced feeding due to
physiological stress or other causes,

3) “clean” sites that are sources of transplants
may become contaminated,

4) contaminants may not reach equilibrium
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during the deployment period, and

5) the method is relatively expensive and
complicated compared to using resident
organisms.

In this paper we report on the results of
biomonitoring for 15 years at two locations in
the San Francisco Estuary via transplantation
of the mussel Mytilus californianus under the
State Mussel Watch and RMP, and on results
using the oyster Crassostrea gigas and the clam
Corbicula fluminea in the four years of the
RMP. Temporal trends are examined to draw
conclusions about changes in the water quality
over time, including the detection of a major
influx of chromium to the Estuary.

Methods

The methods used for collection, deploy-
ment, and analysis are summarized in previous
publications. The trace element methods used
by State Mussel Watch (SMW) are described by
Stephenson and Leonard (1994), and organic
chemistry methods are found in Stephenson et
al. (1995). The methods used by the Regional
Monitoring Program (RMP) are found in the
Quality Assurance Program Plan (Lowe and
Hoenicke, 1996) and Appendix A.

The RMP biomonitoring program was
modeled after the SMW program in order to
make best use of the long-term data set devel-
oped by the SMW for San Francisco Bay. Due to
the participation of different laboratories,
limitations of funds, and logistical consider-
ations, the methods of the two programs have
deviated slightly. These differences must be
considered when comparing the results from
the RMP and SMW, and are discussed below as
appropriate.

Evaluation of the Utility of
Monitoring with Transplanted
Bivalves

Survival and Condition of Transplants

Despite the hardiness of bivalves, including
their tolerance to pollution, their utility as
biomonitors is compromised if they are severely
stressed (or, obviously, if they do not survive).

The RMP has monitored survival and the
change of body condition of the transplanted
animals to indicate physiological stress. Body
condition is defined as the ratio of dry weight to
shell volume (Pridmore et al., 1990), and this
measurement is made for individuals from each
station and compared to condition in individu-
als in the waters that serve as sources for the
transplanted bivalves.

Survival

Survival data for the three species are
summarized in Table 1. The California mussel
(Mytilus californianus) is a native species on
the west coast in wave-exposed intertidal
settings (McDonald and Koehn, 1988), and has
a salinity tolerance of approximately 50%—
150% natural seawater (Morris et al., 1980).
This species has been deployed primarily in the
most saline portions of the Bay, between the
Dumbarton Bridge (BA30) and Pinole Point
(BD30) stations. Mytilus transplants have had
higher survival rates when prevailing salinities
were high (Table 1). Consistently high survival
has been observed at the most saline stations
(Alameda [BB70], Yerba Buena Island [BC10],
and Horseshoe Bay [BC21]). Survival at the
other lower salinity mussel stations was more
variable, and was low in the winter of 1995
when high freshwater flows led to low salinities
in most of the Estuary. Survival has always
been low in winter deployments at Pinole Point
except for the dry winter of 1994. Survival in
summer mussel transplants has been consis-
tently high at all stations.

The oyster Crassostrea gigas is a native of
Japan, with a salinity tolerance of 2—35%o
(Phillips, 1988). Oysters have been deployed at
RMP stations with intermediate salinities.
Oyster survival was best at San Pablo Bay
(Table 1), with only one cruise yielding a
survival of less than 90% (72% in winter 1996).
Survival was moderately good at Coyote Creek
(BA10) and Davis Point (BD40). At both
Petaluma River (BD15) and Napa River (BD50)
survival was poor in three of the eight cruises.
No clear seasonal pattern in oyster survival
was evident.



Table 1. Survival (%) of transplanted bivalves at RMP stations from 1993-1996.

Bivalve Monitoring

MYTILUS
Dumbarton Redwood Alameda Yerba Buena Horseshoe Red Rock Petaluma Pinole Davis Napa

Bridge Creek Island Bay River Point Point River
Winter 93 88 96 94 98 63
Summer 93 98 99 98 95 98 97 97 16
Winter 94 96 99 99 99 97 96 33 99
Summer 94 98 98 98 94 95 96 80 95
Winter 95 18 18 93 92 98 37 0
Summer 95 89 96 99 97 98 99 99
Winter 96 96 99 98 99 90 93 56
Summer 96 99 99 99 98 96 99 100
Winter Average 74 78 97 96 95 75 33 54
Summer Average 96 98 99 97 96 98 89 98 97 16
Overall Average 85 88 98 96 96 86 70 76 97 16
CRASSOSTREA

Coyote Dumbarton Petaluma San Pablo Davis Napa Grizzly

Creek Bridge River Bay Point River Bay
Winter 93 100 95 18
Summer 93 37 61 46 32
Winter 94 73 96 97 97 97
Summer 94 69 75 91 91 91 23
Winter 95 97 0 92 77 83 0
Summer 95 60 25 64 33
Winter 96 98 0 72 73 80
Summer 96 74 92 99 99 94
Winter Average 89 32 90 85 70 0
Summer Average 68 37 63 95 75 63 23
Overall Average 78 37 50 92 80 66 12
CORBICULA

Petaluma  Grizzly Sacramento San Joaquin

River Bay River River
Winter 93 96 96 85
Summer 93 84 53 69
Winter 94 72 93 86
Summer 94 45 94 95
Winter 95 65 89 62 71
Summer 95 2 96 90 76
Winter 96 98 97 96
Summer 96 95 90 98
Winter Average 65 89 87 84
Summer Average 2 80 82 84
Overall Average 34 84 84 84
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Table 2. Condition factors for transplanted bivalves at RMP stations from
1993-1996. Condition factor is the ratio of the condition index at the transplant site
to the condition index of animals at the source location after the deployment period.

MYTILUS
Dumbarton  Redwood Alameda  Yerba Buena Horseshoe RedRock Pinole

Bridge Creek Island Bay Point
Winter 94 1.38 1.65 1.00 1.56 1.66 0.75 0.88
Summer 94 0.72 0.66 0.70 1.40 1.54 0.83 0.67
Winter 95 1.16 1.53 1.22 1.27 117 0.87
Summer 95 0.56 0.56 0.78 0.80 1.27 0.68 0.63
Winter Average 1.27 1.59 1.11 1.42 1.42 0.81 0.88
Summer Average 0.64 0.61 0.74 1.10 1.41 0.76 0.65
Overall Average 0.95 1.10 0.93 1.26 1.41 0.78 0.73
CRASSOSTREA

Coyote Petaluma  San Pablo Davis Napa

Creek River Bay Point River
Winter 94 0.80 0.66 0.83 0.64 0.35
Summer 94 0.24 0.22 0.40 0.55 0.35
Winter 95 0.82 0.69 0.56 0.31
Summer 95 0.27 0.40 0.74 0.40
Winter Average 0.81 0.66 0.76 0.60 0.33
Summer Average 0.25 0.31 0.40 0.64 0.38
Overall Average 0.53 0.43 0.64 0.62 0.35
CORBICULA

Petaluma Grizzly ~ Sacramento San Joaquin

River Bay River River
Winter 94 0.64 0.67 0.67
Summer 94 1.25 1.16 1.07
Winter 95 0.88 0.82 0.71 0.75
Summer 95 0.72 0.62 0.66
Winter Average 0.88 0.73 0.69 0.71
Summer Average 0.99 0.89 0.86
Overall Average 0.88 0.86 0.79 0.79
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The Asiatic clam, Corbicula fluminea, is
native to China and has a salinity tolerance of
0-3%o, and possibly as high as 10%o. (Phillips,
1988). Clams have been deployed at freshwater
RMP sites near the Delta. Clam survival was
moderately good at all sites, averaging 84% at
the three sites with consistent deployments.
Low survival rates were observed at Grizzly
Bay (BF20) in summer 1994 and at Sacramento
River (BG20) in summer of 1993. No clear
seasonal pattern in clam survival was evident.

Condition

Condition data for the three species are
summarized in Table 2. The data are expressed
as a ratio of the condition index at each station
to the condition measured in animals at the
source location at the end of the deployment
period (“condition factor”). This condition factor
provides an indication of whether transplanted
bivalves experienced gains or losses in body
mass during deployment while taking into
account the normal body mass variation that
might occur in undisturbed animals due to
reproductive cycles or other seasonal physi-
ological variation. A condition factor of less
than one indicates that the animals lost body
mass relative to undisturbed animals during
the deployment period. On the other hand, a
condition factor greater than one indicates that
the transplants gained body mass relative to
undisturbed animals. A condition factor signifi-
cantly lower than one suggests that the ani-
mals were not feeding or were under physiologi-
cal stress during deployment. Suppressed
feeding might occur due to several causes (e.g.,
osmotic stress, low food availability, or toxic
effects of contaminants), but, whatever the
cause, observation of low condition factors in
transplants raises doubts about the effective
functioning of the bivalves as indicators of
trophic transfer of contaminants in the estua-
rine food web.

Condition in animals at the source locations
at the end of the deployment period (referred to
as “T'1 condition” in previous Annual Reports)
was only measured in 1994 and 1995.

Bivalve Monitoring

Condition factors in mussels were consis-
tently greater than one at the most saline sites,
Horseshoe Bay (BC21) and Yerba Buena Island
(BC10), with only one instance of a ratio less
than one (BC10 in summer 1995). Condition
factors at Dumbarton Bridge (BA30), Redwood
Creek (BA40), and Alameda (BB70) were
always greater than one in winter deployments,
and always well below one in summer deploy-
ments. At Red Rock (BC61) and Pinole Point
(BD30) condition factors were always less than
one. Pinole Point (BD30) had the lowest aver-
age condition factor (0.73) of any of the mussel
stations.

In oysters, condition factors were always
less than one. At three stations, Coyote Creek
(BA10), Petaluma River (BD15), and San Pablo
Bay (BD20), average condition factors in winter
were much higher than in summer. Condition
factors in oysters at Napa River (BD50) were
consistently very low, averaging 0.35.

Condition factors in clams were generally
less than 1 (Table 2). In summer of 1994,
however, condition factors greater than 1 were
obtained at all three stations where clams were
deployed. Condition factors in clams did not
show consistent seasonal variation.

Summary of Survival and Condition Data

Two prerequisites of the mussel watch
approach are that the transplanted bivalves
survive and are not subject to undue physiologi-
cal stress at transplant sites. Certain of the
RMP transplants did not appear to meet these
requirements. Clear and somewhat paradoxical
seasonality was observed in mussels, with
higher survival but lower condition during
summer. In oysters, survival did not show a
consistent seasonal pattern, but condition was
worse at several stations in summer. In clams,
neither survival nor condition displayed consis-
tent seasonal variation.

One hypothesis that could explain the
paradoxical seasonal variation in mussels is
that salinity, which is higher and more toler-
able in summer, results in higher summer rates
of survival, while contaminant exposure, which
is higher in summer due to reduced dilution
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and increased remobilization of con-
taminants from sediment, results in
reduced summer condition. Reduced
food availability in summer after the
spring phytoplankton bloom is another

Table 3. Median accumulation factors derived from
RMP deployments during 1993-1996. Accumulation
factors were calculated for each sample as the
concentration in the sample after deployment divided by
the concentration in the animals prior to deployment.

possible explanation for low summer

condition. PARAMETER Mytilus  Crassostrea  Corbicula
Sites where condition factors Ag 1.7 15 2.2
consistently indicated limited stress As 0.9 0.9 1.2
and where survival was consistently Cd 0.9 2.0 1.7
good included only winter deployments Cr 1.7 2.4 15
of mussels at Yerba Buena Island Cu 14 2.6 15
(BC10), Horseshoe Bay (BC21), Hg 1.1 0.9 1.3
Dumbarton Bridge (BA30), Redwood Ni 1.6 2.6 2.1
Creek (BA40), and Alameda (BB70). In Pb 1.8 3.2 2.2
only one period did clam deployment Se 1.0 14 1.1
yield good survival and condition Zn 1.3 2.0 1.3
(summer 1994 at Sacramento River Total DDT 4.6 9.1 2.4
[BG20] and San Joaquin River p,p’-DDD 8.7 15.7 4.0
[BG30]). Only one oyster deployment p,p’-DDE 3.0 8.2 2.0
yielded reasonably good survival and Total Chlordane 2.9 4.6 25
condition (Coyote Creek [BA10] in alpha-Chlordane 1.6 4.6 2.2
winter 1995). gamma-Chlordane 3.5 4.3 3.0
Contaminant Bioaccumulation trans-Nonachlor 3.8 34 2.3
Dieldrin 1.8 29 8.9
In addition to demonstrating Total PCB 10.0 7.8 3.1
growth and survival, transplanted Naphthalene 1.2 1.0 0.7
bivalves must accumulate contami- Anthracene 2.9 2.7 2.3
nants of interest to concentrations Phenanthrene 2.2 2.1 0.9
above those at the time of deployment. Fluoranthene 6.1 3.6 2.9
Similar to condition factors, accumula- Pyrene 5.2 5.0 8.4

tion factors (AFs) can be calculated as

the ratio of the concentration of a

contaminant in transplanted bivalves to the
concentration prior to deployment. AF's there-
fore indicate the degree to which the trans-
plants accumulated contaminants from the
Estuary (or “signal strength”) during the
deployment period. AFs above one indicate that
transplants accumulated contaminants above
the concentrations in the animals prior to
deployment. AFs less than or equal to one
indicate that concentrations in transplants did
not increase during deployment. Such a lack of
accumulation could be due to several causes,
including relatively low levels of contamination
in the Estuary (e.g., depuration of initial body
burdens), relatively high levels of contamina-

tion in the locations that served as sources for
the transplanted bivalves, or limited capacity of
the bivalves for accumulation. Without accumu-
lation, it is difficult to ascertain whether con-
taminant concentrations in tissue were the result
of exposure prior to deployment, or if there were
no bioavailable contaminants present at the site
of deployment. It is thus essential that contami-
nant concentrations in animals to be trans-
planted be as low as possible.

Table 3 lists median accumulation factors
(AF's) derived from the RMP deployments during
the period 1993-1996. The data show a signifi-
cant variation among species and contaminant
classes, which are a function of both differences



in accumulation potential and differences in
spatial distribution of contamination in the
Estuary. For certain contaminants in some
years, high contamination at the sites where
the animals are collected results in low AF's
(e.g., Corbicula collected from Putah Creek in
1996).

The bioaccumulation signal for metals, as
evidenced by the accumulation factors, is
generally weak. For mercury, which is a main
parameter driving advisories over consumption
of Bay fish, the low accumulation factor indi-
cates that bivalve transplants are not an
effective monitoring tool for mercury in the
Estuary. Low bioaccumulation by bivalves,
which was also noted by (Luoma and Linville,
1995) for Potamocorbula amurensis and
Macoma balthica, does not predict the higher
trophic level problem known to exist. Table 3
indicates a similar result was also found for
selenium and arsenic.

Accumulation factors for metals appeared
lowest in the mussels (Mytilus californianus),
with all values less than two (Table 3). The
oyster Crassostrea gigas was the best accumu-
lator of metals, particularly for chromium,
copper, lead, and zinc. The clam Corbicula
fluminea was the best accumulator of silver,
and a relatively good accumulator of nickel and
lead.

Accumulation factors for organic contami-
nants of concern were generally high, indicat-
ing that transplanted bivalves are capable of
detecting a distinct signal of organic contami-
nation in the Estuary. Mussels were particu-
larly strong accumulators of p,p’-DDD (a
relatively abundant anaerobic breakdown
product of p,p’-DDT in the Bay), PCBs (which
reach high concentrations at South Bay where
mussels are deployed), and high-molecular
weight PAHs such as fluoranthene and pyrene.
Oysters readily accumulated DDTs, chlordanes,
PCBs, and high-molecular weight PAHs. Clams
had lower AF's overall than mussels and oys-
ters, but still showed clear net accumulation of
everything but low-molecular weight PAHs, and
strong accumulation of dieldrin and pyrene.

Bivalve Monitoring

Low-molecular weight PAHs, such as naphtha-
lene, had relatively low AF's in all species.

In summary, oysters showed the strongest
overall net accumulation of trace elements and
trace organics. Mussels and clams accumulated
significant masses of organic contaminants
during deployment, but generally exhibited
little net accumulation of trace elements.

Long-term Trends

The most important reason for establishing
the bioaccumulation monitoring program as
part of the RMP was to investigate long-term
trends with a spatially and temporally aver-
aged measurement of bioavailable contami-
nants in the Estuary. The four-year database
available from the RMP is not yet adequate to
detect such trends. However, the fact that the
RMP took over deployment of bivalves from the
SMW at certain sites in the Estuary provides
the opportunity to examine a much larger
database, dating back to 1980 or 1981. Using
such a long-term database provides an extraor-
dinary opportunity to examine the status of
contamination in the Estuary over the last two
decades.

The RMP and SMW data sets are not,
however, strictly comparable for several rea-
sons. Some slight differences in analytical
methods exist due to the fact that different
laboratories using different analytical methods
(e.g., packed column versus capillary column
gas chromatography) have been responsible for
chemical analyses. Conventions for estimating
total PCBs have also changed over time, and
certain analytes, such as chlorpyrifos and
diazinon, were not included in the earlier
analyses. In addition, the time of deployment
differs between SMW (fall) and RMP (winter
and summer), which can bias bioaccumulation
data (De Kock and Kramer, 1994; O’Connor,
1996).

While such comparability problems require
consideration when assessing trend data, they
do not eliminate the value of this long-term
data set. The vast majority of methods utilized
by RMP in bivalve collection, maintenance,
retrieval, and analysis were modeled after
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SMW methods (Lowe and Hoenicke, 1996).
Some of the trends noted below are significant
enough that they are unlikely to be the result of
methodological differences, and some of the
large changes noted do not correspond to
changes in program methods. Even with
qualifications, this discussion documents the
value of long-term bioaccumulation monitoring
by indicating the nature of the perspective this
method brings to assessment of the health of
the Estuary.

The assessment of long-term trends is
presented for the Central Bay using the RMP
Yerba Buena Island station and the SMW
Treasure Island station, and in South Bay for
metals using the Dumbarton Bridge station
(the SMW data set for organics at the
Dumbarton Bridge station is incomplete).
Statistical significance of trends are examined
(Table 4) using Spearman’s ranked correlation
(Ferguson, 1971; O’Connor, 1996). The trend
data are displayed graphically in Figures 21
and 22. In general, the data indicate significant
declines for contaminants where use has been
outlawed or restricted, less significant declines
for other contaminants, and no trends for
others.

Trace Elements

For trace elements, a significant decline
(Table 4) is indicated for silver in both the
Central and South Bays, with concentrations
decreasing over an order of magnitude (Figure
21). This suggests wastewater treatment
programs have successfully reduced the abun-
dance of silver in the Estuary. A similar trend
for silver is noted by (Luoma et al., 1996) from
their monthly monitoring of resident clams

Bivalve Monitoring

(Macoma balthica) in South San Francisco Bay.
The continued presence of bioaccumulated
silver in the South Bay is expected due to
remobilization of silver from sediments (Rivera-
Duarte and Flegal, 1997a).

Declines for mercury and lead are also
indicated by the data, although the relatively
low accumulation of these metals, as evidenced
by the data from the Bodega Bay collection site
(Figure 21), makes the importance of these
trends less clear those identified for silver. The
data for lead have been normalized to alumi-
num (Hoenicke et al., 1996) to correct for
sediment in the gut of the bivalves as they were
not depurated. (In certain instances, this
required estimating aluminum concentrations
in the bivalves from adjacent year’s data. The
uncertainty in this technique is indicated by a
value less than zero for 1990 at the Dumbarton
Bridge).

The declines in silver, lead, and mercury
are in marked contrast to a significantly
increasing trend for chromium (Table 4). Figure
21 clearly indicates that since 1993 the abun-
dance of bioavailable chromium in the Estuary
has been much higher than in the past, al-
though fluctuating in both time and space. In
both 1993 and 1995, chromium concentrations
are higher, although in 1995 high concentra-
tions at Bodega Head make interpretation of
the transplant data difficult, as it is not known
if the concentrations after deployment repre-
sent accumulated contamination or incomplete
depuration of the initial body burden. In 1996,
the concentrations at Treasure Island and
Dumbarton Bridge diverge after tracking
closely in 1981-95, suggesting differing pro-

Table 4. Long-term trends in the concentration of bioavailable contaminants in the San

Francisco Estuary, 1980-1996. Significance of trends tested with Spearman’s rank correlation. (1=
very significant decrease (p<.01) | = significant decrease (p <.05), | * = decreasing trend (p<0.1) | =
decreasing trend (p < 0.2), 1 = significant increase (p <.05). INC = incomplete data base for analysis.

site (N) cis-chlordane PCB DDE dieldrin Ag Hg Cr Pb (Alcor)
Dumbarton (14) INC INC INC INC ! ! 1 L*
Treasure Island (17) O O O O ! ! 1 !
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cesses affecting chromium availability in these
two locations.

The bioaccumulation monitoring data for
chromium strongly suggest that a large influx
of chromium to the Estuary occurred in 1993
and 1995. The source of this chromium appears
to be the flushing of the Yolo Bypass, as indi-
cated by intensive sampling of the water
column for chemical species of chromium (Abu-
Saba and Flegal, 1997). Floodwaters sitting in
lowlands such as the Yolo Bypass apparently
leach chromium from the soils/sediments, and
this chromium is carried into the Estuary
during later storm events. The flux of chro-
mium to the Estuary via these high flow events
exceeds direct anthropogenic inputs by almost
two orders of magnitude (Abu-Saba and Flegal,
1997). (While this mechanism should also have
been documented during the heavy rains of
198283, the SMW deployment occurred in the
fall, and so the biomonitoring data does not
reflect the period of high flows in the winter.)

The diagenic remobilization of chromium
from the sediments in the South Bay might
explain higher concentrations found at the
Dumbarton Bridge site during the winter/
spring periods of 1995 and 1996. Abu-Saba and
Flegal (1997) indicate that the principal source
of dissolved chromium to the South Bay is
remobilization of chromium from sediments.
This process is likely to exert a significant
influence on measurements of bioaccumulation
by bivalves.

For copper and zinc, two other contami-
nants of concern in the San Francisco Estuary,
the long-term data indicate no trend. For
copper, this is in direct contrast to the long
term data from resident clams in the South
Bay, that show a significant decrease in
bioavailable copper (Luoma et al., 1996). The
sampling site of Luoma et al. is very close to the
outfall of the Palo Alto Sewage Treatment
Plant, and the declines at this site may reflect
the important influence of that local source. As
with chromium, copper, and zinc concentrations
in the water column of South Bay are likely
influenced by benthic fluxes, especially zinc
(Rivera-Duarte and Flegal, 1997b). The lack of
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a trend at the central channel Dumbarton
Bridge site, despite efforts to reduce anthropo-
genic inputs of these trace elements, may
reflect the importance of sediment-water
interactions in controlling the temporally and
spatially averaged bioavailable concentrations
as represented by the transplanted bivalves. In
addition, there is also some evidence of regula-
tion of zinc body burdens (and to a lesser
extent, copper) by mussels, although the effect
of this metabolic activity is not thought to
interfere with larger changes of zinc
bioavailability in the environment (Rainbow,
1995).

Trace Organic Contaminants

The most extensive long-term data for
organic contaminants from the SMW Program
were collected at Treasure Island and Point
Pinole. These stations are close to Yerba Buena
Island (BC10) and Pinole Point (BD30) stations
from the RMP, and are directly compared to
these stations in this discussion. RMP data
indicate that mussels at Yerba Buena Island/
Treasure Island have had consistently high
survival and good condition, while Pinole Point
transplants appear to lose body mass during
deployment (Tables 1 and 2). This raises the
concern that these animals are beyond the
range of their physiological tolerance, and for
this reason the discussion of long-term trends
will focus on data from Yerba Buena Island/
Treasure Island.

Long-term trends in selected trace organics
at Yerba Buena Island are depicted in Figure
22. The data are expressed on a lipid weight
basis because of correlations of contaminant
concentrations with lipid for SMW data at this
station and for RMP data in general, and
because lipid normalization reduced the vari-
ance around the long-term trend lines and
between SMW and RMP data. Overall, these
data generally show statistically significant
declines (p<.01, Table 4) in organic contaminant
concentrations since 1980. The trajectory of the
declines, however, varies from contaminant to
contaminant.
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PCB concentrations were high in 1980 and
1981, then dropped considerably in 1982 and
have remained essentially constant ever since.
It should be noted that PCB concentrations at
other SMW stations showed the same pattern
in the early 1980s, with high concentrations in
1980 and 1981 and a major reduction by 1982.
RMP data for total PCBs are expressed as the
sum of individual PCB congeners, in contrast to
the SMW which used the older convention of
the sum of Aroclors. In wildlife tissues, sums of
Aroclors are approximately double the sums of
congeners in the same sample (Turle et al.,
1991). Given this consideration, RMP PCB data
appear to be in good agreement with SMW data
from the early 1990s.

p,p’-DDE is usually the most abundant
DDT compound in samples from the Estuary.
Concentrations of p,p’-DDE were high in 1980,
dropped sharply in 1981, and appeared to
decline at a low rate after 1981. Concentrations
since 1988 have been essentially constant, with
close agreement between SMW and RMP data.

cis-Chlordane was one of the most abun-
dant chlordane compounds in the technical
chlordane mixtures and is also relatively
abundant in RMP samples. Like PCBs and p,p’-
DDE, concentrations of cis-chlordane were
highest in 1980. Unlike PCBs and p,p’-DDE,
however, cis-chlordane showed a more gradual,
continuing decline from 1981 to 1991. Concen-
trations since 1991 have been relatively con-
stant. Dieldrin concentrations have been
relatively variable, but were also generally high
in the early 1980s, with the highest concentra-
tions observed in 1980 and 1984. Concentra-
tions have been constant since 1989.

Uses of all of the organic chemicals dis-
cussed have been restricted for long periods of
time. Restrictions on PCB production and use
began in the early 1970s and commercial PCB
production ceased in 1977 (Brinkman and de
Kok, 1980). The use of DDT for almost all
purposes was banned in California in 1970 and
in the US in 1971 (Phillips, 1987). Restrictions
on chlordane use began in 1975 and domestic
sales and production ceased in 1988
(Shigenaka, 1990). Dieldrin use has been

restricted since 1974 (Harte et al., 1991) and
ceased in 1987 (SFBRWQCB, 1995). Declines in
concentrations of these contaminants in the
Bay have occurred in the period covered by
SMW and RMP as would be expected. It is
important and somewhat surprising, however,
that concentrations of these contaminants have
not continued to decline in the 1990s. Concen-
trations of these contaminants remain high
enough for concern over human health, as
evidenced by current fish consumption adviso-
ries (SFBRWQCB, 1995), and for concern over
effects on wildlife (Davis, 1997; Kopec and
Harvey, 1995). The most recent long-term trend
data suggest that these concerns are not likely
to diminish in the near future.

Recommendations for Continued
Monitoring with Transplants

It is anticipated that in 1998 the RMP will
be reviewing the biomonitoring program. As a
contribution to this process, the following
recommendations based on the preceding
analysis are offered for consideration.

1) The biomonitoring program of the RMP
should be continued, as the long-term data
on the spatially and temporally averaged
abundance and distribution of contami-
nants provided by this effort are of extraor-
dinary value in assessing the health of the
Estuary. While interpretation of the trends
presented in this paper must recognize
certain problems of comparability between
the SMW and RMP data sets, if the RMP
continues in a consistent manner into the
future, an internally consistent long-term
data set will be established.

2) The RMP currently deploys three species of
bivalves at 15 sites in the Estuary. The
data on survival and condition of the
transplants indicates that certain sites are
generating physiological stress in the
animals at certain times, which interferes
with their usefulness as biomonitors. The
possible causes of reduced condition in
transplants should be investigated. At sites
where reduced condition is associated with
physiological changes that interfere with



contaminant bioaccumulation, monitoring
with transplanted bivalves should not be
continued.

3) Certain elements are not accumulated
significantly by bivalves, suggesting that
these substances are of limited
bioavailability in the Estuary or that
bivalves are not good biomonitors for these
substances. Thus, the bivalves do not
adequately document the ongoing problem
of bioaccumulation of mercury in the Estu-
ary. It consequently may make sense to
eliminate certain substances from the
analyte list. The recent data on bioavailable
chromium, however, suggests that elimina-
tion of potentially bioavailable substances
should be done with great caution, as it is
possible to confound no bioaccumulation
and limited ability to bioaccumulate. If pre-
1993 data were assessed, one might con-
clude that chromium is not accumulated by
the bivalves and should be dropped from the
RMP analyte list.

4) A growing body of evidence suggests that
many sources of contamination to the
Estuary are episodic in nature, and it is
likely that these pulses of contaminant
input can greatly influence the abundance
and distribution of contaminants. The data
from biomonitoring will be a valuable tool to
prioritize efforts at pollution control in the
face of episodic inputs detected in the
future.
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Bivalve Monitoring Discussion

The primary purpose for the bivalve
bioaccumulation component of the RMP is to
measure the bioavailable portion of contami-
nants in the water column and thus the poten-
tial for entry into the food web. Unlike the
“snapshot” picture of water column contamina-
tion obtained from water sampling during three
periods each year, the bioaccumulation compo-
nent provides an integrative measure of water
contamination, since bivalves are exposed to a
variety of concentrations during the three-
month deployment period that are reflected in
their tissues. The RMP bioaccumulation compo-
nent is also used to discern trends over time
and as a comparison tool with other areas
throughout California. However, it is not used
as a screening process for determining pollution
hot spots.

Time series of bivalve concentrations for the
last eight sampling events starting in 1993 are
depicted in Figures 19 and 20 in Bivalve
Monitoring Trends. As is the case with water
and sediment concentration “trends”, exog-
enous variables probably exert strong influ-
ences on bivalve concentrations as well. The
raw data essentially show no trends for most of
the contaminants, and quantitative relation-
ships of bivalve concentrations with key envi-
ronmental factors should be established so that
the non-contaminant factors can be removed
statistically. Gunther and Davis (this chapter)
evaluated the combined databases of the RMP
and the State Mussel Watch Program, covering
fifteen years and found statistically significant
declines in silver in both Central and South
Bay reaches, and less pronounced declines in
mercury and lead concentrations. The much
shorter RMP monitoring period would lead to
different conclusions and points out how short-
term “blips” can easily lead to premature
conclusions, as in the case of cadmium, copper,
and mercury, for which four years of RMP
monitoring show hints of slight upward
“trends” at stations where clams were deployed.

Trace Element Contaminants

Tissue trace element concentrations in the
Estuary as a whole were generally comparable
during the four years of RMP sampling. Almost
all contaminants varied within a range of plus
or minus two times the mean concentration for
all years combined, and usually much less than
that. Species differences in bioaccumulation
potential remained consistent, not only within
the RMP database, but also when compared to
the National Status and Trends Program and
the State Mussel Watch Program (Table 5;
O’Connor, 1992; Stephenson, 1992).

In 1996 different trace element
bioaccumulation patterns were evident than in
previous years (see Figures 1-11). Copper, lead,
nickel, and silver accumulated in tissues of
mussels and oysters between two and thirty-
two times above background concentrations at
the majority of stations. Copper and silver
bioaccumulated at all Estuary stations during
at least one of the two deployment periods, lead
and nickel at all but one. As in 1995, arsenic
and mercury showed no appreciable differences
in pre-and post-deployment tissue concentra-
tions, and, in 1996, selenium was not
bioaccumulated appreciably above background.
Cadmium, chromium, and zinc increased over
reference concentrations between two and
twenty-five times at one or more stations, but
primarily in the South Bay and the Northern
Estuary. Arsenic is the only trace element that
has not shown bioaccumulation in any of the
three species at any station since the inception
of the RMP.

Trace Organic Contaminants

Bivalves accumulate many trace organic
contaminants to a much larger degree than
trace elements, particularly the lipophilic
compounds. For some organic compounds,
accumulation can be on the order of hundreds
of times above initial tissue concentrations
measured at control sites. Thus, contaminants
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that occur in minute quantities in the water
column or in sediments are quite easily de-
tected and quantified. This results in more
pronounced year-to-year variations for trace
organics than trace elements.

Consistent with the findings from the
previous three years, chlorinated compounds
and PAHs clearly bioaccumulate, with water
representing the main exposure route. All trace
organic contaminants were roughly comparable
to 1995 concentrations, with the exception of
total PCBs and DDT compounds at the Sacra-
mento River station which exhibited concentra-
tions up to four and six times higher during the
wet season than any 1995 samples for each
respective contaminant group (Figures 12—-16).
This may be partially due to the fact that the
1996 values at stations where C. fluminea were
deployed were heavily influenced by high initial
concentrations (T-0) of animals from the source
location in Putah Creek. This was especially
pronounced for DDT compounds, and to a lesser
extent for other trace organic contaminants. As
detailed in Appendix A: Methods, the reference
population of clams in Lake Isabella crashed
and could no longer supply adequate numbers
to transplant in the Estuary. Putah Creek was
chosen as an interim “reference” site.

Seasonal differences in PCB accumulation
were much more pronounced than in 1995. Dry-
season accumulation factors were up to an
order of magnitude higher that those of the wet
season. Unlike in previous years, bivalve
concentrations of chlorinated hydrocarbons in
the South Bay were not as dramatically differ-
ent from other Estuary reaches during the wet
season, and a less consistent wet-to-dry season
pattern could be discerned with pesticides. PAH
tissue concentrations were consistently variable
between seasons, without any consistent
patterns.

Spatial patterns, such as those observed in
1994 for PCBs, did not recur in 1996 and did
not hold for even the historically most contami-
nated South Bay station (BA10). The Petaluma
River also had greater similarity to the rest of
the bivalve deployment sites than in previous
years. The mixture of PAH isomers, although

not individual concentrations, was again fairly
uniform throughout the Estuary, suggesting
multiple inputs via urban runoff or direct aerial
deposition.

Comparison with Guidelines

An extensive summary of tissue concentra-
tion guidelines is included in this chapter, so
the reader can evaluate a variety of “yard-
sticks” that indicate how some of the Estuary
data compare to what is considered “acceptable”
or “undesirable” by public health and regula-
tory agencies. Table 6 summarizes threshold
concentrations for human consumption of fish
and shellfish 