
ARTICLE IN PRESS
0013-9351/$ - se

doi:10.1016/j.en

�Correspond
E-mail addr
Environmental Research 105 (2007) 156–174

www.elsevier.com/locate/envres
Biological effects of anthropogenic contaminants in
the San Francisco Estuary

Bruce Thompsona,�, Terry Adelsbachb, Cynthia Brownc, Jennifer Hunta, James Kuwabarac,
Jennifer Nealed, Harry Ohlendorfe, Steve Schwarzbachc, Robert Spiesf, Karen Taberskig

aSan Francisco Estuary Institute (SFEI), 7770 Pardee Lane, 2nd Floor, Oakland, CA, USA
bUS Fish and Wildlife Service, Sacramento, CA, USA

cUS Geological Survey, Menlo Park, CA, USA
dUniversity of California at Davis, USA
eCH2M Hill, Sacramento, CA, USA

fApplied Marine Science, Little River, CA, USA
gSan Francisco Bay Regional Water Quality Control Board, Oakland, CA, USA

Received 17 October 2005; received in revised form 21 October 2006; accepted 23 October 2006

Available online 12 December 2006
Abstract

Concentrations of many anthropogenic contaminants in the San Francisco Estuary exist at levels that have been associated with

biological effects elsewhere, so there is a potential for them to cause biological effects in the Estuary. The purpose of this paper is to

summarize information about biological effects on the Estuary’s plankton, benthos, fish, birds, and mammals, gathered since the early

1990s, focusing on key accomplishments. These studies have been conducted at all levels of biological organization (sub-cellular through

communities), but have included only a small fraction of the organisms and contaminants of concern in the region. The studies

summarized provide a body of evidence that some contaminants are causing biological impacts in some biological resources in the

Estuary. However, no general patterns of effects were apparent in space and time, and no single contaminant was consistently related to

effects among the biota considered. These conclusions reflect the difficulty in demonstrating biological effects due specifically to

contamination because there is a wide range of sensitivity to contaminants among the Estuary’s many organisms. Additionally, the

spatial and temporal distribution of contamination in the Estuary is highly variable, and levels of contamination covary with other

environmental factors, such as freshwater inflow or sediment-type. Federal and State regulatory agencies desire to develop biological

criteria to protect the Estuary’s biological resources. Future studies of biological effects in San Francisco Estuary should focus on the

development of meaningful indicators of biological effects, and on key organism and contaminants of concern in long-term, multifaceted

studies that include laboratory and field experiments to determine cause and effect to adequately inform management and regulatory

decisions.

r 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The San Francisco Estuary (hereafter called the Estuary,
Fig. 1) receives large volumes of freshwater inflow
that transport agricultural, stormwater, and wastewater
discharges into the Estuary (Davis et al., 2000). Many of
the associated anthropogenic contaminants, as well as
e front matter r 2006 Elsevier Inc. All rights reserved.
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several naturally occurring trace elements (nickel (Ni),
selenium (Se), chromium (Cr)) are present in water and
sediment in concentrations that exceed water quality
objectives, or sediment quality guidelines (e.g., Long et
al., 1995). Many contaminants, as well as contaminant
mixtures, have the potential to cause toxic effects on
estuarine organisms.
The objective of this paper is to synthesize and

summarize information about biological effects in the
Estuary. The information presented in this paper includes
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Fig. 1. Map of the San Francisco Estuary and Delta showing locations referenced in this paper.
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studies conducted in the region by federal or local agencies,
universities, non-governmental, and private organizations.
Summaries of contaminant effects in the Estuary were
produced in the early 1990s: The San Francisco Estuary
Project (US EPA National Estuary Program) produced
Status and Trends reports on pollutants (Davis et al., 1991)
and on aquatic life (Herbold et al., 1992) that included
summaries of knowledge about biological effects of
contaminants in the Estuary at that time. This paper
focuses on studies of toxic effects of contaminants to
estuarine animals conducted since those reviews were
completed.

Although bioaccumulation is an integral and extremely
important aspect of toxicity, in this paper we present
information on accumulation of contaminants only where
it has been linked to effects. Other papers in this volume
provide information on bioaccumulation of specific con-
taminants. A synthesis of sediment toxicity studies is
included in another paper in this volume (Anderson et al.,
2006), and a summary of aquatic toxicity studies is
included in Ogle et al. (2001).

The enduring challenge in effects studies is isolating
biological variability due to contaminant effects from
those effects due to other factors such as salinity, substrate,
food, and various ecological processes (Luoma, 1996;
Thompson et al., 2000; Cloern and Dufford, 2005).
Probably the most important of these processes in the
San Francisco Estuary is the annual and seasonal
variability in freshwater inflows from the Delta that expose
organisms to changes in salinity, river-borne contaminant
inputs, carbon load, and the distribution of sediments
and contaminants. Understanding the patterns in both
year-to-year and seasonal variability of river inflow and
freshwater diversion is critical to understanding the
differences between natural and anthropogenic effects on
the ecosystem.

1.1. Background

One of the main objectives of federal statutes such as the
Clean Water Act (CWA), Endangered Species Act (ESA),
Migratory Bird Treaty Act (MBTA), Marine Mammal
Protection Act (MMPA), and essential fish habitat (EFH)
provisions of the Magnuson–Stevens Fishery Conservation
and Management Act, as well as the California Porter-
Cologne Water Quality Control Act (Porter-Cologne), is to
protect biological resources. The CWA and Porter-
Cologne focus primarily on the impact of chemical and
physical water quality conditions on populations and
communities, while the other statutes have considered a
broader range of potential impacts on the health of
individual animals. The CWA and Porter-Cologne provide
the basis for California Regional Water Quality Control
Plans (Basin Plans), which include lists of ‘‘Beneficial
Uses’’ that include protection for aquatic life, wildlife, and
rare and endangered species. However, definitions of
acceptable biological condition are not included in those
regulations, probably due to incomplete scientific knowl-
edge in most habitat types, and the lack of agreement on
what constitutes a healthy population or community under
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various environmental conditions, for policy purposes
(e.g., Regan et al., 2002).

The San Francisco Bay Regional Water Quality Control
Board (Water Board) is responsible for the protection of
beneficial uses in the Estuary. Since California does not
currently have regulatory biological criteria, the main
regulatory mechanisms used for such protection include
numerical water quality objectives for the concentrations of
contaminants in estuarine waters and narrative objectives,
which state: ‘‘All waters shall be maintained free of toxic
substances in concentrations that are lethal to or that
produce other detrimental responses in aquatic organisms.
Effects on aquatic organisms, wildlife, and human health
will be considered.’’ The difficulty in identifying biological
effects specifically related to contamination is recognized
by the Water Board. However, it is necessary to identify the
specific contaminant(s) that cause adverse effects so that
cost-effective, efficient remedies, and management strate-
gies can be developed. Historically, the Water Board has
used laboratory toxicity tests as the primary indicator of
biological effects from contaminants. Benthic community
analyses were also used as a component of the Bay
Protection and Toxic Clean-up Program in the 1990s
(Hunt et al., 2001). The Water Board instituted the San
Francisco Estuary Regional Monitoring Program (RMP)
in 1993. The RMP has included only a few measurements
of biological effects, such as water and sediment toxicity
tests, benthic macrofauna, and bivalve and fish condition
measurements.

1.2. Mechanisms and models of biological effects

Aquatic organisms may be exposed to contaminants
contained in water, sediments, and food (Landrum and
Robbins, 1990; Forbes et al., 1998; Weston and Mayer,
1998). The amount of contaminant assimilated depends on
its chemistry (electrical charge, polarity, size, and steric
factors), and the organisms’ biology. Contaminants may
enter by absorption through the respiratory surfaces, skin
or digestive tract. Once contaminants enter the organism,
they can be distributed to various organs or fluids
depending on their chemical form, the characteristics of
the organ (lipid content or binding capacity) or fluid. The
flux of the contaminant in the organism (rate of
accumulation, transformation, and loss) determines the
tissue concentrations. Portions of ingested contaminants
may pass through the organism and be excreted. Metabo-
lism and excretion may reduce tissue contaminant
concentrations (e.g., Waalkes and Perez-Olle, 2000;
Ramalingam, 2003).

Contaminant effects on an organism may occur by direct
effects through chemical toxicity, or by indirect toxic
effects that may change the prey or competitors of an
organism, affecting food supply or habitat availability
(Fleeger et al., 2003). Direct effects usually occur when the
biochemistry and physiology of an organism are altered by
abnormal chemical action, or when the compensatory and
repair processes elicited in the organism by toxic chemicals
consume energy that detracts from growth, reproduction,
or general fitness. Several mechanisms of chemical toxicity
are recognized (Klaassen, 2001; Landis and Yu, 2004).
They include interruption, blocking, or interference of
specific cellular functions, such as the increased production
of highly reactive molecules (e.g., H2O2), macrophage
disruption (e.g., Weeks et al., 1990), enzyme induction
(e.g., P450; Spies et al., 1993), interference at nerve
synapses (neurotoxicity, e.g., Buznikov et al., 2001),
hormone receptors (e.g., endocrine disruptors, Roepke
et al., 2005), or immunoreceptors (e.g., Luengen et al.,
2004). Nucleic acids may be broken or bound to reactive
molecules (genotoxicity, e.g., Neale et al., 2005b). Cellular
responses to exposure to contamination may include
stimulation of protection mechanisms, such as lysosomes
(Lowe et al., 1995) and stress proteins (Werner and Nagel,
1997). Tissue (histological) damage may occur as a result of
these cellular processes (e.g., Mitra, 2003), and may result
in developmental abnormalities (teratogenic effects; e.g.,
Heinz, 1996). Measures of certain cellular and tissue effects
are often used as biomarkers to provide evidence of
exposure to contamination and as indicators of effects.
Biomarkers, such as stress proteins and macrophage
disruption do not reflect exposure to specific contaminants.
Others, such as P450 induction and metallothionein
concentrations, may indicate exposure to certain classes
of contaminants, or reflect specific toxicity pathways.
Histological changes and DNA damage may indicate both
exposure and effects.
At the organism level, dose-response kinetics have been

established for relatively few organisms and toxic end-
points, and for only the most common contaminants
(Landis and Yu, 2004). Increases in contaminant concen-
trations usually produce a curvilinear effect response; the
inflection is generally considered to be an effect threshold.
At very high doses, mortality occurs within hours or days
(acute effects). However, environmental concentrations are
usually below acute levels, and effects may be observed as
decreased growth rates, reduced life span, reproductive
impairment, or teratogenic effects in offspring (chronic
effects). More subtle effects on individual organisms may
be measured using biomarkers or observed as behavioral
changes. Effects on individual organisms, such as changes
in growth, reproduction, or mortality, may result in
changes in local populations (MacArthur and Connell,
1966; Kuhn et al., 2002), and changes in populations may
affect species composition, which shapes communities and
ecosystems. These population and community changes are
very difficult to relate specifically to contamination because
the changes may also be affected by numerous environ-
mental and ecological factors.
Models for the response of benthic organisms

to pollutants and organic material were described by
Pearson and Rosenberg (1978), and recently expanded to
sediment contamination by Thompson and Lowe (2004).
These models include consideration of toxicological and
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ecological processes. Loss of sensitive taxa and persistence
of tolerant taxa results in community measures, such as
taxa richness and biomass, which exhibit non-linear
responses to contamination. The highest community values
occur at intermediate or moderate organic material and/or
contamination levels. At the highest contaminant concen-
trations, acute toxicity eliminates most benthic organisms
in the affected area.

2. Results

2.1. Plankton

Plankton dynamics in San Francisco Bay are the subject
of ongoing and extensive studies (Jassby and Powell, 1994;
Cloern, 1996; USGS, 2005). About 500 taxa are present in
phytoplankton communities of San Francisco Bay. Dia-
toms represent about 81% of the biomass (Cloern and
Dufford, 2005), and bacterioplankton biomass contributes
about 16% of phytoplankton biomass (Hollibaugh and
Wong, 1996). Plankton are generally considered to be at
the base of the estuarine energy and food webs with key
functions of transforming the chemical and physical forms
of contaminants and contaminant transport to higher
trophic levels. There have been very few studies of
biological effects of contamination on plankton in the
Estuary. Most contaminant-related studies of plankton
have focused on contaminant-specific uptake and loss
processes for individual species. In other estuaries as well as
San Francisco Bay, contaminant distribution data
and laboratory bioassay results have been synthesized
to speculate on the environmental risk of certain
contaminants to planktonic species (Werner et al., 2000;
Pennington et al., 2001). But as with other major estuaries,
researchers studying planktonic communities in San
Francisco Bay are challenged to quantitatively demon-
strate a connection between documented contaminants
loads and ecosystem response.

The highest bioaccumulation factors between trophic
levels for contaminant solutes typically occur at the
planktonic base (Fisher and Reinfelder, 1995). Modes of
cadmium (Cd), Ni, and zinc uptake by phytoplankton in
the Estuary have demonstrated that biologically driven
contaminant solute flux can cause, at least episodically,
major repartitioning that significantly decreases water-
column concentrations. Metal–organic complexes in plank-
ton tissue may be exploited by predators. The clams
Corbula (formerly Potamocorbula) amurensis and Macoma

balthica assimilated Cd and zinc more efficiently from
microalgal particles than from inorganic suspended sedi-
ments. It was hypothesized that the trace metal enriched
cystolic fractions of the microalgal cells enhanced absorp-
tion efficiency of these metals by the clams (Luoma et al.,
1998; Lee and Luoma, 1998). Cd and silver (Ag)
accumulation by the estuarine amphipod Leptocheirus

plumulosus was also observed by Schlekat et al. (2000a).
In laboratory experiments, Ag uptake by zooplankton
appeared dependent on the cytoplasmic distribution of Ag
in phytoplankton prey and on digestive pathways (Fisher
and Wang, 1998; Xu and Wang, 2004).
Purkerson et al. (2003) observed Se concentrations in

zooplankton in the range of 1.02–6.07 mg g�1 dry weight,
similar to the range of 1.5–5.4 mg g�1 estimated by Schlekat
et al. (2004) in modeling studies, but lower than the
observed range for bivalves (4.5–24 mg g�1). Schlekat et al.
(2002) observed significant differences in the relative
cytoplasmic concentrations of Se between five phytoplank-
ton species that were, in turn, assimilated more efficiently
by C. amurensis than L. plumulosus. The authors also
observed major differences in assimilation efficiencies
between phytoplankton-consuming bivalves and noted
that ‘‘changes in the composition of the phytoplankton
communityy could affect Se accumulation in the bivalve
Macoma balthica but less so for C. amurensis.’’ Consistent
with these studies, Stewart et al. (2004) demonstrated
how a pelagic, crustacean-based food web generated a
lower trajectory for Se trophic transfer than a benthic,
clam-based food web.
Microcosm experiments by Beck et al. (2002) demon-

strated constrained rates of copper (Cu) or Ni uptake by
major diatom species in the Estuary due to the low
bioavailability of metals that were predominantly organi-
cally chelated (i.e., cupric-ion activity of the order of
10�12M). Although not true for all contaminants, the
bioavailability of the free (uncomplexed) Cu or Ni ion
suggests that the chemical forms of a contaminant, which
can be determined by chemical-speciation programs or
various trace-analytical techniques, often reduce to one or
two dominant forms. Beck et al. (2002) also observed that
elevated Cu concentrations affected manganese removal
from solution, supporting the toxicological mechanism of
Cu interfering with manganese assimilation. This suggests
a co-dependence between the phytoplankton uptake rates
for trace constituents like Cu and manganese. However,
these studies also suggested minimal toxicological effect on
the phytoplankton community by Cu and Ni. Field and
laboratory studies by Donat et al. (1994) and by Kuwabara
et al. (1996) indicated the management importance of
trace-metal speciation in the South Bay due to metal
complexation with high-affinity ligands that reduce bioa-
vailability.
Uptake and assimilation rates for contaminants have

dual ecological significance because they represent the
potential for impairment through succeeding trophic levels,
and for biologically induced changes in contaminant
distributions in this urbanized Estuary (Luoma et al.,
1998). For mercury (Hg), uptake rates on the order of
10�15 moleHg cell�1 h�1 (moles of Hg per cell per hour) for
uncharged methylmercury (CH3HgCl or CH3HgOH) and
inorganic mercury (HgCl2) are of particular interest with
methylmercury accumulating about four times more
efficiently by diatoms than the uncharged chlorocomplex
(Mason et al., 1996). These authors found that growth by
the marine diatom Thallasiosira weissflogii was inhibited at
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dissolved methylmercury concentrations greater than
80 pM. Although dissolved concentrations in the water
column of the Estuary are consistently below 3 pM
(Conaway et al., 2003; Topping et al., 2004), elevated Hg
concentrations in upper-trophic level organisms (see
subsequent sections) indicate that trophic-transfer of Hg
is significant to human health in the Estuary and in
surrounding watersheds (Kuwabara et al., 2005).

For Se, uptake rates vary considerably within and among
phytoplankton groups (10�21–10�18mole cell�1 h�1); organic
selenides and inorganic selenite are chemical forms of
greatest significance (Baines and Fisher, 2001; Baines et al.,
2001). Ag uptake rates for phytoplankton (10�18–
10�16mole cell�1 h�1) depend on nutrient concentrations
where the uncomplexed Ag+ ion and the uncharged
chlorocomplex (AgCl0) are potentially most bioavailable
(Fisher and Wang, 1998; Xu and Wang, 2004).

Since Gavis et al. (1981) and Brand and Sunda (1986)
described the relative toxicity of cupric-ion activity to
various phytoplankton species or groups, few comparable
studies have been reported for other contaminants.
Contaminant effects on the phytoplankton are related to
temporally and spatially variable contaminant speciation
and partitioning. Contaminant effects based on assump-
tions about the consistency of phytoplankton community
structure are questionable given the variability of solute
uptake by various phytoplankton species (e.g., for selenite,
Baines and Fisher, 2001). These assumptions could be
tested by examining the interannual variability in the shift
of dissolved-solute concentrations associated with spring
phytoplankton bloom biomass as suggested by Luoma
et al. (1998).

There is virtually an information void on the subject of
trace organic contaminant effects on phytoplankton in the
Estuary. No significant herbicide effects on phytoplankton
primary production in the Delta (May–November) were
observed by Edmunds et al. (1999). They noted that
diuron, atrazine, cyanazine, simazine, thiobencarb, and
hexazinone concentrations were consistently below those
where significant toxicological effects had been observed in
laboratory experiments by others. In a synthesis of
pesticide data for surface waters in the United States,
however, Larson et al. (1999) noted elevated concentra-
tions of the orchard herbicide simazine (0.05–40.5 nM,
MW 201.7Da) and four insecticides (chlorpyrifos,
diazinon, carbofuran, and carbaryl) at three sites within
the San Joaquin Basin relative to 37 other agricultural
indicator sites.

Field studies of contaminant effects on zooplankton in
San Francisco Estuary are rare, particularly for inorganic
contaminants (Purkerson et al., 2003). However, labora-
tory toxicity tests have shown the potential for impacts on
mysids and daphnids due to herbicides and insecticides in
the Estuary and Delta (Foe, 1995; Kuivila and Foe, 1995,
De Vlaming, 1996; Ogle et al., 2001). Aquatic bioassay
results spanning 1997–2000 suggested a link between
episodic pesticide runoff into the Estuary and aquatic
toxicity to mysid shrimp, a non-resident test organism
(Ogle et al., 2001). Furthermore, within the back sloughs of
the Sacramento-San Joaquin River Delta, Werner et al.
(2000) observed the greatest percentage (14.1–19.6%
between 1993 and 1995) of samples toxic to Ceriodaphnia

dubia caused by organophosphate and carbamate pesti-
cides. In addition to herbicides and insecticides, Kolpin et
al. (2002) and Smital et al. (2004) shed light on the
pervasive presence of synthetic, hormonally active, organic
chemicals in our nation’s surface waters. Roepke et al.
(2005) demonstrated that the toxicity of such endocrine
disrupting compounds on echinoderm embryonic develop-
ment, particularly in the blastula stage, could be expressed
at concentrations as low as 0.2 nM (MW 140–250Da).
Although, the toxicological mechanism was not identified,
more than one mode was suggested.
In summary, models that quantify the primary effects of

inorganic and organic contaminants on planktonic species,
let alone multi-solute interdependent effects on planktonic
communities, are critically limited considering that these
toxicological effects can extend cumulatively to the higher
trophic levels discussed below. Beyond the limitations
summarized in this section, a clear void lies in our
knowledge of picoplankton communities. Despite the fact
that picoplankton (both autotrophic and heterotrophic)
represent significant biological surface area for contami-
nant exchange in the Estuary’s water column (Hollibaugh
and Wong, 1996; Ning et al., 2000), there is a conspicuous
absence of contaminant studies on this planktonic group.

2.2. Benthic invertebrates

Benthic organisms inhabit the intertidal and subtidal
sediments of the Estuary. Indicators of benthic condition
are used in assessments of environmental condition in most
coastal monitoring programs in the US (US EPA, 2005)
because they are an important ecosystem component with
generally limited motility, they link sediment contamina-
tion to the food web, and their burrowing activity affects
sediment stability and geochemistry. Two approaches have
been taken in San Francisco Estuary benthic studies:
biological effects of trace metal contamination on selected
species or sub-populations, and community or population
effects that correlate with varying levels of sediment
contaminant mixtures.
Ag is highly toxic and readily accumulated as a result of its

reactivity with chlorides in seawater and its binding capacity
with suspended sediment particles (Luoma et al., 1995).
Elevated concentrations of Ag are almost always of
anthropogenic origin. Following decreased loadings in
wastewater effluent, Ag concentrations in the clam Macoma

balthica and in sediment collected near the Palo Alto Water
Quality Control Plant declined by 87% between 1977 and
1991. Prior to 1989 when the concentrations of Ag were
elevated, mature gonadal tissues were not observed in more
than 50% of the clams. After contamination decreased in
1989, Macoma balthica again developed mature gonadal
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tissues, and the reproductive capabilities of clams improved
(Hornberger et al., 2000). Ag effects on the clam Corbula

amurensis (formerly Potamocorbula) were studied at a
number of sites from San Pablo Bay to Suisun Bay from
1990 to 2000. Ag in the clams showed a negative relationship
with condition index, and was also correlated with changes in
reproductive activity (Parchaso and Thompson, 2002). When
Ag concentrations in the tissues were highest, clams were
reproductively active only 20–60% of the year. However,
when Ag concentrations in the clams were below 1mgg�1 dry
weight, the clams were reproductively active 80–100% of the
year. These observations suggest chemical disruption of
reproduction by Ag. Other environmental factors show no
such association and are unlikely causes (Brown et al., 2003).

Several studies have focused on Se uptake and effects in
the dominant estuarine clam C. amurensis. Se is a necessary
micronutrient, but at slightly higher concentrations, is a
reproductive toxin. Se has not been linked to toxicity in
Estuary clams, but is bioaccumulated through the food
web. Se accumulation at the highest trophic levels in the
Bay was five-fold greater through the clam-based food web
than through the crustacean-based food web (Stewart et
al., 2004; Linville et al., 2002). Clams have a 10-fold slower
rate constant of loss for Se than do copepods and mysids,
resulting in much higher Se concentrations in the bivalves
than in the crustaceans (Schlekat et al., 2000b, 2002). High
concentrations of Se in C. amurensis often exceed values
known to reduce growth or cause reproductive damage
when ingested by birds and fish (Lemly, 1998; Hamilton,
1999; Heinz, 1996).

Cd is a non-essential element and competes with zinc for
binding sites, which interferes with the essential functions
of zinc by inhibition of enzyme reactions and utilization of
nutrients. The bioavailability of Cd to C. amurensis

appears to be driven by salinity. Cd is more available to
fresh water biota because it exists principally in the free-ion
form, which is highly available. In more saline waters, Cd
forms chloro-complexes, which make it less available. The
spatial gradient of Cd in clam tissues is correlated to the
salinity gradient, consistent with this change in chemical
form (Brown et al., 2004). Cd may affect the clam, but the
mechanism is not clear. Condition index measurements in
C. amurensis showed a significant negative correlation with
Cd tissue concentrations. Clams with high Cd concentra-
tions did not gain or lose weight in seasonal cycles as did
clams with low Cd concentrations. Changes in condition
index could also be driven by changes in reproduction,
growth, or energy reserves (glycogen and lipids), but these
factors have not been studied fully.

The effects of Cu on bivalves were studied by following
changes in Cu loadings from the Palo Alto Water Quality
Control Plant. As Cu decreased in the surface sediment as a
result of improved source control and treatment, Cu also
decreased in the tissues of the bivalve Macoma balthica

(Hornberger et al., 2000), similar to their Ag results.
The reproductive capability of the clams improved in
association with the decrease in tissue concentrations.
The San Francisco Estuary RMP has consistently showed
that sediment from Grizzly Bay was toxic to bivalve larvae
(Mytilus galloprovincialis). Through a combination of
methods, Phillips et al. (2003) showed that Cu was the
most probable cause of this toxicity.
The disruption of processes associated with key popula-

tion response factors, such as reproduction, has been
linked to increased trace metal body burdens using
enzymatic and histopathological biomarkers as indicators
of exposure and effects (Teh et al., 1999). Histopathologic
analysis of digestive glands, kidney tubules, gill, and
gonadal tissue revealed no lesions in C. amurensis with
the lowest overall metal concentrations (San Pablo Bay).
As metal concentrations increased in the clams at the
different sites, the number of lesions increased. Severe
lesions in all tissues examined were found only in clams
with the highest metal concentrations (eastern Suisun Bay),
and enzymatic analysis revealed increased digestive diver-
ticula ATP. It was postulated that changes in population
dynamics were related to increases in metal body burdens,
increases in ovarian and testicular necrosis, decreases in
condition index and glycogen content, and decreases in
reproductive output (Teh et al., 1999). Immune responses
to contamination in the mussels Mytilis californianus and
Mytilis galloprovincialis/troussulus were observed at two
South Bay sites, where the mussels had elevated levels of
phagocytosis (Luengen et al., 2004).
Cr, Ni and vanadium (V) are mostly of geological origin,

but they are potentially toxic contaminants. Specific forms
of Cr, Ni, and V that commonly occur in aquatic
environments are known to be toxic, but little is known
about their bioavailability in estuaries. The seasonal
pattern of Cr, Ni, and V concentrations in the tissues of
C. amurensis indicates that freshwater flow into the Bay
from the Delta affects their bioaccumulation. These metals
do not appear to have a direct effect on benthic organisms,
but their accumulation in bivalves contributes to an
understanding of the processes that determine the fate of
these contaminants (Brown et al., 2004).
Two important classes of contaminants that are not well

studied in the context of benthic invertebrates in San
Francisca Bay, but are of great concern, are polycyclic
aromatic hydrocarbons (PAHs) and pyrethroid pesticides.
PAHs originate from many sources including motor
vehicles and petroleum spills, and may accumulate in
estuarine sediments. The only studies of PAH effects on
invertebrates in the Estuary associated amphipod toxicity
with seasonal changes in sediment PAH concentrations at
two Central Bay sites (Thompson et al., 1999). Studies on
the effects of PAHs to invertebrates have been conducted
elsewhere and have shown impacts on immune systems and
DNA damage, (Clément et al., 2005; Wootton et al., 2003).
Pyrethroids are the active ingredients in most insecticides

available for residential use in the United States. Pyre-
throids in most sediments of urban creeks in the Central
Valley caused toxicity in laboratory exposures to the
amphipod Hyalella azteca and about half the samples
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caused nearly complete mortality (Weston et al., 2005).
Ultralow doses of pyrethroids have showed toxic effects on
Daphnia magna (Ratushnyak et al., 2005).

Benthic assemblage (community) impacts associated with
contaminated sediments have been observed in several
locations in the Estuary. Assessments of benthic condition
using a multimetric Index of Biotic Integrity (IBI) were
conducted on samples from two major benthic assemblages
in the Estuary: the polyhaline assemblage in the Central Bay
and the mesohaline assemblage from the moderate salinity
portions of the Estuary (Thompson and Lowe, 2004). Several
degrees of impacts were defined based on the cumulative
number of exceedances of reference sample ranges (multiple
sites in each assemblage) for selected benthic indicators in
each sample assessed. Only 2.5% of the samples from the
deeper, offshore benthic habitat showed apparent impacts;
14.3% of the samples from near wastewater discharges
showed impacts, and 78.3% of the samples from sub-
embayments and channels around the Estuary margin were
impacted. The margin sites were inhabited by mostly
opportunistic and contaminant-tolerant taxa, reflecting the
elevated sediment contamination and total organic carbon
(TOC) levels at those sites. Impacted samples from both
assemblages had significantly higher sediment contaminant
concentrations (mixtures) than reference samples, and
degrees of impact were significantly correlated with increas-
ing sediment contamination. However, due to the covariance
between TOC and most sediment contaminants in the
Estuary margins, it was concluded that both sediment
contamination mixtures and elevated TOC contributed to
the changes in benthos at the Estuary margin sites.

The same assessment methods were subsequently applied
to samples from San Pablo Bay, Napa and Petaluma rivers,
and three sites in the Napa-Sonoma Marsh in 2000–2001
(Thompson and Lowe, 2003). Only 8.3% of the samples
from San Pablo Bay were impacted, and 67% of the
margin samples from Napa River and Napa-Sonoma
marsh were impacted. The high incidence of benthic
impacts at the Estuary margin sites was consistent with
the results described above for the entire Estuary, and was
also most closely related to elevated TOC concentrations
and elevated sediment contamination mixtures, including
organophosphate and pyrethroid pesticides. Elevated TOC
and sediment contamination in those samples had more
influence on benthic species composition and abundances
than did differences in hydrodynamic regime (e.g., river or
marsh channel), or seasonal and tidal differences in
salinity, flow, turbidity, or temperature. Sediments from
the same sites were used to study their effects on the clam
Macoma nasuta in laboratory exposures (Werner et al.,
2004). Mortality, stress proteins (hsp70) in gill tissues,
tissue lesions in gonads, and lysosomal membrane damage
were significantly correlated with clam tissue concentra-
tions of DDT and/or its metabolites. Tissue concentrations
of Ni, Cr, and Cu were associated with macrophage
aggregates in digestive gland and germ cell necrosis; Cd
was linked to mortality and lysosomal damage.
In summary, biological impacts of Ag and Cd to several
localized clam populations has been shown. Cu ions in
sediment were toxic to mussel larvae, and affect the
reproductive activity of Macoma. Histopathologic and
enzymatic biomarkers have shown impacts on clams along
a combined metal gradient in the northern reach of the
Bay. Se does not appear to be toxic to the benthic
invertebrates of the Bay, but invertebrates play an
important role in transfer of Se in the food web. Cr, Ni,
and V do not appear to have direct effects on the benthos.
Impacts of sediment contaminant mixtures on some
benthic assemblages have been shown. Clearly, much more
information on other organisms and contaminants are
needed.

2.3. Fish

The San Francisco Estuary has a diverse fish fauna and
as many as 90% of species in the commercial and
recreational fisheries use the Bay at some stage of their
life cycle. The Bay is important for Chinook (Oncorhynchus

tshawytscha) and Coho salmon (O. kisutch), Pacific herring
(Clupea pallasi), Pacific and California halibut (Hippoglos-

sus stenolepis and Paralichthys californicus), starry flounder
(Platichthys stellatus), English sole (Pleuronectes vetulus),
sturgeon (Acipenser spp.), surfperches (Embiotocidae),
northern anchovy (Engraulis mordax) and Pacific sardines
(Sardinops sagax caeruleus), to mention a few (Baxter et al.,
1999). San Francisco Bay also has a large urban recrea-
tional fishery (Karpov et al., 1995). In the very large
watershed of the Estuary there are more than 50 freshwater
fish species (Moyle, 2002). Many of those in the Estuary
and its catchment are in decline (Brown et al., 1994; Moyle,
1994; Meng et al., 1994) with contamination, climate
change, invasive species, habitat alteration and harvesting
as the main potential causes of the declines.
As is the case with many contaminated coastal and

estuarine systems, the extent of contaminant effects on fish
in this system is not well understood because there have not
been enough studies of long-term, low-level exposures to
contaminants (e.g., Forrester et al., 2003). However,
progress has been made in the last 30 years and, based
on available evidence cited below, contaminants are having
some effects on fish although the consequences for fish
populations are highly uncertain.
Extensive bioassay testing of fish with sediments and

water from the Estuary has been carried out, but their
results generally do not appear in the peer-reviewed
literature. As these approaches generally do not lend
themselves to deriving strong conclusions because of their
insensitivity to subtler effects of contaminations, we focus
here on and field-based studies of fish health that are more
appropriate for assessing the influence of contaminants.
Lethal effects of contaminants on adult fish are suspected
in some isolated instances, such as periodic kills of striped
bass (Morone saxatilis) (Brown et al., 1987), but it is more
likely that survival of larval fish and long-term effects of
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chronic contaminant exposure on adults are involved in
any effects on fish populations.

Pesticides released in the watershed from agricultural
and home use have been investigated for their potential
effects on several depleted fish species. In the Sacramento
River, Bennett et al. (1995) found that 26–30% of the
larval striped bass captured in 1988–1990 had alterations of
the liver consistent with exposure to toxic compounds and
this percentage dropped significantly after control mea-
sures were later adopted for runoff from rice farming. This
study showed the potential for an interaction between food
supply and toxicity and pointed to the potential for
toxic impacts to be masked by variability in other factors.
Bailey et al. (1995) reported acute toxicity to striped
bass larvae in runoff water to the Sacramento River. In a
test to determine the effects of runoff after experimental
application of diazinon and esfenvalerate to an orchard,
Sacramento splittail (Pogonichthys macrolepidotus) larvae
showed only subtle changes in histology after a 96-h
exposure, but experienced significant mortality and growth
reductions within 90 days (Teh et al., 2005), indicating that
long-term exposures to orchard runoff have the potential
to affect normal development and survival of juvenile fish.
These data also showed that examining effects after 96 h, as
occurs in regulatory compliance toxicity testing, might miss
significant longer-term effects. In another Delta fish
species, the delta smelt (Hypomesus transpacificus) the
spawning habitat was shown to have elevated concentra-
tions of several pesticides in 1999–2000, but in 1998 the
high spring outflows resulted in greatly reduced pesticide
concentrations (Kuivila and Moon, 2004).

Sacramento sucker (Catostomus occidentalis) kept in
cages during winter runoff events (after pesticide applica-
tion) in the San Joaquin River had greater frequency of
DNA strand breaks compared to fish at a reference site
(Whitehead et al., 2004).

Concentrations of pyrethroid pesticides (e.g., perme-
thrin, cypermethrin, esfenvalerate, bifenthrin, and cyflu-
thrin, the five most commonly used in the Central Valley of
California), which are rapidly replacing organophosphates,
were found to be in the 0–97 ngL�1 range in water (Bacey
et al., 2005) and in the low ng g�1 in sediments (Weston
et al., 2004). The maximal water concentrations in this
study are close to those found to have effects on immune
suppression (Clifford et al., 2005). In that study juvenile
Chinook salmon exposed to 100 ng g�1 esfenvalerate in
sediment had reduced time to death compared to the
controls after a challenge with hemapoetic viral necrosis
virus.

There is very little published information on whether the
PAHs in the Bay are affecting fish. Gunther et al. (1997)
found induction of ethoxyresorufin-O-deethylase (EROD)
activity in speckled sanddabs (Citharichthys stigmaeus)
exposed to sediments taken from near an old refinery
effluent disposal site. In the 1980s, starry flounder captured
near Berkeley in San Francisco Bay had poorer reproduc-
tive success when spawned in the laboratory than those
captured at a site in San Pablo Bay with the former site
having higher concentrations of fluorescent compounds in
the bile as well as PCBs in the eggs (Spies and Rice, 1988).
Average concentrations (dissolved) of PAHs in water

range between 20 and 120 ngL�1 in various the segments of
the Estuary (Ross and Oros, 2004). Toxic effects have been
noted in developing Pacific herring and pink salmon
(Oncorhynchus gorbuscha) exposed to PAH concentrations
in the low ppb range (Carls et al., 1999; Heintz et al., 1999).
There also is evidence in Japanese medaka (Oryzias latipes)
(Rhodes et al., 2005) of toxicity at low-ppb concentrations
during development. While concentrations in water about
two orders of magnitude greater are needed to elicit effects
based on these literature values, concentrations in sedi-
ments are higher (in the range of 31–230mgkgTOC�1;
Oros and Ross, 2004) relative to concentration thresholds
associated with effects in coastal sediments (Long and
Morgan, 1991).
Studies of biomarkers in fish from the Estuary have

revealed effects of contaminants on a variety of cellular
processes and tissue structure. However, in these studies
it is often difficult to associate particular contaminants
with effects, and the biomarkers could be responding
to a mixture of contaminants. Livers of white croakers
(Genyonemus lineatus) and starry flounders from San
Francisco Bay had a greater incidence of hydropic
vacuolation of biliary epithelial cells than those from
Bodega Bay, and this condition was statistically associated
with sediment and tissue concentrations of PAHs or their
metabolites and with several chlorinated hydrocarbons
(e.g., PCBs and DDTs; Stehr et al., 1997).
Several studies have established the strong possibility

that populations of fish in the Estuary are extensively
affected by reproductive toxins that interfere with normal
sexual determination, such as egg development in females
and successful reproduction. In the mid-1980s the starry
flounder, which is now not as common in the Estuary as it
was 30 years ago, was shown to be reproductively impaired
in the mid-Bay region near Berkeley compared to San
Pablo Bay (Spies and Rice, 1988). Females from Berkeley
had elevated mixed-function oxidases (i.e., P4501A) during
the spawning season compared to those from San Pablo
Bay (Spies et al., 1988), and the mixed function oxidase
activities of females collected near Berkeley and spawned in
the laboratory were inversely related to several measures of
reproductive success (fertilizable eggs, fertilization success
and normal development through hatching) (Spies and
Rice, 1988). The concentrations of PCBs in eggs were
correlated with the poorer hatching success of fertilized
eggs. Setzler-Hamilton et al. (1988) reported that concen-
trations of mononuclear aromatic hydrocarbons, alicyclic
hexanes, and DDTs in striped bass were correlated with
egg resorption, abnormal egg maturation, and egg death.
Aside from the implications of these reproductive

studies, nothing has been published on studies that have
been carried out on endocrine disruption of fish in San
Francisco Bay related to the elevated concentrations of
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PCBs, steroids, alkylphenols, and a variety of pesticides
found in the Estuary. There is a growing awareness of this
problem in fish (e.g., Jobling et al., 1998; Kime, 1998).
Estrogen and other steroids have been documented in
California in effluent from sewage treatment plants, near
cattle feed lots, and from aquaculture facilities (Kolodziej
et al., 2003, 2005).

Besides steroids that are passed from humans through
sewage, other pharmaceuticals have been documented in
freshwater streams, estuaries and coastal waters (e.g.,
Halling-Sorenson et al., 1998), and they may pose a hazard
(Daughton and Ternes, 1999), especially in an Estuary with
multiple contaminants present (Laville et al., 2004).
Although preliminary indications are that waterborne
concentrations of many pharmaceuticals are about 2 orders
of magnitude greater than the thresholds for effects
observed in laboratory studies, not nearly enough is known
to determine the threat from these contaminants in surface
waters (Fent et al., 2006). Virtually nothing has been done
with these emerging contaminants in the Estuary and its
watershed.

2.4. Birds

The San Francisco Estuary is an important element of
the Pacific flyway for migratory birds (Goals Project,
1999). The Estuary is home to 281 species of birds that use
its aquatic habitats; 25% of the flyway waterfowl popula-
tion and a million shorebirds each year spend the winter
there (Goals Project, 1999, Stenzel et al., 2002). The Bay is
particularly important for Pacific flyway populations of
canvasbacks (Aythya valisineria), greater and lesser scaup
(A. marila and A. affinis), and surf scoters (Melanitta

perspicillata) that winter in the Estuary (Trost, 2002;
USFWS, 2002). California gull (Larus californicus) and
double-crested cormorant (Phalacrocorax auritus) popula-
tions appear to be expanding in the Estuary, while
Forster’s and Caspian terns (Sterna forsteri and S. caspia)
as well as diving ducks have been gradually declining
(Strong et al., 2004; Warnock et al., 2002).

Exposure of birds to contamination in the Estuary has
largely been assessed by examination of accumulation in
tissues and eggs during the nesting season, but also in
tissues of wintering waterfowl and in prey items. Although
exposures to non-bioaccumulative chemicals may occur, it
is generally recognized that ingestion of prey items that
contain persistent bioaccumulative chemicals (i.e., dietary
exposure) represents the greatest risk for birds. Toxicolo-
gical effects may be deduced by comparing concentrations
measured in tissues or eggs to known contaminant-effect
thresholds determined in laboratory studies. Contaminants
may affect avian reproduction through direct impacts to
the developing embryo (from contaminants accumulated in
albumen or yolk of eggs), compromises in shell quality,
altered behavior of the incubating adult, contaminant-
induced growth reductions, and impaired post-hatch
survival of juveniles. Methylmercury, Se, organochlorine
pesticides, PCBs, and dioxins are known to accumulate to
embryotoxic concentrations in eggs of birds in the wild
(Hoffman et al., 1996; Thompson, 1996; Heinz, 1996).
Currently, Hg is the contaminant of greatest concern for

birds in the Estuary. Concentrations are elevated above
effect levels in the eggs of various species that utilize the
ecosystem for reproduction. Hg concentrations ranged
between o0.02 and 3.33 mg g�1 (wet weight) in eggs from
15 species collected in 2000–2001 throughout the Estuary
and Delta (Schwarzbach and Adelsbach, 2003). The
currently accepted lowest observed adverse effect level
(LOAEL) for Hg in avian eggs is 0.5 mg g�1 (wet weight)
(range 0.5–1.0 mg g�1 ww) as determined from multigenera-
tional feeding studies in ring-necked pheasants (Phasianus

colchicus) and mallards (Anas platyrhynchos) (Fimreite,
1971; Heinz, 1976). In the Estuary and the Sacramento-San
Joaquin River Delta, the degree of piscivory and location
of feeding areas strongly influenced egg Hg patterns. The
highest concentration observed in the Estuary was found in
Forster’s terns nesting at a South Bay salt pond and the
lowest level was found in western and California gulls
(Larus occidentalis and L. californicus). Of further note is
the fact that 75–90% of Forster’s and Caspian tern eggs
collected from the Estuary were above the current LOAEL
for impacts to avian reproduction. However, the California
clapper rail (Rallus longirostris obsoletus) was most likely at
greatest risk from egg Hg accumulation. The non-
migratory, small home range life history strategy of the
rail and its dependence on tidal salt marsh in the Estuary
put it at surprisingly high risk from Hg relative to its
generally low trophic position in these foodwebs. This is
likely to be a direct result of methylmercury production
and transport in these salt marshes. Double-crested
cormorants, great blue herons (Ardea herodias), and great
egrets (A. alba) nesting in the Delta did not appear to be at
risk of Hg-induced hatching failure. The double-crested
cormorant feeds in the deeper regions of the Estuary. This
may be the main reason Hg concentrations in cormorants
are below those seen in terns collected from nearby areas.
Lower concentrations observed in egrets and herons are
due to the fact that they are facultative piscivores and also
feed on nearshore invertebrates (amphibians, crayfish, etc.)
and on upland terrestrial mammals and birds.
Hepatic microsomal EROD activities of double-crested

cormorant embryos collected in the Estuary in 1993–1994
were four to eight times higher than at a reference site in
Oregon (Davis et al., 1997). The authors concluded that
cormorant embryos in the Estuary were exposed to
concentrations of dioxin-like compounds at the threshold
for toxic effects in cormorants. Although most of the
cormorants displayed a consistent dose-response profile,
there was substantial variation in EROD activity among
individuals and populations of cormorants, and a few
individuals were uninduced.
Eleven-day-old nestlings and pipping embryos of black-

crowned night-herons (Nycticorax nycticorax) collected from
Bair Island and West Marin Island showed that aryl
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hydrocarbon hydroxylase and benzyloxyresorufin-O-dealky-
lase activities were only slightly elevated when compared with
birds from a reference site in Virginia (Rattner et al., 1996).
The elevated levels corresponded with elevated organochlor-
ine pesticides and total PCBs at the site and in concurrently
collected eggs and pipping embryos. Pollutant concentrations
of nestlings were rarely associated with monooxygenase
activity. In contrast, concurrently collected pipping heron
embryos (often siblings of the nestlings) exhibited pro-
nounced monooxygenase induction (sometimes more than
25-fold). Monooxygenase activity of pipping embryos was
significantly correlated with total PCBs, aryl hydrocarbon
receptor-active PCB congeners, and toxic equivalents.

Adult male greater scaup, surf scoters, and ruddy ducks
(Oxyura jamaicensis) collected from Carquinez Strait and
Tomales Bay (March 1989) showed significant relation-
ships between increasing hepatic Hg concentrations and
lower body, liver, and heart weights; decreased hepatic
glutathione concentration, glucose-6-phosphate dehydro-
genase, and glutathione peroxidase activities; increased
ratio of oxidized glutathione to reduced glutathione; and
increased glutathione reductase activity (Hoffman et al.,
1998). With increasing hepatic Se concentrations, glu-
tathione peroxidase increased, but reduced glutathione
decreased. Hepatic Se concentrations were highest in scaup
(geometric mean ¼ 67 mg g�1 dry weight) and scoters
(119 mg g�1) from Carquinez Strait, whereas hepatic Hg
was highest (19 mg g�1) in scaup and scoters from Tomales
Bay. Concentrations of Hg and Se and the metabolic
variables affected have also been associated with adverse
effects on reproduction and neurological function in
experimental studies with mallards (Hoffman and Heinz,
1998). Body weight of adult male surf scoters from six
locations in San Francisco Bay (January, March 1985) also
was significantly negatively associated with Hg concentra-
tions in their livers (Ohlendorf et al., 1991), but not with
concentrations of other trace elements or organochlorines.

Many studies have shown interactions between Se and
Hg or other inorganic elements, but the interactions are
complex and influenced by many factors. A brief summary
is provided here with reference to San Francisco Bay
waterfowl, but readers are encouraged to consult other
references (e.g., Heinz and Hoffman, 1998; reviews by
Culvin-Aralar and Furness, 1991 and by Ohlendorf, 1993,
2003) for more details on this topic. Although Se and Hg
concentrations in the livers of various free-living carnivor-
ous mammals often are highly correlated in a molar ratio
of 1:1, there is no consistent pattern for such a correlation
in the livers of birds. For example, hepatic Se and Hg were
correlated, with an overall Se:Hg molar ratio of 6:1, in surf
scoters and greater scaups from San Francisco Bay during
1982 (Ohlendorf et al., 1986). In a subsequent study of
scoters sampled twice at six locations in the Bay during
1985, Se and Hg in the livers were not correlated; Se-to-Hg
ratios were typically between 7:1 and 15:1 for most
locations and collection times, but the mean ratio at one
site was 45:1 (Ohlendorf et al., 1991).
Interactive effects of Se with Hg have been evaluated in a
reproductive study with mallards, which were fed Se or Hg
alone or both Se and Hg together (Heinz and Hoffman,
1998). Se and Hg each caused significant adverse effects on
reproduction when present alone in the diet at higher
treatment levels. However, when the diet contained
10mgSe/kg plus 10mgHg/kg, the effects on reproduction
were worse than for either Se or Hg alone. The number of
young produced per female and frequency of teratogenic
effects were significantly affected by the combination of Se
and Hg in the diet, and Hg also enhanced the storage of Se
in duck tissues.
Black-crowned night-heron eggs collected from Bair

Island in 1982 showed that eggshell thickness and thickness
index were negatively correlated with DDE concentrations
in the eggs, and were significantly lower than historical
means for San Francisco Bay eggs (Ohlendorf et al., 1988).
Night-heron eggs collected from Bair Island and other
Estuary sites (1982–1983) showed that DDE concentra-
tions in 16% of eggs were higher than those associated with
reduced reproductive success in the night-herons (8 mg g�1

wet weight, Ohlendorf and Marois, 1990). No obvious
anomalies or skeletal defects were detected in pipping
embryos, but embryo weight was significantly less at Bair
Island when compared to embryos from captive controls at
the Patuxent Wildlife Research Center (Maryland). PCB
concentrations in the eggs collected from Bair Island
ranged from 0.75 to 52 mg g�1 wet weight (Hoffman et al.,
1986), and were inversely related to embryonic weight;
crown-rump length was significantly lower in Bair Island
embryos when compared to controls.
Continuing evidence of the effects of DDE on eggshell

quality was found when night-heron and snowy egret
(Egretta thula) eggs were collected from several nesting
sites in the Estuary during 1989–1991 (Hothem et al.,
1995). There was some evidence of impaired reproduction
(e.g., cracked or dented eggs), and developmental anoma-
lies were observed in 2 of 18 embryos that failed to hatch at
Alcatraz; one deformed chick also was found at that site.
However, contaminant concentrations (inorganic trace
elements, organochlorine pesticides, and PCBs) were
generally below known effect thresholds, and egg predation
appeared to limit reproductive success.
Black-necked stilt (Himantopus mexicanus) eggs collected

from the Chevron Richmond Refinery’s Water Enhance-
ment (treatment) Wetland area (1994–1995) had Se
concentrations (geometric mean ¼ 25 mg g�1 dry weight)
that were high enough to cause a reduction in hatchability
of some eggs (Ohlendorf and Gala, 2000; Ohlendorf et al.,
1998, 2001). In 1997, a revised management approach
changed the operation and configuration of the treatment
wetland (e.g., increased vegetation density, deeper water,
removal of nesting islands), and Se concentrations were
significantly reduced in stilt eggs by 2000 (meano8 mg g�1).
Long-term studies of California clapper rail nest success

and egg hatchability in six marshes in the North and South
Bays have shown that hatchability of rail eggs in those
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marshes was depressed to 65 and 70%, respectively. Only
45% of the nests successfully hatched at least one egg
(Schwarzbach et al., 2001, 2006). Contamination appeared
to exert an adverse influence over clapper rail reproductive
success as evidenced by the observation of deformities,
embryo hemorrhaging, embryo malpositions, and reduced
hatchability. Hg was the only contaminant common to all
marshes and was the contaminant believed to be most
likely producing the observed depression in rail egg
hatchability. Hg exceeded avian embryotoxic threshold
concentrations and was correlated with reduced hatch-
ability. Half of the fail-to-hatch eggs from the South Bay
were above the low adverse effects Hg concentration
(0.5 mg g�1 wet weight for ring-necked pheasants; Fimreite,
1971), and 25% were above the guideline for mallards
(0.8 mg g�1 wet weight; Heinz, 1976). In the North Bay,
20% of failed eggs were above the pheasant threshold and
7% were above the duck threshold. Organochlorine and
PCB concentrations in the eggs were below effect thresh-
olds. Flooding was a minor factor, reducing the number of
eggs available to hatch by only 2.3%, but predation on
eggs was a major factor in reducing nest success, reducing
eggs available to hatch by a third.

2.5. Marine mammals

Marine mammals are generally relatively long-lived,
maintain substantial fat stores (which sequester lipophilic
compounds), and may have poor metabolic (detoxification)
and excretory capabilities for these pollutants; thus, they
represent the ultimate biological ‘‘sink’’ for many persistent
pollutants (Brooks, 1974; Hutzinger et al., 1974; Tanabe et
al., 1988, 1994). Organohalogen and PAH contaminants
could be especially important, and have been suggested as
factors altering health in several marine mammal species.
Tissue residues of PCBs, DDTs, PBDEs, and PAHs have
been associated with various physiological disorders in
several marine mammal species, including reproductive,
endocrine, and immunological alterations (Reijnders, 1980;
Addison, 1989; Martineau et al., 1994; Tanabe et al., 1994;
De Guise et al., 1995; Lahvis et al., 1995; Beckmen et al.,
2003; Hall et al., 2003; Jenssen et al., 2003). Experimental
studies supporting these field observations demonstrated
depressed plasma retinol and thyroid hormone levels,
implantation failure, and a suite of altered immunological
parameters, in captive harbor seals fed environmentally
contaminated fish (Reijnders, 1986; Brouwer et al., 1989; De
Swart et al., 1996; Ross et al., 1996; Van Loveren et al.,
2000). Taken together, these investigations support a
hypothesis of contaminant-induced reproductive and im-
munological impairment in marine mammals—phenomena
that may have contributed to the high mortality observed in
several marine mammal populations during past morbilli-
virus epizootics (Hall et al., 1992; Aguilar and Borrell, 1994).

Marine mammals found in the San Francisco Estuary
include California sea lion (Zalophus californianus), Pacific
harbor seal (Phoca vitulina richardii), harbor porpoise
(Phocoena phocoena), gray whale (Eschrichtius robustus),
and southern sea otter (Enhydra lutris nereis). River otters
(Lontra [formerly Lutra] canadensis) and muskrats (Onda-

tra zibethica) inhabit the delta and tidal salt marshlands.
Several studies have quantified contaminant residue levels
in Estuary mammals. Concentrations in gray whale, harbor
seal, California sea lion, and sea otter have generally been
as high as or higher than in the same species elsewhere
(Risebrough et al., 1980; Varanasi et al., 1994; Kopec and
Harvey, 1995; Nakata et al., 1998, Young et al., 1998;
Bacon et al., 1999; Kajiwara et al., 2001; She et al., 2002;
Neale, 2004; Neale et al., 2005a, 2005c). Among Estuary
marine mammals, the harbor seal—the most common
marine mammal in the Estuary and the only year-round
resident—is the only species for which biological effects of
contaminants have been investigated.
Observations of premature parturition in Estuary harbor

seals led to an early report on impacts of anthropogenic
pollutants, which documented relatively high concentra-
tions of persistent organic and metal contaminants in seal
tissues from the late 1960s and 1970s (Risebrough et al.,
1980). Nevertheless, disturbance of seals at haul-out sites
was considered of greater concern, given that seal numbers
appeared stable and pup production normal at the time.
Renewed concern arose from the observation that while
numbers of harbor seals off the west coast of North
America had steadily increased during the 1970s–1980s, the
San Francisco Estuary population had not (Fancher and
Alcorn, 1982; Allen et al., 1989; Harvey et al., 1990;
Stewart and Yochem, 1994). The first major investigation
of contaminants in Estuary seals included standard
hematology, serum retinol and thyroxin, and blood/plasma
contaminant residues (DDE, PCBs, chlordane, Cd, Cu,
lead, Hg, Ni, Se, and Ag). Organochlorine levels were
relatively high: average plasma DDE was 12.6 ppb wet
weight (ww), 14.3 ppm lipid weight (lw); average whole
blood PCB (Arochlor 1260) was 47 ppb ww, 58 ppm lw
(Kopec and Harvey, 1995). The sum of individual PCB
congeners (up to 20) in whole blood samples averaged
50.5 ppb ww (Young et al., 1998); this was greater than
SPCB blood residues of experimental harbor seals fed
contaminated fish (referenced above). All blood Hg and Se
residues exceeded human toxicity thresholds, and a small
percentage of seals had Cd and lead residues exceeding
these limits (ATSDR, 1989a, b, 1990a, b; Fan and Chang,
1991; Kopec and Harvey, 1995).
Although health indices (serum chemistries, retinol and

hormone levels) were not compared directly to contami-
nant levels in individuals, average serum retinol and
erythrocyte parameters were found to be somewhat
depressed, and white cell counts elevated, compared to
published values for this species elsewhere (Kopec and
Harvey, 1995). Collectively, the data suggested the
possibility of contaminant-induced anemia, leukocytosis
and disruption of Vitamin A dynamics in this population.
Recent field-based studies have focused on persistent

contaminants and contaminant-related immune and health
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alterations in the harbor seal, including the Estuary
population. In the first large study (n ¼ 190) of its kind,
seals from central California were found to have consider-
ably higher blood levels of PCBs, DDE, and PBDEs as
compared to a reference population (Bristol Bay, Alaska),
and contaminant levels in California seals were correlated
with different demographic and environmental factors than
for Alaska seals (Neale, 2004). Levels of these organohalo-
gens in harbor seal pups from the central California coast
and San Francisco Estuary correlated positively with
duration of nursing, demonstrating the importance of
lactational transfer of pollutants in this at-risk population
(Neale et al., 2005c). In a study focused on contaminant-
induced health alterations in the Estuary harbor seal
population, relationships between contaminant exposure
and several key hematological parameters were examined
and current PCB levels were compared with levels
determined in Estuary seals a decade earlier (Neale et al.,
2005a). PCB residues in harbor seal blood apparently
decreased during the past decade, but remained at levels
great enough that adverse reproductive and immunological
effects might be expected. A positive association was
observed between leukocyte counts and blood levels of
PBDEs, PCBs, and DDE in seals, and an inverse relation-
ship between red blood cell count and PBDEs. Although
not necessarily pathologic, these responses were viewed as
sentinel indications of contaminant-induced alterations in
harbor seals of the San Francisco Estuary, which, in
individuals with relatively high contaminant burdens,
might include increased rates of infection and anemia.

Experimental studies of immune function have begun to
shed light on marine pollutant immunotoxicity in the
harbor seal. The removal of pathogens from the body
involves the concerted participation of components of both
innate and adaptive immunity and is largely dependent on
the processes of lymphocyte activation, proliferation, and
differentiation into armed effector and memory cells
(reviewed in Weiss and Littman, 1994; Kung and Thomas,
1997; Qian and Weiss, 1997; Janeway et al., 1999; Abbas
and Lichtman, 2003). In turn, lymphocyte activation via
antigen receptor signaling is dependent on initiation and
propagation of intracellular signaling by protein tyrosine
kinases (PTKs), and subsequent cellular responses—pro-
liferation, differentiation, and intercellular communica-
tion—are subject to control by cytokines. Recently, harbor
seal T lymphocytes exposed in vitro to model PAH
(benzo[a]pyrene; BaP) and PCB (chlorinated biphenyl
CB-80 and CB-156) compounds were found to exhibit
suppressed proliferative responses to mitogen (Neale et al.,
2002). A follow-up study explored potential mechanisms
underlying this effect via analysis of the relative genetic
expression of PTKs and cytokines that play key roles in T-
cell activation, initiation of adaptive immune responses,
and macrophage function (Neale et al., 2005b). In vitro
exposure of mitogen-stimulated harbor seal leukocytes to
BaP or CB-169 produced significantly altered genetic
expression in all targets—PTKs Fyn (of the Src family of
kinases) and Itk (the murine ‘‘inducible T-cell kinase’’) and
interleukins I (IL-1) and II (IL-2). These results suggested
incomplete T-cell receptor signal transduction and
impaired macrophage function, and the suppression of
the T-cell growth factor, IL-2, indicated a mechanism
consistent with the previously observed suppression of
T-cell proliferation. Findings were in line with those
of previous researchers working with model (rodent)
organisms and human cell lines in supporting a hypothesis
of contaminant-altered lymphocyte function mediated
(at least in part) by disruption of lymphocyte receptor
signaling and cytokine production (e.g., Clark et al., 1991;
Archuleta et al., 1993; Steppan et al., 1993; Mounho and
Burchiel, 1998). Collectively, experimental study results
implied that extensive accumulation of these lipophilic
pollutants by top-trophic-level marine mammals could
lead to altered T-cell activation in vivo and impaired
cell-mediated immunity against viral pathogens.
In conclusion, accumulating evidence indicates that

certain compounds, particularly of the organochlorine
and PAH classes of persistent organic contaminants, can
have adverse effects on individual health of Estuary
mammals. Disruption of lymphocyte signaling and altered
cytokine production appear to be key aspects of PAH
and PCB immunotoxicity, and the macrophage has also
been suggested as a primary target; however, specific
biochemical targets and mechanisms responsible for
immunomodulation are still under investigation. New
directions in sub-organismal research include application
of novel molecular biomarkers to explore effects on
potential cellular targets of bioactive xenobiotics (Neale
et al., 2004, 2005b). However, the generalization of findings
at the cellular and organismal levels of organization to
population-level phenomena remains controversial
(O’Shea and Brownell, 1998; O’Shea, 2000; Ross et al.,
2000), and the need for long-term monitoring of environ-
mental contamination and population dynamics of marine
mammals in the Estuary is clear.
Lastly, while most research on Estuary pollutants and

their effects in marine mammals has focused on persistent
organic pollutants, increasing awareness of the potential
toxicity of previously unidentified or unmonitored organic
and inorganic contaminants should lead to expanded areas
of research (e.g., Oros and David, 2002). For example,
relatively high residues of heavy metals and Se residues
have been found in marine mammals elsewhere (e.g.,
Wagemann et al., 1990; Lake et al., 1995; Fossi et al.,
1997). Butyltins are another class of compounds found in
marine mammals stranded along the California coast
(Kajiwara et al., 2001) that may have immunotoxic effects
(Nakata et al., 2002).

3. Discussion and conclusions

The studies summarized in this paper provide a body of
evidence showing that biological impacts from exposure to
specific contaminants have occurred in specific organisms
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in the San Francisco Estuary. These studies included
laboratory and field studies on a variety of organisms and
contaminants that resulted in biological effects at several
levels of biological organization (sub-cellular through
communities). However, the number of species (�15) and
contaminants (o20) investigated represents a very small
set of species and known contaminants of concern in the
Estuary. More information was available for fish and birds
than other groups, and only a few studies have been
conducted on plankton, and for mammals other than
harbor seals.

Impacts at lower levels or biological organization have
the potential to affect higher levels of organization. Studies
of biomarkers and cellular level impacts (e.g., endocrine
disruption, enzyme induction, histopathology) indicate
potential for organismal level impacts. However, few
studies addressed linkages between sub-organismal effects
and organismal health. Similarly, studies of impacts on
individual organisms (e.g., reproductive impairment,
growth) suggest possible impacts on populations, but such
linkages have not been addressed.

Only a few studies showed that population or commu-
nity declines were linked to contamination. These included
localized reproductive impacts on the clams Macoma and
Corbula due to elevated concentrations of Ag, changes in
macrobenthic assemblage species composition related to
contaminant mixtures in sediment, and decreased hatch-
ability in California clapper rails due to Hg exposure.

Impacts from exposure to contaminants are but one of
the numerous factors that may affect organisms and
populations. Previous studies in the San Francisco Estuary
have suggested that population declines of several organ-
isms were related to the frequency and duration of the
Estuary mixing zone resulting from fresh water inflows
(Jassby et al., 1995). Striped bass fluctuations have been
related to oceanic conditions (Bennett et al., 1995).
However, diving ducks and shiner perch declines have
been documented in the Estuary, but their declines have
not been linked to specific causes. Ascribing a specific cause
to recent increases in phytoplankton (Cloern et al., 2006)
and decreases in pelagic organisms in the Delta (e.g.,
Bennett, 2005) has been difficult, and current hypotheses
include multiple factors. Thus, the ability to ascribe cause
for any biological impact is difficult and not unique to
research on contamination, and will continue to be a major
challenge to identify biological impacts of contamination.

3.1. Advances in understanding

Since the RMP began in 1993, there has been a shift in
emphasis from a focus on potential impacts of trace metals
to the understanding that a broader range of contaminants
may be causing impacts in the Estuary. Hg and PCBs are
currently the two major contaminants of regulatory focus
in the region. Hg effects on reproduction of the endangered
clapper rails were summarized above, and PCBs were
related to effects on starry flounders, Chinook salmon,
harbor seals, cormorants, and night-herons. Total max-
imum daily loads (TMDLs) are being prepared for both
contaminants and are intended to control their loadings to
the Estuary. However, the PCB TMDL is responding
largely to human health concerns for fish consumption.
Other contaminants of concern include Cu, Ni, PAHs, and
various pesticides, particularly the pyrethroids.
In response to the recognized need for more compre-

hensive biological effects monitoring, the RMP established
the Exposure and Effects Pilot Study (EEPS) in 2002. The
EEPS work group is currently conducting a set of pilot
studies that include toxicity testing, benthos, fish, and bird
indicators that may be incorporated into the Program to
provide more thorough and rigorous biological assess-
ments of contaminant impacts.

3.2. Priorities for additional information

There is a clear need for more information about
biological effects of contamination on more species and
for more contaminants in the Estuary. Effects are
unstudied for many emerging contaminants, especially
personal care products, PBDEs, and numerous pesticides
that are used in the California Central Valley that drains
into San Francisco Bay.
Ideally it would be most efficient to develop a

coordinated research program to determine cause and
effect of priority contaminants of concern on key organ-
isms and populations, by testing a series of hypotheses.
These studies would require integrated field and laboratory
experiments, using a variety of methods and endpoints, to
understand contaminant exposure, mechanisms of effects,
and linkages between levels of biological organization that
produce impacts on priority biological resources. These
studies should also consider the confounding, or overriding
influences of physical environmental factors, and other
biological and ecological factors such as pathogens, natural
toxins, and predation and competition.
Simulation models that can link physical and geochem-

ical processes with biological impacts could be used to
explore and validate exposure of organisms to specific
chemical forms, in water and sediment, and through
successive trophic-levels. The extension of existing water-
quality (e.g., Wood et al., 1995) and food chain accumula-
tion models (Gobas and Wilcoxon, 2005), and eventually
biological effects models, could test conceptual models and
identify and prioritize information gaps that currently
restrict a broad-scale quantitative assessment of contami-
nant effects on the estuarine ecosystem.
From a regulatory perspective, it is a high priority of

both US EPA and California’s state water resources
control board (SWRCB) to develop regulatory biological
criteria. Biocriteria, required by the CWA, are narrative
descriptions or numerical values adopted into state or
tribal water quality standards that can be used to factually
and quantitatively describe a desired condition for
the aquatic life in waters with a designated aquatic life
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use (US EPA, 1998). As presented in the Introduction,
other agencies also have mandates to preserve and protect
biological resources in the region. Thus, biological effects
indicators that can be reliably used as biocriteria are
needed.

The SWRCB is currently developing regulatory sediment
quality objectives (SQO) for bays and estuaries that include
biological criteria (SWRCB, 2006). The SQOs will use
indicators from multiple lines of evidence that include
sediment contaminants, toxicity, benthic macrofauna and
human health impacts from fish consumption. The SQOs
will be narrative objectives that protect aquatic life and
human health. Where sediment impacts are identified,
management actions to control anthropogenic contamina-
tion will depend on identifying the specific contaminants or
mixtures of contaminants that may be causing the observed
impacts on beneficial uses. Therefore, one of the most urgent
needs is to link-specific contaminants to biological effects.

Advancing the understanding of biological effects in the
San Francisco Estuary will probably come from the efforts
of the several agencies and organizations working in the
region. Each institution conducting research is currently
responding to its respective mandates and priorities. The
interpretation and synthesis of the knowledge and under-
standing about biological effects of contamination is an
objective of the RMP, which will probably continue to
serve that important function in the future.
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