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Gdańsk University of Technology, ul. Narutowicza 11/12, 80-233 Gdańsk, Poland
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Physiological Adaptations of Stressed Fish
to Polluted Environments: Role of Heat Shock
Proteins
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1 Introduction

Living systems encounter a variety of stresses at the organismal and cellular lev-
els during their continuous interaction with the environment. Fish are particularly
threatened by aquatic pollution, and the environmental stress they face may help
shape their ecology, evolution, or biological systems (Sorensen and Loeschcke
2007). At the cellular level, stress can be regarded as any disturbance to normal
development (Tiligada 2006). Environmental stress often activates the endogenous
production of reactive oxygen species (ROS), which are an integral part of intra-
cellular communication (Fedoroff 2006). Hence, constant exposure to stressors
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2 E. Padmini

may result in ROS-mediated oxidative sequelae that irreversibly damage proteins
(Eustace and Jay 2004) and thus compromise antioxidant defense, cellular function,
and survival (Thomson et al. 1998). To repair such damage or eliminate damaged
components, organisms have evolved the cellular stress response, which includes the
induction of a highly conserved set of cytoprotective proteins called stress proteins
or heat shock proteins (HSPs; Schlesinger et al. 1982).

HSPs comprise a family of highly homologous chaperone proteins that help to
ensure the proper folding and formation of proteins, and maintenance of their appro-
priate conformations; HSPs also facilitate the intracellular localization of newly
synthesized polypeptides (Cheng et al. 2006; Soti et al. 2005). HSPs interact with
a wide variety of cellular proteins and thus are important components of cellular
networks (Csermely 2004). In response to stress stimuli, cells produce high lev-
els of HSPs to protect themselves against unfavorable conditions (Benjamin and
McMillan 1998). The demand for molecular chaperones increases proportionately
with stress status, because the rate of damage to cell proteins or problems with
protein folding increases as stress increases (Sorensen et al. 2003). Padmini et al.
(2008b, 2009b) reported that HSPs are rapidly synthesized by cells in response to
environmental pollutant-induced oxidative stress.

Much of what is known about the biology of HSPs has been derived from a
limited number of model systems. Fish are physiologically similar to mammals
and typically experience long-term exposure in habitats that range from the pris-
tine to ones that are highly polluted, making them an ideal organism for assessing
the protective role of HSPs (Currie et al.1999; Sherry 2003). HSP expression has
been examined in many species (Feder and Hofmann 1999), including fish (Iwama
et al. 1998), and the majority of such studies have been performed in the laboratory.
Furthermore, those studies that have addressed the impact of environmental stres-
sors or contaminants on oxidative stress markers in fish in vitro did so by exposing
the animals to a single anthropogenic stress under controlled conditions, neglecting
the cumulative effect of other stressors to which an organism is actually subjected
under natural conditions. In addition, knowledge about seasonal variation in HSP
induction remains negligible. In this chapter, I endeavor to address the impact of
different types of environmental stressors on fish and provide an update on the role
of HSPs in the adaptive response of stressed fish, with a focus on associated seasonal
effects.

2 Fish as Environmental Biomonitors

An aquatic environment is characterized by marked temporal and spatial het-
erogeneity in oxygen content. Oxygen content is affected by water temperature,
salinity, degree of mixing of surface and deep water masses, vertical stratification
of the water column, eutrophication, and the intensity of respiration rates of aquatic
organisms. Simultaneously, a staggering array of anthropogenic chemicals exists
in many aquatic ecosystems, whose inhabitants then absorb and concentrate these
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contaminants in their tissues. Consequently, such organisms constitute the main
pathway of environmental contaminant export from the aquatic to terrestrial systems
(via the food chain), ultimately reaching human beings (typically in concentrated
form via biomagnification). Fish are an important component of aquatic food chains
as well as the human diet and thus are a suitable and practical group of animals for
assessing the pollution status of aquatic ecosystems through biomonitoring activities
(Padmini et al. 2004).

3 Impact of Environmental Stressors on Fish

Fish are exposed to stressors in the natural environment, in aquaculture, and inten-
tionally under artificial conditions in the laboratory. Iwama et al. (2004) categorized
stressors into three groups that greatly impact ectotherms, namely, environmental
(e.g., pollutants), physical (e.g., handling, transport), and biological (e.g., disease).
The present review focuses on the first (environmental) category. Niu et al. (2008),
Poltronieri et al. (2007), and Vijayan et al. (1997) provide details on the impact of
physical stressors on fish, and Cappo et al. (1995) discusses an important example
of the effects of certain biological stressors. Environmental stressors may include
natural, if sometimes extreme conditions and variable water quality parameters
such as dissolved oxygen, ammonia, hardness, pH, gas content, and partial pres-
sures (Iwama et al. 2004; Padmini and Usha Rani 2009b). For example, intertidal
species are good models for studying the effects of short-term changes in the ther-
mal history on cellular stress response, because they are exposed to daily (or hourly)
fluctuations in water quality and temperature (Basu et al. 2002). Similarly, endemic
Antarctic fish with cold-adapted physiologies are stenothermic (i.e., can tolerate
only a very narrow range of temperatures); their upper lethal temperatures are
8–12◦C, making them an ideal system for studying the biochemical and molecu-
lar mechanisms of adaptation to low temperatures (Buckley et al. 2004). Padmini
and Vijaya Geetha (2007a) demonstrated the stressed status of fish in estuaries
having different physicochemical parameters. However, one of the most threaten-
ing and well-documented environmental stressors is environmental pollutants. For
example, contaminants such as polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, arsenic, chlorine, cyanide, and various phenols are potent stressors for
all salmonid species. Heavy metals such as chromium, manganese, iron, nickel,
copper, zinc, selenium, lead, cadmium, and mercury, the leading environmental
metallic pollutants, exert significant stress impact on estuarine gray mullet Mugil
cephalus (Padmini and Usha Rani 2009b; Padmini and Vijaya Geetha 2007b).
High concentrations of metals such as copper, cadmium, zinc, and iron may also
cause death in exposed fish. Other potential environmental contaminants include
insecticides, herbicides, fungicides, and defoliants. Increasing human population
and urbanization, as well as agricultural and industrial activities, contribute con-
taminants to the environment that can affect fish at all life stages (Dhaliwal and
Kukal 2005).
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4 Stress Biomarkers of Aquatic Contamination

Oxidative stress is a state of unbalanced tissue oxidation characterized by a dis-
turbance in ROS production and antioxidant systems (Abele and Puntarulo 2004).
ROS are oxygen free radicals that include partially reduced intermediates produced
during the reduction of oxygen to water; these include superoxide anions (O.−

2 ),
hydroxyl radicals (.OH), and non-radical active species such as hydrogen peroxide
(H2O2; Abele and Puntarulo 2004). These free radicals are highly reactive (Buettner
and Schafer 2000), because they harbor an unpaired reactive electron that can pro-
duce toxic effects. The redox cycling of heavy metals and their interactions with
organic pollutants are major contributors to the oxidative stress that results from
pollution in aquatic environments (Padmini et al. 2009a).

Research results have demonstrated that high concentrations of metals in water
can be correlated with the stress status of fish via the redox properties of these met-
als (Padmini and Vijaya Geetha 2007a, 2008). Fish absorb heavy metals via their
gills, the main site of xenobiotic transfer, and these toxins spread throughout the
body, potentially causing deleterious effects on target organs (Buet et al. 2002).
Oxidative stress renders significant damage to various biochemical processes. For
example, our previous studies on oxidative stress in M. cephalus, which inhabits
polluted environments, demonstrated significant effects on erythrocytes (Padmini
et al. 2006) as well as various organs including the gill (Padmini and Sudha 2004),
brain (Padmini and Kavitha 2005a, b, 2007), and liver (Padmini et al. 2004). The
impact of pollution-induced oxidative stress has also been assessed by genotoxicity
studies (Padmini and Kavitha 2005b). The accumulation of damaged and oxidized
macromolecules such as lipids, proteins, and DNA, in various organs during oxida-
tive stress, may decrease reproductive success, increase susceptibility to infection,
and lead to the sudden death of fish in large numbers (Padmini and Sudha 2004;
Padmini et al. 2004). Indeed, high levels of oxidized cellular macromolecules are
correlated with shorter cell life spans (Barja and Herrero 2000). Consistent with
the latter report, elevated oxidative and nitrative stresses, and their association with
decreased viability of hepatocytes from fish in polluted estuaries, have been well
documented (Padmini and Vijaya Geetha 2009a; Padmini et al. 2008b).

The induction of antioxidant enzymes is an important line of defense against
free radical-induced oxidative stress in biological systems (Parihar et al. 1997).
Antioxidant systems such as superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GRd), and glutathione
S-transferase (GST) protect against chemical reactive species (CRS) produced by
endogenous metabolism or the biotransformation of xenobiotics. These systems
may be induced, enhanced, or inhibited in response to chemical stress. Such induc-
tion can be considered an adaptation that allows an organism to partially or totally
overcome environmental stress. In contrast, a deficiency of antioxidants may result
in a precarious state, in which toxicity is enhanced, and a species becomes suscep-
tible to toxic action. ROS-detoxifying enzymes may help protect against oxidative
stress, and thus extend the life span of animal cells (Keaney et al. 2004; Parker
et al. 2004). For example, increasing the activities of cytosolic CuZnSOD and CAT
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via transgenic overexpression increases cell viability by up to 33% in Drosophila
melanogaster (Orr and Sohal 1994; Schriner et al. 2005). GRd activity in both gill
and head kidney tissue of fish was reported to increase with increasing site con-
tamination (Dautremepuits et al. 2009). Hence, antioxidant enzymes are thought to
provide enhanced resistance to oxidative stress.

One way in which fish are used as environmental monitors is by tracking lev-
els of their antioxidant enzymes as biomarkers of aquatic contamination (Eufemia
et al. 1997; Fenet et al. 1996; Rodriguez-Ariza et al. 1993; Van der Oost et al.
1996). Antioxidant systems have long been studied in fish and bivalves exposed to
chemicals experimentally or collected from polluted areas (Lenaire and Livingstone
1993; Stegeman et al. 1992). Researchers studying the freshwater bivalve Unio
tumidus used multiple antioxidant parameter measures as indices of disturbance that
resulted from exposure to contaminated sediments (Cossu et al. 1997; Doyotte et al.
1997). The role of antioxidants as useful biomarkers of pollution, both under labo-
ratory and field conditions, has been demonstrated in freshwater fish species such
as Channa punctatus Bloch., Heteropneustes fossilis (Bloch), and Wallago attu (Bl.
and Schn) (Ahmad et al. 2000; Pandey et al. 2001, 2003). In these studies, changes
in the activities of several different antioxidant enzymes (SOD, CAT, GPx, GRd,
and GST) were compared to the degree of contamination of the aquatic ecosystems
in which these species lived. Wilhelm Filho et al. (2001) studied the influence of
pollution on the antioxidant defenses of the cichlid Geophagus brasiliensis and sug-
gested that the use of biochemical indicators in environmental pollution studies is
of high toxicological relevance and oxidant-mediated responses are useful indices
of environmental quality. There are also cases of a negative correlation having been
established between oxidative stress and both antioxidant defense status and the
activities of detoxification enzymes, in polluted environments (Padmini and Vijaya
Geetha 2007c; Padmini et al. 2008a, 2009a). Lipid peroxidation and subsequently
reduced antioxidant defense, noted under cytotoxic conditions, support the use of
such parameters as biomarkers of toxicity (Cossu et al. 2000; Telli Karakoc et al.
1997).

5 Stress Response in Fish

In addition to the induction of antioxidant enzymes as a response to chemical stres-
sors, fish also exhibit a generalized physiological stress response. This response,
which involves the activation of the hypothalamic–pituitary–interrenal axis (HPI),
is common to environmental, physical, and biological stressors and helps to main-
tain the animal’s normal or homeostatic state (Barton 2002; Iwama et al. 1999).
This generalized stress response is considered to be adaptive and to represent the
natural capacity of the fish to respond to stress. The physiological responses of
fish to stressors have been broadly categorized as primary, secondary, and tertiary.
The initial or primary response represents the perception of an altered state and
initiates an endocrine response that forms part of the generalized stress response
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in fish (Gamperl et al. 1994). This includes the rapid release of stress hormones,
such as catecholamines and cortisol from the chromaffin tissue into the circulation;
the physiological action of these hormones depends on the presence of appropri-
ate receptors on target tissues. The secondary response comprises a wide range of
mechanisms involving stress hormones (Vijayan et al. 1994) in the blood, organs,
and tissues of the animal (Barton et al. 2002). The tertiary response represents
the whole-animal and population-level changes associated with stress. For exam-
ple, when a fish is unable to adapt to stress, whole-animal changes may occur as
a result of energy repartitioning that allows the animal to cope with stress-induced
increased energy demand (Iwama et al. 2004). Hence, chronic exposure to stres-
sors, depending on intensity and duration, can lead to decreases in growth, disease
resistance, reproductive success, swimming performance, and other characteris-
tics of the animal. In addition to these whole-animal changes, fish also respond
to stressors at the cellular level such as the one characterized by changes in HSP
concentrations.

6 Molecular Chaperones and HSP Families

Molecular chaperones are major cell constituents that exist in all organisms under
non-stress conditions. They are essential to protect certain proteins against aggre-
gation, and they help in the folding of nascent proteins or refolding of damaged
proteins. They also dissolve loose protein aggregates, sequester excessively dam-
aged proteins to larger aggregates, and target severely damaged proteins for
degradation. The need for molecular chaperones increases under stressful condi-
tions (Sorensen et al. 2003), during which time they utilize a cycle of ATP-driven
conformational changes to fold or refold their targets (Papp et al. 2003). HSPs main-
tain the proper function of proteins and constitute a subset of molecular chaperones.
They are a super family of highly conserved, ubiquitous, intracellular proteins that
are responsible for diverse cellular processes such as protein folding, activation,
transport, and oligomeric assembly (Csermely et al. 1998). HSPs protect against
environmental and physiologic stress as well as the deleterious consequences of an
imbalance in protein homeostasis, as many stresses, if prolonged, result in defective
development and pathologies associated with a diverse array of diseases (Morimoto
and Santoro 1998).

A stressor can be any sudden change in the cellular environment to which the cell
is not prepared to respond. Almost all types of cellular stressors induce HSPs (Beere
2004; Soti et al. 2005), and several different types of environmental stressors may
trigger HSP overproduction; these include infection, inflammation, exercise, expo-
sure to toxins (e.g., ethanol, arsenic, trace metals, and ultraviolet light, among many
others), starvation, hypoxia, and water deprivation. HSP induction in response to
these different stressors has been confirmed by in vivo and in vitro studies, and
the unique nature of HSP synthesis under such situations is correlated with the
acquisition of thermotolerance and cytoprotection (Sreedhar and Csermely 2004).
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HSP induction can be triggered by sudden increases in the amount of damaged
proteins or abnormal polypeptides in the cytosol or nucleus (by the inhibition of
their elimination via the proteasome) as well as by damage to the chaperones
themselves.

HSPs are encoded by multigene families, range in molecular size from 10 to
150 kDa, and are found in all major cellular compartments. They are divided
into the following families, in which the number represents the lowest molecular
weight range of its members: HSP10, small HSPs (∼15–35 kDa), HSP40, HSP60,
HSP70, HSP90, and HSP110. Each family includes one or more members; HSP10,
HSP60, and HSP75 are mainly located in mitochondria, whereas others are present
in the cytoplasm and nucleus (Hartl and Hayer-Hartl 2002). Although the primary
physiological function of all HSPs is to fulfill full chaperoning activity, each HSP
plays a specific role. For example, HSP10 is an essential component of the mito-
chondrial protein-folding apparatus and participates in various aspects of HSP60
function. Some small HSPs, such as HSP22 and HSP23, which exist in oligomeric
complexes of 200–800 kDa, serve as molecular chaperones that promote F-actin
assembly. HSP27, another member of a small HSP family, plays a key role in
assisting the assembly of macroglobular protein complexes, such as F-actin poly-
merization. HSP40 helps to bind and transport collagen. Its isoforms are primarily
involved in the regulation of HSP70 chaperone activity; in association with either
heat shock cognate (HSC)70 or HSP70, HSP40 protects macrophages from NO-
mediated apoptosis (Gotoh et al. 2001). HSP60 forms a large hetero-oligomeric
protein complex called the TCP1 ring complex, which is essential for assembling
polypeptides, translocating proteins across membranes, and accelerating protein
folding and unfolding. HSP70 is one of the most widely examined families, whose
members differ in their spatial and subcellular distribution (Rohde et al. 2005).
In addition to its chaperone functions in response to stressful conditions such as
heat shock, hyperosmotic stress, oxidative stress, UV radiation, amino acid ana-
logues, infection, inhibitors of energy metabolism, and heavy metals (Morimoto
et al. 1992), HSP70 protects cells from a number of apoptotic stimuli (Li et al.
2000). HSP90, which constitutes 1–2% of the total protein in the cell, is ubiq-
uitously expressed under normal physiological conditions and is predominantly
localized in the cytoplasm (Nollen and Morimoto 2002; Whitesell and Lindquist
2005). There are two major isoforms, HSP90α and HSP90β, which share 78%
homology (Sreedhar et al. 2004; Whitesell and Lindquist 2005). HSP90 contributes
to the folding of various cellular proteins and modulates the activity of a vast num-
ber of client proteins involved in cell survival and death pathways (Buchner 1999;
Picard 2002; Sreedhar et al. 2004). It is active in supporting various components of
the cytoskeleton and steroid hormone receptors (Young et al. 2001) and has wide
substrate specificity that includes transcription factors, kinases, and polymerases
(Wegele et al. 2004). HSP110 is a cytosolic HSP, and a distant relative of the HSP70
family that cooperates with HSP70 in protein folding in the eukaryotic cytosol, cat-
alyzing efficient nucleotide exchange on HSP70 (Dragovic et al. 2006; Raviol et al.
2006). Hence, the involvement of HSPs in various aspects of protein metabolism
(Fink and Goto 1998) is essential for regulating cellular homeostasis and promoting
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cell survival (Bukau and Horwich 1998; Hartl 1996). HSP-induced cytoprotec-
tion can also be partly attributed to the suppression of apoptosis (Samali and
Orrenius 1998).

7 Role of Stress Proteins in Fish

Highly expressed HSPs have been documented in all cells that have been exam-
ined, from bacteria to mammals (Csermely et al. 1998; Feder and Hofmann 1999),
including fish (Iwama et al. 1998). HSPs in fish cells, similar to those in other ver-
tebrates, are upregulated in response to different types of stressors. Delaney and
Klesius (2004) reported the induction of HSP70 in the blood, brain, and head-kidney
of juvenile Nile tilapia (Oreochromis niloticus (L.)) during exposure to hypoxic
conditions. Many studies have documented HSP induction in response to aquatic
contaminants (Ryan and Hightower 1996; Vijayan et al. 1998; Williams et al.
1996). β-Naphthoflavone (BNF), a potent inducer of P450 enzymes, induces HSP70
expression in the liver tissue of rainbow trout, Oncorhynchus mykiss (Vijayan et al.
1997). Sublethal concentrations of bleached kraft pulp mill effluent (BKME) and
sodium dodecyl sulfate (SDS) result in higher hepatic HSP70 expression in the
salmonid liver, suggesting a chronic cellular stress response associated with contam-
inant exposure (Vijayan et al. 1998). HSP induction in response to hyperammonemic
conditions has been documented in carp (Hernandez et al. 1999). Enhanced levels of
different HSPs have also been demonstrated in tissues of fish exposed to polycyclic
aromatic hydrocarbons (Vijayan et al. 1998), metals such as copper, zinc, and mer-
cury (Duffy et al. 1999; Williams et al. 1996), pesticides (Hassanein et al. 1999), and
arsenite (Grosvik and Goksoyr 1996). Cara et al. (2005) reported the impact of food-
deprivation, reduced oxygen levels, and heat shock on the expression of HSP70 and
HSP90 in the early life stages of the gilthead sea bream (Sparus aurata), a warm-
water aquaculture species. Clarkson et al. (2005) reported that HSP90 is important
after exhaustive exercise, in a manner independent of its role in protection against
cellular damage. Hence, the induction of different types of HSPs varies depending
on the type of tissue and type and nature of stressor (Airaksinen et al. 2003; Rabergh
et al. 2000; Smith et al. 1999). In addition, the sensitivity of HSP expression may
vary among species (Basu et al. 2001; Nakano and Iwama 2002) and developmental
stage (Martin et al. 2001; Santacruz et al. 1997).

Basu et al. (2002), in a previous review, have demonstrated that HSPs play a
key role in various aspects of fish physiology, including development, aging, stress
physiology, endocrinology, immunology, environmental physiology, adaptation, and
stress tolerance. Researchers have reported the induction of various HSP families in
fish following exposure to various environmental stressors and have demonstrated
that these HSPs provide a protective role (Currie et al.1999; Sherry 2003). Other
studies have affirmed the use of the HSP response as an indicator of stress status in
fish (Samali and Orrenius 1998; Sreedhar and Csermely 2004). HSPs have a rela-
tively short half-life (6–9 hr in Drosophila; Lindquist 1986), but their levels remain
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elevated in organisms long after the stressor is removed. Hence, HSPs may play
a role in the long-term adaptation of animals to their environment (Morimoto and
Santoro 1998). Indeed, a positive and direct correlation between HSP expression and
thermotolerance has been well documented (Russotti et al. 1996). Mosser and Bols
(1988) also showed that the appearance and decay of HSPs share a close temporal
relationship with the induction and disappearance of thermotolerance.

The results of many in vitro studies have demonstrated the induction of HSPs
and their role in stress resistance, using cell lines (Kothary et al. 1984; Mosser
and Bols 1988), primary cell cultures (Sathiyaa et al. 2001), and whole animal
tissues (Ackerman et al. 2000; Dietz and Somero 1993). Ryan and Hightower
(1994) demonstrated metal-induced dose-dependent changes in stress protein lev-
els in response to environmental stressors using a hepatoma-derived cell line
(PLHC-1) from desert topminnow (Poeciliopsis lucida) and primary winter flounder
(Pleuronectes americanus) kidney cultures. Kong et al. (1996) examined the expres-
sion patterns of different HSPs such as HSP70, HSP40, and HSP45, in Chinook
salmon embryonic cells (CHSE-214), by exposing them to heat treatment at 24◦C
at time periods ranging from a few minutes to 24 hr. Martin et al. (1998) found that
high expression levels of HSP60 and HSP70, in the neural tissue of four different
teleostean fish species exposed to acid shock for 2 hr at pH 4.5, were correlated
with increased acidosis resistance. Taken together, these results demonstrate a cor-
relation between enhanced levels of HSPs and the extent of exposure to stressors
within an ecologically relevant range. These reports also confirm the importance of
HSP expression for the maintenance of cellular homeostasis (Cheng et al. 2006) and
have helped elucidate their role in enhancing the health and survival of stressed fish
(Basu et al. 2002).

Most studies that address HSPs and cellular stress response do so under lab-
oratory conditions by subjecting cells or organisms to a known concentration of
one or more stressors. However, fish are challenged with multiple types of environ-
mental stressors in their natural environment, and only a few studies have assessed
the impact of an aggregate of environmental stressors on aquatic organisms. Such
studies on fish HSP expression under natural conditions are very important in eluci-
dating the functional significance of these proteins to environmental stress tolerance
and species adaptation and are essential if fish are to be used in aquatic ecosys-
tem biomonitoring. The small stress protein, HSP30, has been shown to react to
protein-damaging stressors in fish tissues, most notably to heat shock, which leads
to significant increases in mRNA and protein levels (Currie et al. 2000; Lund et al.
2002). A significant increase in inducible HSP70 expression serves as a sensitive
indicator of the cellular stress response associated with exposure to contaminants.
Induction of HSP70 in BNF-exposed trout correlates with altered hepatic func-
tion, suggesting that HSP70 expression may be used as an indicator of the cellular
effects of the toxicant (Vijayan et al. 1997). Higher HSP70 expression, after expo-
sure to sublethal concentrations of toxic BKME and SDS, may help cells/tissues
cope with the toxic insult (Vijayan et al. 1998). In the same study, the absence
of a significant increase in HSP70 expression in cells/tissues exposed to 32 mg/L
SDS, which resulted in mortality, suggested that HSP70 induction may be closely
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correlated with the ability to protect cellular function and consequently animal
survival. Hence, these authors demonstrated that HSP70 expression is a sensitive
indicator of the cellular stress response associated with sublethal concentrations of
contaminants, and that its expression in fish tissue may be a useful biomarker of
aquatic pollution. Padmini and Usha Rani (2008) reported that enhanced levels
of HSP70 in grey mullet (M. cephalus) from polluted sites may reflect a protective
response against environmental pollutant-related stress and suggested that higher
levels of HSP70 may be an adaptive strategy to maintain native protein structures
under environmental stress. Iwama et al. (2004) addressed the functional importance
of HSP70 in thermal tolerance using two intertidal fishes as model species, the tide-
pool sculpin (Oligocottus maculosus) and fluffy sculpin (Oligocottus snyderi). They
found that the levels of constitutive HSP70 and the associated scope for increase in
HSP correlated with the ability of tidepool sculpins to cope with environmental
changes. It was recently shown in M. cephalus that significant induction of HSP70
and HSP90 in liver mitochondria and hepatocytes, respectively, plays an important
role in tolerance against pollution-induced oxidative stress (Padmini et al. 2008b,
2009b). The role of HSPs in thermotolerance appears to be crucial, because the
inhibition of their synthesis prevents the development of thermotolerance in rainbow
trout (O. mykiss) fibroblasts (Mosser and Bols 1988). Studies employing transgenic
Drosophila that overexpress HSP70 support the idea that HSPs are at least partially
responsible for induced thermotolerance (Feder and Krebs 1998). Basu et al. (2002)
also demonstrated that HSPs contribute significantly to thermal adaptation through
genetic mechanisms. Although the cellular stress response is generally accepted as
a common feature of a wide variety of organisms (Feder and Hofmann 1999), some
animals, under extreme conditions, lose the ability to invoke a measurable cellu-
lar stress response. HSP70 levels in the brain, white muscle, gill tissues (Carpenter
and Hofmann 2000), and hepatocytes (Hofmann et al. 2000) of the Antarctic fish
Trematomus bernacchii do not significantly increase when fish are subjected to
a thermal challenge. Because the thermal environment of the Antarctic Ocean is
extremely stable (Carratu et al. 1998) and very little chemical pollution exists in
this region, Hofmann et al. (2000) concluded that there might not have been strong
selective pressure for these fish to retain a potentially energetically costly stress
response. Therefore, these authors suggest that Antarctic fish may have lost the
ability to respond to heat stress at a genetic level, and that changes in environmen-
tal temperature may not have a significant effect on the cellular stress response and
thermal tolerance of T. bernacchii.

HSPs appear to have many developmental roles in addition to thermotoler-
ance and cytoprotection. For example, they have specific cellular functions during
embryogenesis that serve to sustain the development of the whole organism rather
than solely maintaining cellular processes for “housekeeping” (Morange 1997).
Krone and Sass (1994) observed low levels of constitutive HSP90α in developing
zebrafish, but the gene which encodes this protein was strongly induced follow-
ing heat stress in gastrula- and late-stage embryos. However, constitutive levels of
HSP90β were high relative to HSP90α, but only weakly induced following similar
heat stress. Hence, within a specific HSP family such as HSP90, isoforms may be
differentially regulated and, as a consequence, may serve different cellular functions
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during developmental and later stages. Localization studies in zebrafish have also
revealed that constitutive HSP90α is restricted primarily to regions involved in myo-
genesis, including the pectoral fin buds and a subset of cells within the somites (Sass
et al. 1996). HSP47 is highly induced in response to stress (Pearson et al. 1996), sim-
ilar to HSP90α, and this may aid in the formation of fish embryonic tissues from its
association with procollagen (Krone et al. 1997; Lele et al. 1997). Lele et al. (1997)
reported that basal levels of a stress-inducible HSP70 were low during embryo-
genesis, but were significantly elevated in a tissue- and stress-dependent manner,
when zebrafish were exposed to various stressors. Santacruz et al. (1997) also
reported a constitutive and stress-induced form of HSP70 in developing zebrafish.
Together, these studies suggest that HSPs are differentially expressed in a spatial,
temporal, and stress-specific manner and probably serve specific roles in embryonic
development.

Cross-protection, also known as cross-tolerance, is the ability of one stressor to
transiently increase the resistance of an organism to a subsequent heterologous stres-
sor. This may be a critical feature of the cellular stress response in an environmental
context. Early studies of cross-protection in fish were performed in vitro in the win-
ter flounder, P. americanus (Basu et al. 2002). Exposure of the renal epithelium
to heat stress protected these cells against the deleterious effects of a subsequent
extreme temperature or chemical challenge, and the protection afforded by a mild
heat shock coincided with increased levels of HSP28, HSP70, and HSP90 in the
cell (Brown et al. 1992). Dubeau et al. (1998) reported that heat-stressed Atlantic
salmon (Salmo salar) with artificially elevated levels of brachial and hepatic HSP70
were better able to tolerate an osmotic challenge, relative to control fish, suggesting
a role for HSP in ionic and osmotic adaptation. These studies provide strong evi-
dence of the ability of one stressor to condition a fish to better tolerate a subsequent,
more severe stressor. Moreover, these studies demonstrate that fish regulate HSP
gene expression to enhance their tolerance to an upcoming environmental change.

8 HSP Genes in Fish

Although the roles of HSPs in fish at the protein level have been investigated in
many studies, very little is known about the genes that encode HSPs in fish (Basu
et al. 2002). HSP/HSC genes have been cloned or sequenced and characterized only
from a modest number of fish species, primarily from families with low molecular
weight. These include the hsp30 gene, cloned from Chinook salmon (Oncorhynchus
tshawytscha; Hargis et al., unpublished data; accession number U19370); hsp47,
cloned and characterized from zebrafish (Danio rerio; Pearson et al. 1996); hsp27
and hsp30, cloned from the desert pupfish (P. lucida; Norris et al. 1997); hsp70,
cloned from rainbow trout (O. mykiss; Kothary et al. 1984), medaka (Oryzias
latipes; Arai et al. 1995), zebrafish (Lele et al. 1997), tilapia (Oreochromis mossam-
bicus; Molina et al. 2000), and pufferfish (Fugu rubripes; Lim and Brenner 1999);
hsc71, a constitutively expressed cognate member of the hsp70 multigene family,
isolated and characterized from rainbow trout (Zafarullah et al. 1992); hsc70, cloned
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and characterized from zebrafish (Santacruz et al. 1997) and sequenced from carp
(Cyprinus carpio; Yin et al. 1999); and hsp90 (both alpha and beta), sequenced
from zebrafish (Krone and Sass 1994) and sequenced (hsp90α only) from Chinook
salmon (Palmisano et al. 2000) and Japanese flounder (Paralichthys olivaceus; Nam
et al., unpublished data; accession number AU090921). Pan et al. (2000) character-
ized an hsp90 sequence from Atlantic salmon (S. salar) and correlated their results
to the hsp90β of zebrafish, which showed 92% amino acid identity.

In recent years, many researchers have analyzed transcriptomic responses to
model toxicants using novel genomic technologies to develop new versatile diag-
nostic tools to identify adverse biological effects of environmental pollutants on fish
in coastal and marine environments. For example, Falciani et al. (2008) developed
hepatic transcriptomic profiles of European flounder (Platichthys flesus) inhabit-
ing different polluted sites, and, using gene expression fingerprints obtained by
bioinformatics and computational approaches, correlated the results to variation in
responses to chemical pollutants, indicating the potential utility of this method in
assessing environmental impacts. Similarly, Williams et al. (2008) demonstrated the
utility of using the microarray technique to identify toxicant-responsive genes and
discriminate between modes of toxicant action using the transcriptomic responses
of European flounder to model toxicants. Williams et al. (2006, 2007), during the
development of GENIPOL (genomic tools for biomonitoring of pollutant coastal
impact), described the establishment of a useful resource for ecotoxicogenomics
and the identification of the temporal molecular responses of European flounder
to cadmium and β-estradiol. Sheader et al. (2006) used custom cDNA microarray
analysis of the European flounder liver to demonstrate an oxidative stress response
to cadmium, and they highlighted the potential use of candidate genes as novel
biomarkers, suggesting the applicability of a custom microarray approach to study
the effects of toxicants. Transcriptome analysis using cDNA library clones from
the brain mRNA of channel catfish (Ictalurus punctatus) revealed different types of
genes, including stress-induced genes (Ju et al. 2000). Through integrated transcrip-
tomic and gene expression analysis, Chen et al. (2008) identified the cellular and
genomic mechanisms involved in the adaptation of Antarctic notothenioid fish to
cold in the frigid southern ocean. They also demonstrated that about 177 gene fami-
lies were specifically augmented in these fish, and that the genes were involved in an
array of biological processes including protein synthesis, protein folding and degra-
dation, antioxidation, and antiapoptosis, representing a collective stress-responding
or stress-mitigating phenotype to overcome various physiological changes posed by
freezing and an oxygen-rich environment.

9 Mechanistic Regulation of HSP Induction

The heat shock response is primarily regulated at the transcriptional level and is
mediated by a family of heat shock factors (HSFs) that interact with a specific
regulatory element, the palindromic (CNNGAANNTTCNNG) heat shock element
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(HSE) present in the promoters of HSP genes (Pirkkala et al. 2001). At present,
four different HSFs have been identified: HSF1, HSF2, HSF3, and HSF4, which are
products of the transcription of four different genes (Snoeckx et al. 2001). The regu-
lation of HSF1 activity is complex and is determined, in part, by intrinsic properties
of the molecule, notably by stress-induced changes in its conformation (Farkas et al.
1998; Tomanek and Somero 2002). HSPs may keep HSF1 “locked” in the multi-
protein complex under non-stressful conditions and thereby prevent it from binding
to the HSE and stimulating the transcription of HSP genes; upon environmental
or physiological stresses that cause proteins to unfold, this complex dissociates,
because HSPs begin to bind preferentially to unfolded proteins rather than to HSF1
(Parsell and Lindquist 1993, 1994). The activation of HSF1 is characterized by the
conversion of this factor from a monomeric to trimeric state (Fernandes et al. 1994).
HSF1 trimers are able to move to the nucleus, where they are hyperphosphorylated
and then bind to the HSE, inducing the synthesis of HSPs. Both mechanisms that
promote nonnative proteins, and are responsible for the signal transduction events
resulting in HSF1 trimerization, may be related to the disruption of thiol homeosta-
sis by stressors, which thereby promotes intracellular oxidative damage (Freeman
et al. 1990). Currie and Tufts (1997) first suggested that HSP70 induction in rain-
bow trout may be regulated primarily at the transcriptional level. An HSF1-like
factor was also demonstrated to be involved in the induction of HSP70 mRNA in
rainbow trout (Airaksinen et al. 1998). Rabergh et al. (2000) cloned these transcrip-
tion factors in zebrafish and bluegill sunfish (Lepomis macrochirus). Two forms of
HSF1 transcript were detected using reverse transcription-polymerase chain reac-
tion (RT-PCR) in zebrafish. The expression of both transcripts was confirmed by
RT-PCR analysis of control and heat-shocked hepatic, gonad, and gill tissues, and
there were differences in the amounts of these two transcripts among tissues and in
their responses to heat stress (Rabergh et al. 2000).

The effects of stress on HSF1 activation have been evaluated in several stud-
ies. One study, in which the authors carefully analyzed the effects induced by 13
different stress-response inducers including heat shock (Zou et al. 1998), showed
that all agents and conditions triggered the oxidation of thiol-containing molecules,
particularly glutathione. These effects led to the formation of glutathione disul-
fide (GSSG), mixed glutathione–protein disulfides, and protein–protein disulfides,
which thereby induced trimerization of HSF and promoted their DNA-binding abil-
ity. The early transduction pathway that leads to HSF1 activation appears to involve
two steps: (i) disruption of intracellular thiol-disulfide redox homeostasis, which
results in the formation of disulfide-linked aggregates of cellular proteins, and
(ii) recognition of denatured proteins by preexisting protein chaperones, a phe-
nomenon that triggers HSF1 trimerization (Zou et al. 1998). Padmini and Usha Rani
(2009a) showed that, in a prooxidative environment characterized by glutathione
depletion, HSF1 undergoes trimerization and activation that induces HSP90α syn-
thesis. This study suggests a critical role for the altered glutathione redox pair in
HSP induction through the redox-dependent activation of HSF1. In addition, the
response of HSP90 to geldanamycin (GA) exposure appears to be indirectly medi-
ated by the accumulation of incorrectly folded proteins and/or the activation of
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HSF1 (Sathiyaa and Vijayan 2003). Upregulation of HSF1 during overexpression
of HSPs under stressed conditions suggests that this nuclear factor will be a useful
tool to monitor natural stress.

10 Role of HSPs in Survival

In addition to the suppression of protein damage, HSPs significantly contribute to
protective functions as important mediators of intracellular signaling. Under unfa-
vorable conditions, stress kills cells not only by irreversible damage to critical
structures of cell proteins, but also by activating a programmed cascade of cell death
events. HSPs protect cells from such situations by interfering with programmed cell
death (Gabai and Sherman 2002). HSPs play a key role in cell survival by pro-
viding an adaptive mechanism in response to different types of stress. Numerous
authors have attributed the survival-promoting effects of HSPs to their ability to
suppress apoptosis in response to several stimuli, including heat, DNA damage, and
environmental stress (Beere 2004).

HSP27 is a novel and important factor that protects against oxidative stim-
uli by blocking an important initiation factor of apoptosis (Arrigo 2001). HSP27
associates with Akt and protects its kinase activity from heat stress and serum depri-
vation in PCl2 embryonic carcinoma cells (Mearow et al. 2002). HSP27 binds to
cytochrome c (released by mitochondria) in the cytosol and prevents the cytochrome
c-mediated interaction of Apaf-1 with procaspase-9, thereby interfering specifi-
cally with the mitochondrial pathway of caspase-dependent cell death (Bruey et al.
2000). HSP27 inhibits the release of the proapoptotic molecule Smac/DIABLO
(Chauhan et al. 2003). It also inhibits cytotoxicity induced by tumor necrosis fac-
tor (TNF)-α and inflammatory cytokines via ROS production, thereby maintaining
mitochondrial integrity, supporting its role in protecting mitochondria during the
activation of apoptosis (Samali et al. 2001). Xanthoudakis et al. (1999) demon-
strated a role for HSP60 and HSP10 in regulating apoptosis in the presence of
cytochrome c and dATP, in cell-free systems. It has also been shown that anti-
sense oligonucleotide-induced decreases in mitochondrial HSP60 induce the release
of cytochrome c and precipitate apoptosis (Knowlton and Gupta 2003; Shan et al.
2003). Modulation of ASK 1 (apoptosis signal-regulating kinase1) expression dur-
ing overexpression of HSP70 appears to be a prosurvival mechanism in stressed
fish liver mitochondria (Padmini and Vijaya Geetha 2009b).The co-chaperone CHIP
(carboxyl terminus of Hsc70-interacting protein) is known to play an important role
in this process (Demand et al. 2001). Sreedhar and Csermely (2004) also reported
that HSP72 is a direct inhibitor of ASK1, and that the accumulation of HSP72 is
necessary for c-jun NH2 terminal kinase (JNK) 1/2 downregulation, suggesting that
the chaperone activity of HSP70 is required for the inhibition of apoptosis. HSP70
overexpression also reduces Fas-induced apoptosis (Schett et al. 1999). Similar to
HSP27, HSP70 exhibits an inhibitory role against cytochrome c/dATP-mediated
caspase activation. It suppresses apoptosis by directly associating with Apaf-1 and



Role of HSPs in Stressed Fish 15

blocking the assembly of a functional apoptosome (Beere et al. 2000). HSP70
also attenuates nitric oxide (NO)-induced apoptosis in RAW264.7 macrophages,
thereby maintaining mitochondrial integrity via the upregulation of intracellular
glutathione (Calabrese et al. 2002; Sreedhar et al. 2002). Zhang et al. (2005)
reported that HSP90, together with its client protein Akt, function to inhibit
ASK1-p38 signaling. HSP90 is an essential component for the activation of Akt
kinase, which activates telomerase and thus acts against apoptosis (Haendeler et al.
2003). HSP90α is hepatoprotective, favoring its survival during oxidative stress by
regulating ASK1 expression and thereby functionally antagonizing the cell death-
promoting functions of JNK1/2 in natural aquatic systems (Padmini and Usha Rani
2010). Raf-1 forms a complex with HSP90, and inhibition of this multimolecular
complex leads to the destabilization of Raf-1, thereby blocking the Raf-1–MEK–
MAPK (mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) kinase) signaling pathway (Schulte et al. 1996). Dissociation of
the HSP90–Raf-1 complex is also reported to result in apoptosis in mast cells
(Cissel and Beaven 2000) and in B-lymphocytes (Piatelli et al. 2002). Moreover,
HSP90 directly binds to Apaf-1 to prevent the formation of the apoptosome com-
plex (Pandey et al. 2000). The reactive cysteines present on HSP90 are able to
reduce cytochrome c, suggesting a role for HSP90 in modulating the redox status
in resting and apoptotic cells (Nardai et al. 2000). HSP90 also aids the vascu-
lar endothelial growth factor (VEGF)-induced expression of antiapoptotic Bcl-2
(Dias et al. 2002). HSP90 plays a regulatory role in endothelial and neuronal
nitric oxide synthase-mediated NO production; hence, inhibition of HSP90 helps
induce apoptosis by diminishing NO production and increasing NOS-dependent
superoxide production in certain cellular systems (Sreedhar and Csermely 2004).
HSP90 inhibition leads to the dissociation of various HSP90 client proteins from
the chaperone complex and to their consecutive degradation by proteasome (An
et al. 2000; Blagosklonny 2002; Schulte et al. 1997; Solit et al. 2002). HSP90
inhibition also leads to a defect in a number of proliferative signals including the
Akt-dependent survival pathway (Basso et al. 2002; Munster et al. 2001, 2002).
The underlying antiapoptotic mechanism proposed for the promotion of cell sur-
vival by HSPs includes the inhibition of ROS, increases in glutathione levels, and
the regulation of the intracellular events and activities of a wide variety of signaling
proteins.

11 Seasonal Influences on HSP Expression

Fish are ectothermic vertebrates that inhabit an aquatic environment with high
temperature conductivity, and thus temperature has had an important influence on
their biogeographic distribution during their evolution. In addition, periodic tem-
perature fluctuations have an important impact on individual fish. Lejeusne et al.
(2006) demonstrated that HSP50 and HSP60 expressions vary seasonally with nat-
ural temperature fluctuations in a “thermotolerant” Mediterranean marine species.



16 E. Padmini

Seasonal variation may affect aquatic organisms by changing physiochemical and
biological variables. Seasonal variation in the endogenous levels of HSP70 (Padmini
and Usha Rani 2008) and HSP90 (Padmini and Usha Rani 2009a; Padmini et al.
2008b) has been reported in M. cephalus hepatocytes; such ecologically relevant
seasonal variation in the expression of HSPs confers tolerance to cytotoxic effects of
environmental contaminants and provides cells with stress tolerance to subsequent
insults (Li and Nussenzweig 1996). There are several reports of seasonal variation
in metal distribution and the influence of strong hydrodynamic and physiochemi-
cal aquatic conditions on HSP variation (Padmini and Kavitha 2003; Padmini and
Vijaya Geetha 2007a; Padmini et al. 2009a). Fader et al. (1994) also reported that
the sensitivity of HSP expression can vary by season.

Fluctuating concentrations of cellular stress proteins may be especially signif-
icant in the environmental adaptation of eurythermal ectotherms (Chapple et al.
1998), as endogenous levels of HSP70 in Mytilus edulis vary seasonally and are
positively correlated with seasonal changes, both in environmental temperatures
and thermal tolerance. Seasonal changes in HSPs have also been reported in species
such as Mytilus trossulus, where higher levels of HSP70 were recorded in the gills
of summer-collected animals than in the gills of winter-collected animals (Hofmann
and Somero 1995). The HSP70 isoform showed the greatest seasonal changes in
concentration, and its variation also correlated more closely with changes in tem-
perature and thermotolerance than did that of HSP72 and HSP78. The HSP70 was
not detectable in the winter but was strongly induced as temperatures increased in
the summer. In addition, HSP70 is strongly involved in the development of seasonal
thermal tolerance in M. edulis. Seasonal variation in the tissue levels of constitutive
HSP70 has been demonstrated in four species of stream fish (Pimephales promelas,
Salmo trutta, Ictalurus natalis, and Ambloplites rupestris), with the highest levels
recorded in the spring, followed by the summer, fall, and winter. Dietz and Somero
(1993) demonstrated that summer-acclimated gobies (genus Gillichthys) had sig-
nificantly higher levels of brain HSP90 than winter-acclimated fish, and that the
threshold induction temperature for HSP90 was 4◦C higher in the former group.
Dietz and Somero (1992) also suggested that higher levels of HSPs in eurythermal
ectotherms during summer could provide cells with adequate ability to process par-
tially unfolded proteins; in the monsoon season, heavy rains dilute pollutants and
thus protein denaturation may occur less frequently and low concentrations of HSPs
may be adequate. Collectively, these data suggest that HSP expression, which is sub-
ject to acclimatization, correlates well with seasonal changes in thermal tolerance in
aquatic environments.

12 Conclusions

1. Fish that inhabit polluted environments exhibit organ-specific alterations in
response to stress, which results in accumulation of denatured or partially
unfolded cellular proteins.
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2. To counteract stress-specific damage, fish trigger the overexpression of HSPs as
one of their adaptive responses. The upregulation of HSPs plays a key role in pro-
tecting fish from environmental stress and stress-induced reductions in viability,
thereby enhancing their survival.

3. This response of HSPs to stressors will potentially serve as a useful future
biomarker of environmental quality for aquatic organisms. Analysis of HSF1,
the precursor for HSP synthesis, aids in accessing the influence of external fac-
tors on HSP expression. Further studies on HSP expression, using other fish
models under natural field conditions, will also support the usage of HSF1 as
a biomarker.

4. The impact of seasonal influences on constitutive and inducible factors, such
as HSP expression, is a particularly important line of future research, because
seasonal variation in environmental parameters has a major effect on the cellular
homeostasis of organisms.

13 Summary

Fish are subjected to a wide variety of environmental stressors. Stressors affect fish
at all life stages and the stress-specific responses that occur at the biochemical and
physiological levels affect the overall health and longevity of such animals. In this
review, the organ-specific alterations in fish that inhabit polluted environments are
addressed in detail. Fish, like other vertebrates, have evolved strategies to counteract
stress-mediated effects. Among the key strategies that fish have developed is the
induction of HSPs. The primary functions of HSPs are to promote the proper folding
or refolding of proteins, to prevent potentially damaging interactions with proteins,
and aiding in the disassembly of formations of protein aggregates.

Stress, a state of unbalanced tissue oxidation, causes a general disturbance in the
cellular antioxidant and redox balance and evokes HSP70 overexpression. Distinct
families of HSPs have diverse physiological functions, and their induction, which
is regulated at the transcriptional level, is mediated by the activation of heat shock
factors. Interestingly, HSPs also interact with a wide variety of signaling molecules
that modulate stress-mediated apoptotic effects. Hence, HSP induction is of major
importance for maintenance of cell homeostasis. HSP-mediated adaptation pro-
cesses are regarded as a fundamental protective mechanism that decreases cellular
sensitivity to damaging events. Thus, the adaptive expression of HSPs is a protective
response that helps combat stress-induced conformational damage to proteins.

Additional research is needed to gain further information on the functional sig-
nificance and role of individual HSPs and to enhance the understanding of the
molecular mechanisms by which they act. In addition, field studies are needed to
allow comprehensive evaluation of the potential use of HSPs as biomarkers for
environmental monitoring. Furthermore, the expression of HSPs in fish fluctuates
in response to seasonal variation. Because HSPs serves as a tool for assessing the
stressed state of individuals and/or populations, the impact of seasonal influences on
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constitutive and inducible factors of these proteins should also be elucidated. Such
research will lead to a fundamental improvement in the understanding of the func-
tional role of HSPs in response to natural environmental changes and may allow
correlation of the action of HSPs at the molecular level with the whole organismal
stress response, which, so far, remains unexplained.
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1 Introduction

Large amounts of toxic contaminants are being released to the environment around
the globe from rapid urbanization and industrialization. Among such contaminants
are industrial wastes and ore tailings that result from worldwide mining activities. In
mining operations, during the processing of low-grade ores, significant quantities of
wastes or tailings are produced. The overburden material (also known as “waste”),
generated during surface mining of minerals, causes serious environmental hazards
if surrounding flora and fauna are not properly protected. It has been roughly esti-
mated that for every ton of metal extracted from ores, roughly 2–12 t of overburden
materials are being removed.
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During the mining and processing of sulphide ores, large quantities of overburden
and wastes are generated. The waste-containing metal sulphides of Cu, Pb, Zn, Cd,
etc. undergo oxidation and form sulphuric acid. Therefore, wastes resulting from
the mining of sulphide ore deposits are highly acidic and are toxic to the aquatic
environment. When metal sulphides react with sulphuric acid, high concentrations
of toxic heavy metal ions (e.g. Cu, Zn, Pb and Cd) are released into the environment
in acidic mine drainage water and may devastate the local environment. Usually,
the acidic waste water generated has a pH of <3, and a soluble metal content as
high as 1,800 mg/L. Other chemicals that are used in waste water concentration
processes of sulphide ores, such as flotation reagents, grinding aids and flocculants,
may contribute to the toxicity of tailing water when released as effluents to local
water bodies.

Surface runoff (Arnaez et al. 2004; Kandel et al. 2004) from erosion, tailings
carryover or other waste also poses a significant environmental risk. Explosives,
such as ammonium nitrate or trinitrotoluene (TNT) used during blasting of ores, are
also subject to surface runoff. Contamination of surface water may also occur from
transport of mined-ore material or heavy metal ions from mining machinery main-
tenance and repair. In addition, significant levels of suspended particulate material
(SPM) may contaminate air, which results from mining activities such as blasting,
transportation, ore crushing, ore beneficiation and disposal of tailings. Significant
releases of metal-containing (including mercury) dusts may result from drying of
the ore concentrate. All of the aforementioned wastes are present in thousands of
unvegetated and exposed tailing piles throughout the world; such waste is a definite
and persistent source of contamination and exposure for nearby communities.

India has large reserves of metal-bearing ore and occupies the sixth position in
the world for iron-ore reserves. Therefore, India is an important iron-ore producer
and exporter. However, approximately 10–15% of the iron ore mined in India is
unutilized, even now, and is discarded as tailings. The tailing wastes that are called
ultrafines or slimes, mainly those ore solids having a diameter of less than 150 μm,
are not regarded to be useful and hence are discarded. In India, approximately 10–12
million tons of such mined ore is lost as tailings. The safe disposal or utilization of
such vast mineral wealth in the form of ultrafines or slimes has remained as a major
unsolved and challenging task for the Indian iron-ore industry. Inevitably, the pro-
portion of iron-ore wastes generated will steadily increase, because the demand for
iron ores will increase. Such a view is confirmed by the number of steel plants that
have been planned for future construction in the state of Orissa and other parts of
India. The total production of iron ore in India is expected to exceed 400 million tons
within the next decade. Therefore, dealing with the environmental consequences of
such enormous quantities of tailings will be a Herculean task. It is therefore impera-
tive that state-of-the-art iron-ore mining and processing technologies be adopted to
address and implement effective utilization of tailings.

Another challenge is addressing the panoply of legacy mining waste sites that
now accentuate or may contribute in the future to local environmental damage or
health consequences of nearby residents. Such sites must be restored for sustain-
able development, or, at least, secured to prevent off-site contaminant movement.



Phytoremediation: A Novel Approach for Utilization of Iron-ore Wastes 31

Dealing with metal toxicity at such waste sites is a major concern. The wastes
and tailings from many mines contain ∼1–50 g/kg of toxic and heavy metal ions,
e.g., As, Cd, Cu, Mn, Fe, Pb and Zn (Boulet and Larocque 1998; Bradshaw et al.
1978; Walder and Chavez 1995). Moreover, waste piles of tailings normally contain
no organic matter or macronutrients, and usually exhibit an acidic pH, although
some tailings may be alkaline (Johnson and Bradshaw 1977; Krzaklewski and
Pietrzykowski 2002). Therefore, tailings-waste areas normally lack soil structure
and tend to support severely stressed heterotrophic microbial communities (Mendez
et al. 2007; Southam and Beveridge 1992).

There has been an increasing interest in the possibility of using vegetation to
remediate contaminated mining sites, such as those described above, through plant-
based technology known as phytoremediation. It is our intent in this review to
address phytoremediation and associated processes as they apply to iron-ore wastes
and mining sites. We will show that phytoremediation is cost-effective and feasi-
ble because plants are able to slowly absorb toxins into their tissues and thereby
help clean toxins from waste sites. In addition, phytostabilization, the use of plants
for in situ stabilization of tailings and metal contaminants, is a feasible alternative
to more costly remediation practices (Mendez and Maier 2008). Phytostabilization
promotes the conversion of tailings into useful soil material capable of sustaining
normal ecological plant succession. Such use of plants to slow or prevent leaching of
toxic components or erosion processes actually works better than some traditional
methodologies (Dong et al. 2007; Krzaklewski and Pietrzykowski 2002; Wong et al.
1998; Ye et al. 2002). The main benefit of phytostabilization technology is that
wastes need not be moved, transported or otherwise disposed of. Rather, one simply
introduces the appropriate plant species and gives them time to work.

2 Iron-ore Tailings

Iron ore is being beneficiated around the world to meet the raw material require-
ments of the iron and steel industries. Iron ore has its own peculiar mineralogical
characteristics and for optimum product extraction at any site requires tailoring of
the metallurgical treatment and specific beneficiation process selected for use. The
choice of beneficiation technique depends on the nature of the gangue and its asso-
ciation with the ore structure. The prime function of beneficiation of iron ore in
India is to improve the content of extracted iron and reduce the Al–Si content of
the finished iron. In India, iron-ore beneficiation proceeds mainly from washing,
sizing by classification, jigging and then magnetic separation. The advantage of
washing is to impart better handling properties to the ores, particularly the removal
of fines, which becomes sticky in the rainy season and may pose problems during
transportation to steel plants. In addition, the fines, which are preferentially accu-
mulated with silica- and alumina-bearing minerals, are being removed as washing
proceeds, thereby enhancing the quality of the iron ore. A large volume of water is
required for iron-ore processing. Before tailings are transported to tailing ponds for
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impoundment, most water is recovered for recycling by using a dewatering process
that utilizes a thickener. After beneficiation, the rejected portion of the iron ore may
include coarse and fine particulates in the wash water, and these particulates may
form a slurry known as wet tailings. The physical and chemical nature of such wet
tailing from beneficiation plants depends on the ore type and beneficiation process
used. All washing plants in India utilize ponds for disposal of tailings. Such ponds
conserve resources and help control pollution. In the future, when all of the existing
rich iron resource is exhausted, extraction of iron from such tailing pond waste may
become economically viable.

The typical beneficiation process, as adopted by one of India’s magnetite ore
processing plants situated at Kudremukh, involved a three-stage crushing operation,
followed by spiral classification, magnetic separation and transfer to a flota-
tion column. Unfortunately, this plant generated approximately 29,424 t of solids
(as slurry) per day while beneficiating magnetite ore. As a consequence, Indian gov-
ernmental environmental laws were imposed on it and the plant ceased operation. In
contrast, an Indian iron-ore mine belonging to the National Mineral Development
Corporation (NMDC) at Bailadila generates tailings of 2,700 t/d, which are disposed
of in 7,500 m3 of water that has a 27–30% solids content. Other characteristics of
this waste slurry is that it contains heavy amounts of total dissolved solids (TDS)
equal to 250–1,500 ppm; in addition, the slurry has an ore-fine content of 95% and
a clay–silica content of 5%.

Laboratory characterization of iron-ore tailings or slimes has indicated that they
are largely made up of extremely fine material. More than 60% of the particulates in
such slimes have diameters that are <20 μm (Das et al. 1992, 1993). Moreover, the
silica and alumina content of the tailings is quite high, which requires both benefici-
ation and agglomeration treatment prior to their use in steel making. The distribution
of particle sizes in tailing slurries is solely dependent on the beneficiation process
adopted. The distribution size of particulates is important, because iron-ore particles
and associated total suspended solids (TSS) constitute the main water pollutants that
require downstream treatment before being discharged. The extent to which iron-ore
tailings are produced at different washing plants in India from iron-ore mining activ-
ities is presented in Table 1. From the foregoing, it is evident that large quantities
of iron-ore slimes are annually produced in India and the iron content of such waste
streams varies between 52 and 62.8% Fe. Iron-ore tailings are also contaminated
with parts per million levels of heavy metal ions such as Cu, Pb, Zn, Cr, Sn, Mo
and U, as well as lower levels of macronutrients. Many of these potentially toxic
elements reach and become pollutants of water.

The composition of various inorganic contaminants in a typical set of different
slimes is shown in Table 2. Concentrations of toxic heavy metals such as Cu, Fe, Mn,
Zn, Cr, Mo, Ni and Co have been found in mine water, as well as in iron tailings. It
has also been reported that high concentrations of heavy metals, viz., Cu, Fe, Mn,
Zn, Cr, Mo, Ni and Co, are also found in the soils of surrounding localities. The
soil concentration of metal ions at such sites varies as follows: Fe (33.2–121.5 g/L),
Mn (0.39–1.39 g/L), Cr (57–204 g/L), Co (1.3–4.6 g/L), Cu (25.8–93.0 g/L), Mo
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Table 1 Fe content of iron-ore slimes from mining operations produced at different washing plants
in India

Washing plants Production (t/year) Average Fe content (%)

Daitari 0.3 60.0
Bailadilla-14 1.2 62.8
Bailadilla-5 0.5 61.2
Barsua 0.6 52.5
Kiriburu 1.6 60.4
Donimalai 1.0 57.9
Meghahatuburu 0.6 60.0
Bolani 0.4 59.8
Noamundi 0.75 58.1
Kudremukha 15.0 26.6

aNo longer in operation
t metric tons
Source: IMMT (Institute of Minerals and Materials Technology),
Bhubaneswar, India (unpublished data)

Table 2 Detailed chemical composition of different iron-ore slimes

Constituents 1a 2 3 4 5 6 7 8

Fe 59.8 61.2 52.5 60.3 57.9 57.8 59.3 26.8
SiO2 2.30 6.84 7.82 2.96 6.42 4.00 4.1 51.2
AlO3 4.52 2.81 9.88 4.96 6.28 8.30 4.8 1.82
MnO 0.08 0.8 0.1 0.12 0.08 0.03 0.03 0.08
CaO 0.09 0.11 0.11 0.14 0.12 0.08 0.09 0.11
MgO 0.06 0.05 0.07 0.07 0.05 0.04 0.06 0.06
LOI 7.0 2.34 7.40 5.10 3.90 5.20 5.2 4.05

aLocation in India: 1 Daitari, 2 Bailadilla, 3 Barsua, 4 Kiriburu, 5 Donimalai,
6 Meghahatuburu, 7 Bolani, 8 Noamundi
bLOI loss of ignition
Source: IMMT, Bhubaneswar (unpublished data)

(1.08–4.25 g/L) and Zn (15.5–55.9 g/L; Ghosh and Sen 2001). The high levels of
these toxic metal ions produce an adverse effect on growth and development of
plants, animals and humans. Therefore, it is essential that eco-friendly techniques
are developed to reduce potentially damaging exposures to these metals.

3 Environmental Impact and Waste Minimization

In recent decades, intensive research and development efforts have been directed
towards finding cost-effective and eco-compatible solutions for minimizing and/or
utilizing the waste produced in iron-ore mining operations (Bandopadhyay et al.
2002; Johnson et al. 1992). Recent trends in solid waste management that



34 M. Mohanty et al.

employ reengineering are strategically designed to maximize utilization of waste
stream components (Bandopadhyay et al. 1999, 2002; Johnson et al. 1992; Kumar
and Singh 2004; Kumar et al. 2005; U.S.EPA 2003). In addition, the recy-
cling of solid wastes, after removal of harmful contaminants and recovery of
valuable components by simple physical beneficiation techniques, is also being
utilized to reduce the impact of waste streams (Das et al. 2003; Kumar and
Singh 2004).

In addition to reducing the load of toxic components in waste streams, sen-
sitive and robust eco-friendly tools that are capable of detecting the effects of
toxic substances in complex aquatic ecosystems are also needed (Gustavson and
Waengberg 1995). One such tool that has been employed to explore the relative
propensity of waste streams to cause environmental damage is the use of meso-
cosms. Mesocosms utilize bacteria, phytoplankton and periphytic algae in a model
system setting and have been useful for testing of sediment toxicity and contamina-
tion. If properly designed, such model systems are sensitive, reliable and require
modest investment. Mesocosms are potentially useful in environmental impact
assessments for determining the effects of dredging and dumping activities, and sub-
sequent disposal of dredged spoils in the region (Alden et al. 1985; Lewis et al. 2001;
Word et al. 1987).

Other tests are designed to determine the toxicity and bioavailability of metals
that exist in contaminated dredge spoils, sediments and resuspended sediments in
the water column. Such tests are performed in the laboratory, comprise in situ sed-
iment bioassays, or are performed in microcosm-scale systems (Balczon and Pratt
1994; Fichet et al. 1998; Hurk et al. 1997; Togna et al. 2001). One of the most used
techniques for determining the environmental risk of pollutants from mining activ-
ities is to employ green plants in removal, detoxification or stabilization of mining
and processing tailings. This approach is cost-effective and eco-friendly. There are
plants uniquely able to tolerate and survive high heavy metal (e.g. Zn, Cd and Ni)
concentrations in soils. The details of methods that rely on such plants are described
below.

4 Phytoremediation: Sustainable Remediation and Utilization
of Iron-ore Tailings

The conventional technologies that are employed to remediate mine tailings gen-
erally rely on physical and chemical stabilization processes. Physical stabilization
entails covering mine waste with innocuous material, generally waste rock from
mining operations, gravel, topsoil from adjacent sites or a clay cap to reduce wind
and water erosion. These solutions are often temporary, costly and often inade-
quate because capping processes are impermanent (Johnson and Bradshaw 1977).
Phytoremediation is an emerging alternative approach, which offers prospects for
reducing costs and potentially improving the performance of tailings environmental
pollution abatement.
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Phytoremediation relies on green plants as means to remove polluting substances
from the substrates in which they grow and the subsequent transformation of poten-
tially toxic pollutants into harmless ones. Most conventional technologies employed
in mining-waste remediation are expensive and may actually reduce soil fertility,
subsequently causing negative effects on ecosystems. In contrast, phytoremediation
is cost-effective, environmentally friendly and is an aesthetically pleasing alternative
that is far more suitable for use in developing countries. Phytoremediation offers an
environmentally attractive means for removing toxic metals from hazardous waste
sites and contaminants from soil, and achieves success by relying on selected hyper-
accumulator plants, and ultimately on solar energy. Phytoremediation works well
under the climatic conditions extant in India and has been confirmed through sci-
entific experimentation to work both in ex situ and in situ projects (Blaylock and
Huang 2000; Cooper et al. 1999; Ghosh and Singh 2005; Huang et al. 1997). The
results of in situ phytoremediation that has been performed generally support the
view that reductions of pollutants in waste material are sustainable.

Metal-contaminated soil can be remediated through the application of chemical,
physical and/or biological techniques (Baker and Walker 1990). Experimentation
utilizing phytoaccumulator plants to clean contaminated soil has been undertaken at
the Institute of Minerals and Materials Technology (IMMT, Bhubaneswar), located
in east India. Phytoremediation tests have employed several plant species, to wit:
tree species, Acacia (Acacia mangium Willd.), Shisham (Dalbergia sissoo Roxb.),
Ashoka (Saraca asoca (Roxb.) de Wilde), Sal (Shorea robusta Gaertn.f.); veg-
etable species such as tomato (Lycopersicon esculentum Mill.) and grass species
such as lemon grass (Cymbopogon flexuosus (Nees ex Steud.) (Wats.)) (Figs. 1,
2, and 3; IMMT, Bhubaneswar unpublished data). All plants tested for growth
on iron-ore tailings have survived. Other associated testing indicated that use of
synthetic chelating agents, e.g., ethylenediaminetetraacetic acid (EDTA), organic
acids or diethylene triamine penta acetate (DTPA), in the phytoremediation process,
increased heavy metal uptake by plants. The degree to which different plant parts of
Brassica juncea absorbed heavy metals during the course of this experiment is pre-
sented in Table 3. Although it is clear from this study that phytoremediation can be

Fig. 1 Luxuriant growth of
Lemon grass showing
different treatments (right to
left – garden soil (control),
I:S (1:3), I:S (1:1), I:S (3:1),
IOT at time of harvest (90
days after treatment; DAT)) I
iron-ore tailings, S garden soil
and IOT iron-ore tailings
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Fig. 2 Growth of tree species
(90 DAT) under different soil
and iron-ore tailings
treatment regimes. (This
research performed at
IMMT – Institute of Minerals
and Materials Technology,
Bhubaneswar, India)

Fig. 3 Growth and fruiting in
tomato plants grown in 1:1
iron-ore tailings and soil
(IMMT, Bhubaneswar)

Table 3 The content (mg/kg) of metals phytoaccumulated into B. juncea from soil

Brassica juncea Pb Hg Zn Cr Mn Fe Process

Leaf 113.97 3.65 28.35 2.41 50.93 192.88 AAS
Flower 26.19 7.35 44.35 2.21 18.61 127.29 AAS
Root 7.16 3.54 25.55 0.99 6.29 134.31 AAS
Stalk 7.37 4.02 25.22 5.77 6.43 60.09 AAS
Total 147.53 18.56 123.47 11.38 82.26 514.57

AAS atomic absorption spectrometry
Source: http://www.saneko98.com/PHYTOREMEDIATIONNEWTECHNOLOGY2006.pdf

successful, it has yet to become a commercially available technology in India. The
current status of phytoremediation in the world is still in the developmental stage
and more research is needed to understand and fully implement this remediation
technology. But, bench-scale studies are ongoing in the United States to understand



Phytoremediation: A Novel Approach for Utilization of Iron-ore Wastes 37

and assist in implementation of this alternative technology. For example, in 1996,
a trial in Maine on phytoremediation for removal of lead (Pb) was implemented at
selected sites by Edenspace Systems, and in 1997 at another site in Trenton, New
Jersey (Henry 2000).

Phytoremediation may be carried out by methods that are either ex situ or in situ.
If the method employed is ex situ, the contaminated soil or waste is removed from
its native site for treatment and is later returned to the restored site. Conventional ex
situ methods, when applied to remediate polluted soils, rely on excavation, detox-
ification and/or contaminant destruction (by physical or chemical means). Such
methods are designed to stabilize, solidify, immobilize, incinerate or otherwise
destroy contaminants.

In contrast, in situ remediation methods are performed at the point of the con-
tamination and do not employ excavation of contaminated material. The purpose
of such in situ methods is to destroy or transform contaminants for purposes of
reducing bioavailability and to reduce or remove contaminants from bulk soil (Reed
et al. 1992). In situ techniques are favoured over ex situ techniques, because they
cost less and have lower ecosystem impact. A conventional ex situ technique is
to excavate soil contaminated with heavy metals and remove them for burial at a
landfill site (McNeil and Waring 1992; Smith 1993). Such conventional techniques
are generally inappropriate, because they merely shift the contamination elsewhere
(Smith 1993); moreover, ex situ approaches impose hazards associated with trans-
port of contaminated soil (Williams 1988). Alternatively, dilution of contaminants
to a safe level by importing clean soil and mixing it with contaminated soil may be
used as an on-site management approach (Musgrove 1991). Plants used in in situ
remediation are increasingly important as means to treat selected solid wastes, and
some of the key processes and considerations that attend their use are described
below.

4.1 Phytoextraction

Plants are capable of absorbing and accumulating metals in their tissues from con-
taminated soils, sediments and water at high concentrations (Peterson 1975). Such a
process is called phytoextraction or phytoaccumulation (U.S.EPA 2000). Plants may
constitute the best approach for removing soil contamination, when one wishes to
isolate contaminants without destroying soil structure and fertility. Phytoextraction,
whether utilized to remove toxic metal or radionuclide contaminants from soils,
is best suited for remediation of diffusely polluted areas; such areas have rela-
tively low concentrations of pollutants, and the contaminants occur superficially
in soil (Rulkens et al. 1998). Although different approaches have been employed,
the two basic phytoextraction strategies that have been used are (i) chelate-assisted
phytoextraction or induced phytoextraction, in which artificial chelates are added
to treated soil to increase the mobility and uptake of metal contaminants and
(ii) continuous phytoextraction, in which the removal of metal depends on the natu-
ral physiological ability of the plant. Hyperaccumulator plant species exist that are



38 M. Mohanty et al.

capable of enhanced removal efficiency and these are the species most employed in
continuous phytoextraction. For this technology to be feasible, plants must extract
large concentrations of heavy metals into their roots, translocate the heavy metals
to surface biomass and produce a large quantity of plant biomass. When phytoex-
traction is employed, a potentially valuable feature is that the heavy metals taken
up by phytoextraction into plant biomass can be captured and recycled (Brooks
et al. 1998).

4.2 Phytovolatilization

Phytovolatilization, another phytoremediation process, employs plants that are
capable of absorbing contaminants from soil and then transforming them into
volatile forms that can be transpired into the atmosphere. Phytovolatilization is a
normal process that occurs as trees or other plants grow, absorb and translocate water
contaminated with organic and inorganic substances (Bañuelos et al. 1997; Burken
and Schnoor 1999). Some contaminants are translocated to leaves and volatilize into
the atmosphere, usually at comparatively low concentrations (Mueller et al. 1999;
Suszcynsky and Shann 1995; Watanabe 1997). This process has been primarily used
for removal of mercury from soil; absorbed mercury is transformed into volatile
forms and is transpired into the atmosphere. Moreover, plants transform the mer-
curic ion into elemental mercury, a less toxic form. Unfortunately, mercury released
into the atmosphere by phytovolatilization may be redeposited in the ecosystem
through precipitation (Henry 2000).

Some metal contaminants such as As, Hg and Se may naturally exist as gaseous
species in the environment. In recent years, researchers have sought naturally occur-
ring or genetically modified plants capable of absorbing elemental forms of these
metals from the soil. Once absorbed, plants can biologically convert these met-
als to gaseous species within the plant and release them into the atmosphere. To
date, selenium phytovolatilization has received the most attention in this regard
(Bañuelos et al. 1993; Lewis et al. 1966; McGrath 1998; Terry et al. 1992), because
this element is a serious problem in many parts of the world where Se-rich soils
are prominent (Brooks 1998). According to Brooks (1998), the release of volatile
Se compounds from higher plants was first reported by Lewis et al. (1966). In
addition, Gary Bañuelos of USDS’s Agricultural Research Service has found that
some plants grow in high Se media and produce volatile selenium in the form of
dimethyl selenide and dimethyl diselenide (Bañuelos 2000). One example, identi-
fied as Astragalus racemosus was found to emit dimethyl diselenide (Evans et al.
1968). Moreover, selenium was released from alfalfa as dimethyl selenide, though
it is not a hyperaccumulator plant for Se. Lewis et al. (1966) showed that both
selenium nonaccumulator and accumulator species volatilize selenium. Terry et al.
(1992) reported that members of the Brassicaceae are capable of releasing up to
40 g of Se/ha/d as various gaseous compounds. Some aquatic plants, such as cat-
tail (Typha latifolia L.), show clear potential for Se phytoremediation (Pilon-Smits
et al. 1999).
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Unlike other remediation techniques, once contaminants have been removed via
volatilization, there is a loss of control over their migration to other areas. Some
authors suggest that addition of phytovolatilized contaminants to the atmosphere
would not contribute significantly to the atmospheric pollution pool, because the
contaminants are probably subject to more effective or rapid natural degradation
processes such as photodegradation (Azaizeh et al. 1997). The consequences of
releasing metals to the atmosphere must be considered before adopting this method
as a remediation tool.

4.3 Rhizofiltration

Rhizofiltration is the process of removing contaminants from flowing water and
aqueous waste streams through extensive and massive root uptake by plants.
Several aquatic plant species and hyperaccumulator plants have been found to
remove heavy metals (Table 4) from waste-water streams. Formally, the defini-
tion of rhizofiltration is the use of both terrestrial and aquatic plants to absorb,
concentrate and precipitate contaminants from polluted aqueous sources by
processing low concentrations of contaminants in their roots. Rhizofiltration can

Table 4 Examples of hyperaccumulator plants

Latin name of the
plant English name

Element/heavy
metals Notes

Brassica juncea L. Indian mustard Cd(A), Cr(A),
Cu(H), Ni(H),
Pb(H), Pb(P),
U(A), Zn(H)

Cultivated

Vallisneria
americana

Tape grass Cd(H), Pb(H) Native to Europe and North
Africa; widely cultivated
in the aquarium trade

Dicoma niccolifera – – 35 documented uses of this
plant

Eichhornia crassipes Water hyacinth Cd(H), Cu(A),
Hg(H), Pb(H),
Zn(A)

Pantropical/subtropical.
Roots naturally absorb
pollutants; some organic
compounds believed to
be carcinogenic at
concentrations 10,000
times that in the
surrounding water

Pistia stratiotes Water lettuce Cd(T), Hg(H),
Cr(H), Cu(T)

–

Salvinia molesta Kariba weeds or
water ferns

Cr(H), Ni(H), Pb(H),
Zn(A)

–

Spirodela polyrhiza Giant duckweed Cd(H), Ni(H),
Pb(H), Zn(A)

Native to North America

H hyperaccumulator, A accumulator, P precipitator, T tolerant
Source: http://en.wikipedia.org/wiki/Phytoremediation,_Hyperaccumulators
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be employed to partially treat industrial discharge, agricultural runoff or acidic-mine
drainage wastes. Research has shown that rhizofiltration may be effective for remov-
ing lead, cadmium, copper, nickel, zinc and chromium, all of which are primarily
retained by plant roots (Chaudhry et al. 1998; U.S. EPA 2000). Rhizofiltration has
the advantage of being useful for both in situ or ex situ applications and plant species
other than hyperaccumulator plant species are effective and can be used (Table 4).

4.4 Phytostabilization

Plants that are metal tolerant may also be employed to reduce the mobility of metals
from contaminated sites. The process is called phytostabilization (Salt et al. 1995;
Fig. 4). Utilization of phytostabilization processes is sometimes favoured over reme-
diation, because they cost less and require low maintenance (Berti and Cunningham
2000; Cunningham and Berti 1993). Phytostabilization may also be used to reme-
diate mining sites and processing tailings and for revegetating mining areas.

Fig. 4 Schematic picture showing phytostabilization mechanisms (Source: Mendez and Maier
2008)
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Several perennial grasses, shrubs and trees (Quail bush, Anthyllis vulneraria,
Festuca arvernensis, Koeleria vallesiana, Armeria arenaria, Lantana camara,
Cassia tora, Datura innoxia, B. juncea, Brassica campestris, Phragmites karka,
Leersia hexandra) are being used to revegetate mine-tailing sites. These plants are
suitable and effective in achieving phytostabilization. Grasses grow rapidly and pro-
vide ground cover that may temporarily limit dispersion of tailings. However, trees
and shrubs are important because they provide an extensive canopy and establish
a deeper root network that may prevent erosion over the long term. Shrubs or trees
provide a environment rich with nutrients for grasses and also reduce moisture stress
and improve soil characteristics in arid and semiarid climates (Belsky et al. 1989;
Tiedemann and Klemmedson 1973, 2004). Additionally, the establishment of differ-
ent functional plant species increases plant productivity and yield. Although a few
plants may eventually dominate the ecosystem as a result of selection pressure, the
presence and effect of less abundant species is still significant in promoting a self-
sustainable ecosystem (Tilman et al. 2001). A listing of the different plant species
that are being used for phytostabilization is presented in Table 5.

Table 5 Plant families from which potential phytostabilization candidates may be sourced

Plant/family Metal contaminants Location Note

Anacardiaceae
Pistacia terebinthus Bieberstein Cu Cyprus Field study using 1:1

chicken
fertilizer:soil and
mine waste

Schinus molle L. Cd, Cu, Mn, Pb, Zn Mexico Plant survey

Asteraceae
Baccharis neglecta Britt. As Mexico Plant survey
Bidens humilis H.B.K. Ag, As, Cd, Cu, Pb, Zn Ecuador Plant survey
Isocoma veneta (Kunth) Greene Cd, Cu, Mn, Pb, Zn Mexico Plant survey
Viguiera linearis (Cav.) Sch.

Chenopodiaceae
Teloxys graveolens (Willd.) W.A.

Weber
Cd, Cu, Mn, Pb, Zn Mexico Plant survey

Atriplex lentiformis (Torr.) S. Wats. As, Cu, Mn, Pb, Zn USA Greenhouse study
using compost

Atriplex canescens (Pursh) Nutt. As, Hg, Mn, Pb USA Field study

Euphorbiaceae
Euphorbia sp. Cd, Cu, Mn, Pb, Zn Mexico Plant survey

Fabaceae
Dalea bicolor Humb. & Bonpl. ex

Willd.
Cd, Cu, Mn, Pb, Zn Mexico Plant survey

Plumbaginaceae
Lygeum spartum L. Cu, Pb, Zn Spain Plant survey

Poaceae
Piptatherum miliaceum (L.) Coss. Cu, Pb, Zn Spain Plant survey

Source: Mendez and Maier 2008
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4.5 Plants Species Suitable for Phytoremediation

Several plant species can be used to phytoremediate mining and processing tailings
and for revegetation of mining sites. Such species are biologically active plants and
most are suitable for removal of heavy metal ions. An example of an effective plant
species is B. juncea. This plant is capable of phytoaccumulating heavy metals from
soil to a total content of 897 ppm; such metals are mainly translocated to green
leaves. B. juncea effectively transports lead from roots to leaves, which is essential
for phytoextraction of lead. Another related species, oil rape (Brassica napus var.
Banacanka), has demonstrated hyperaccumulative capability (Mendez and Maier
2008). This plant may be useful for cleaning the air, ground water, waste water and
soil matrices. Research performed with B. napus, Helianthus annuus, Calamagrostis
epigejos, Tussilago farfara, Sisymbrium orientale has clearly shown that these plants
may be useful as phytoremediator species in contaminated terrain.

5 Hyperaccumulation by Plant Species

Some plants accumulate larger amounts of heavy metals in their tissues than do
others. A key success factor, when trying to establish an effective phytoremediating
plant community, is to find native plant species that grow well in the area to be reme-
diated, but to choose ones that are also effective absorbers of targeted toxic elements
from soil. Use of native plants avoids introduction of non-native and potentially
invasive new species that could threaten regional plant diversity. Few field trials
have yet to take advantage of native plant diversity; not doing so has often resulted
in poor plant colonization at waste sites. Some examples of hyperaccumulator plant
species are presented in Table 4.

Conesa et al. (2007) recently conducted a greenhouse study to examine metal
uptake from tailings by the needlegrass plant Lygeum spartum, grown from both
seed and rhizomes. Plants grown in the greenhouse from seeds absorbed signifi-
cantly more metal than did plants grown from rhizomes. However, plants collected
from the tailings site itself showed one order of magnitude lower metal accumulation
than those tested in the greenhouse. Therefore, one can conclude that prospec-
tively certain entities at the tailings site inhibited uptake into these plants. In fact,
an essential point for successful use of a plant in phytostabilization is that it be
able to self-propagate successfully, with no additional inputs. The available liter-
ature reveals that the long-term fate of metals at revegetated tailings sites has not
been explored thoroughly. Such information is needed to evaluate the efficacy of
phytostabilization as means to permanently reduce metal toxicity of waste tailing
materials.

Different heavy metals behave differently in trees. Pb, Cr and Cu are not very
mobile in trees and are retained primarily in roots. In contrast, Cd, Ni and Zn
are more easily translocated to the aerial portions of woody plants. Such dif-
ferences in mobility and storage have important implications for how effective
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phytoremediation may be as means to control leaching of heavy metals from soils
or waste areas.

Two tree species (Salix viminalis and Salix dasyclados) have considerable poten-
tial as vegetative cover for phytoremediation of land contaminated by heavy metals.
Evidence from natural establishment of trees on contaminated sites supports the
view that some tree types can survive under adverse conditions. Some tree species
may not tolerate levels of contamination as high as others, but that does not detract
from the utility that these tree species may have for remediation. Such trees may
survive because of facultative tolerance, such as avoidance by roots of highly con-
taminated substrate or by immobilization of heavy metals in the root system. There
is no evidence to support a specific, genetically transmitted tolerance system in such
plants. However, some evidence exists to show that tolerance may be increased by
acclimation of individual trees to low concentrations of heavy metals (Pulford and
Watson 2003).

Phytoremediation technology is only in its infancy in India. However, it is a
cost-effective and unfolding process that comprises a viable alternative to conven-
tional remedial methods. However, further research results are needed to identify
factors that affect what constitutes suitable plant species for remediation and what
mine-tailings chemistry is most compatible for utilization of phytoremediation
technologies.

6 Summary

Large quantities of iron-ore tailings are being generated annually in the world from
mining and processing of iron ores. It has been estimated that around 10–15% of
the iron ore mined in India has remained unutilized and discarded as slimes during
mining and subsequent processing. Soil contamination resulting from mining activ-
ities affects surrounding flora and fauna and presents a large clean-up challenge to
the mining industry. Innovative new methodologies have been proposed and among
the most promising are those that rely on new phytoremediation technology.

In this paper we address and review the status of phytoremediation as a technol-
ogy to reduce and control contaminated mine wastes. Several different approaches
and different plant species are used to remove environmentally toxic metals from
mine waste sites. Such approaches have the objective of restoring mining waste sites
to human and animal use, or at least, to curtail or eliminate the off-site movement
of toxic entities that potentially could reach humans. How well phytoremediation
performs as an alternative soil restoration technology depends on several factors,
including the composition of soil, toxicity level of the contaminant, degree to
which plant species fit natural local growth patterns and type and concentration of
metal/contaminant in such plants.

Phytoremediation has opened prospects for less costly, yet practicable
approaches to clean-up contaminated waste sites, particularly those associated with
mineral extraction mining. We discuss several plant species that are capable of
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phytoextracting and/or phytostabilizing harmful elements from contaminated soil
and water; such processes are prospectively effective for addressing waste problems
that derive from mining and processing activities, as well as those that derive from
mitigating the threat posed by waste that surrounds mining sites. Unfortunately, phy-
toremediation is still in the embryonic stage, and more research is needed to find the
plant species that will be most effective for addressing different mining waste sce-
narios. Such plants must be able to survive and even thrive in heavily contaminated
soil and be able to mitigate the pollutants that exist in the soil in which these plants
will grow.
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1 Introduction

The Red Dog Mine is a high-grade open pit lead–zinc mine located in the northwest-
ern Brooks Range, about 130 km north of Kotzebue, Alaska (Kral 1992) (Fig. 1).
The mine began operation in 1989 and exploration has revealed deposits such as
the Aqqaluk Deposit that would allow mining to continue until 2031 (Liles 2006;
USEPA 2007). The mine is operated at a rate of 5.4 kt/d (6,000 short t/d). The
mined ore is processed through crushing and grinding circuits, followed by froth
flotation separation to produce zinc and lead concentrates in the mineralogical
forms of sphalerite (zinc sulfide) and galena (lead sulfide), respectively. Because
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DeLong Mountain Regional Transportation System port, and haul road (distances are approximate)

the sphalerite and galena are fine-grained, the ore is finely ground for effective sep-
arations in the flotation circuit. As a result, both the zinc and lead concentrates
are very fine in particle size, with 80% of the final concentrates passing 30 and
20 μm screens, respectively. The flotation concentrates are dewatered using pres-
sure filters, and the resultant dehydrated concentrates contain 7.5–8.0% moisture.
The annual production of zinc and lead concentrates are 508 and 109 kt, respec-
tively (Kral 1992). Dewatered zinc and lead concentrates produced at the Red Dog
Mine site are hauled a distance of 84 km by truck along an unpaved road to the
DeLong Mountain Regional Transportation System port on the Chukchi Sea, where
they are then shipped to international markets (Liles 2006).
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Creation of fugitive dust by haul activities has been observed along the DeLong
Mountain Transportation System road (Ford and Hasselbach 2001). Fugitive dust
consists of non-point re-suspended particulate matter and is of health concern along
the unpaved haul roads found in and near industrial sites such as mines, quarries,
and asphalt plants (USEPA 1998). At the Red Dog Mine, fugitive dust having ele-
vated metal concentrations constitutes a source of human exposure to lead and other
metals (Exponent Engineering and Scientific Consulting 2008). Moreover, the area
around the Red Dog Mine and the haul road is used by Native Alaskans for sub-
sistence activities including hunting, berry picking, and fishing; and winter trails
that connect area villages cross the haul road at multiple locations. Dust and fugi-
tive emissions along the haul road present a potentially important pathway of metal
exposure to wildlife and human subsistence communities located in the area. The
potential for occupational exposure to dust-borne lead also presents a health concern
to Red Dog Mine workers. In this chapter, we address the environmental impact
of dust-borne heavy metal contamination in the vicinity of the Red Dog Mine, its
potential effect on traditional land use around the mine, port, and haul road, and
control technologies that can be used to mitigate this impact.

2 Heavy Metal Toxicology

The deleterious human health effects of heavy metals are well documented
(Klaassen et al. 1996). The content of the lead concentrate transported along the
Red Dog Mine haul road is approximately 60% lead, 0.1% cadmium, and 10% zinc;
zinc concentrate contains about 55% zinc, 3% lead, and 0.3% cadmium (Exponent
Engineering and Scientific Consulting 2007). Of these metals, overexposure to zinc
is of the least concern to human populations, because zinc concentration is well reg-
ulated in the human body, and excessive levels require heavy exposure (Klaassen
et al. 1996). Most humans contain about 2–3 g of zinc, with mean daily dietary
zinc intakes ranging from 4.7 to 18.6 mg/d (Maret and Sandstead 2006). It would be
highly unlikely for an individual to exceed these levels through environmental expo-
sure, even in an environment impacted by zinc mining. Concerns of adverse effects
from zinc exposure are generally focused on overuse of zinc dietary supplements
(Maret and Sandstead 2006) or serious health effects resulting from zinc deficiency
(Klaassen et al. 1996).

Cadmium exposure is of concern at the Red Dog Mine, but does not pose a
human health risk as great as that of lead exposure. Renal toxicity is a recognized
human health effect of cadmium. Study results indicate that cadmium intake by
ingestion should be kept below 30 μg/person/d to avoid renal impairment (Satarug
et al. 2000). Endocrine disruption and detrimental effects on mammalian reproduc-
tion have also been documented as a result of low-level cadmium exposure, but
these effects have yet to be completely elucidated (Henson and Chedrese 2004).
Inhalation exposure pathways of cadmium are also important, because most air-
borne cadmium is respirable, and 15–30% of inhaled cadmium can be absorbed
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by the lungs (Klaassen et al. 1996). The toxic effect most associated with chronic
inhalation exposure to cadmium is chronic obstructive pulmonary disease (Klaassen
et al. 1996). The average cadmium concentration in the Red Dog zinc concentrate
is 0.3%. The US Environmental Protection Agency (USEPA) National Ambient Air
Quality Standard has a 24-hr average concentration limit of 150 μg/m3. Assuming
that the concentration of particulate matter smaller than 10 μm in the Red Dog Mine
area is equal to the USEPA standard, cadmium air concentrations would be about
one order of magnitude below the 5 μg/m3 8 hr Occupational Safety and Health
Administration permissible exposure limit (PEL; Code of Federal Regulations Title
29 Part 1910.1027, 2007). The PEL for chronic health effects of inhaled cadmium
appears to be protective of the potential exposure level that exists in the Red Dog
Mine area.

Lead poses the greatest human health risk at the Red Dog Mine, because of its
toxicity and the high concentrations of lead in the ore. Neurotoxic effects of lead
are recognized in both children and adults (Fig. 2). In children, central nervous sys-
tem impairment can occur when blood lead levels approach 10 μg/dL. Although
adverse effects have been observed below 10 μg/dL (Canfield et al. 2003), this con-
centration is recognized by the Centers for Disease Control and Prevention (CDC)
as the threshold level of concern for child blood lead levels. Impairment at these
levels manifests themselves as cognitive, growth, and behavioral problems and do

Children PbB g/dL Adults
150

Encephalopathy 100 –120 g/dL
100

Encephalopathy  70 –100 g/dL

Colic 60 –100 g/dL Neurobehavioral and neuropsychological effects 40–80 g/dL
Severe renal effects 50 g/dL

50 Decreased hemoglobin levels 50 g/dL
Male reproductive effects >40 g/dL

Decreased hemoglobin levels 40 g/dL
Peripheral neuropathy 40 g/dL 40 Peripheral neuropathy 40 g/dL

Vitamin D metabolish affected >30 g/dL 30 Endocrine effects >30 g/dL

20
Decreased longevity <20 g/dL

Decreased glomerular filtration rate<20 g/dL

Decreased glomerular filtration rate <20 g/dL

10
Decreased activity of heme biosynthesis enzymes <10 g/dL Decreased activity of heme biosynthesis enzymes <10 g/dL

Elevated blood pressure <10 g/dL Elevated blood pressure <10 g/dL
Cognitive and neurobehavioral effects <10 g/dL

Fig. 2 Effects of inorganic lead on children and adults – lowest observable adverse health effects.
Figure adapted from Agency for Toxic Substances and Disease Registry (1992) using data from
Agency for Toxic Substances and Disease Registry (2007)
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not seem to be reversible even as children age and their exposure and sensitivity to
lead are reduced (Murgueytio et al. 1998). Neurotoxic effects of lead are also recog-
nized in adults at blood lead levels exceeding ∼25 μg/dL. In adults, lead impairment
affects the peripheral nervous system and appears to be more reversible than in chil-
dren (Bellinger 2004). Long-term exposure to lead has also been noted as a risk
factor for the development of hypertension in adults (Hu et al. 1996).

3 Dust-borne Metal Exposure Pathways Around Red Dog Mine

Pathways of human exposure to dust-borne heavy metals around Red Dog Mine
include inhalation, contact with contaminated soils and dust, occupational expo-
sure, and hunting or harvesting of plants and animals exposed to dust (Exponent
Engineering and Scientific Consulting 2007).

3.1 Direct Inhalation

Dust particles with diameters >10 μm are trapped in the mid-respiratory tract, and
can be coughed up and ingested, resulting in metal absorption by the gastrointesti-
nal tract. Smaller diameter particles are carried into the alveoli, where metals may
be absorbed into the bloodstream through the alveolar epithelium (Foulkes 1998).
Potential dust exposure sources along the haul road include spilled ore concentrate,
materials tracked out of the mine on trucks, and re-suspension of road dust.

Humans may be at risk for direct inhalation of dust at the Red Dog Mine by being
in proximity to the road when dust is generated or through widespread particulate
pollution generated by mining activities. There is potential for humans to be suffi-
ciently near the haul road to be exposed to dust produced by truck traffic. Although
the road does not pass near any residences, Kivalina and Noatak residents use the
area around the road for subsistence activities (Dames & Moore, Inc. Consulting
1983); moreover several winter trails cross the road (Exponent Engineering and
Scientific Consulting 2007). Practices used to limit human exposure to dust include
restriction of access to the road, communication of exposure risk to those who use
nearby land and trails, and regulatory limits on dust production. Red Dog Mine’s
Alaska Department of Environmental Conservation Air Quality permit requires the
facility to limit public access to the land within 100 m of the haul road. The facility
is also required to post signs at winter trail crossings to warn the public to avoid
the road when traffic is passing (Alaska Department of Environmental Conservation
2003). The USEPA National Ambient Air Quality Standards limit the 24-hr average
concentration of dust emitted from facilities to 150 μg/m3 (USEPA 2004). Modeling
indicates that these limits are not exceeded at the boundaries of the mine, port, or
haul road corridor (Exponent Engineering and Scientific Consulting 2007).
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There is also potential exposure to levels of elevated particulate matter on a
regional scale around the Red Dog Mine. To determine the level of such expo-
sure, air monitoring was conducted for particulates in the nearby villages of
Kivalina, 25 km north of the port, and Noatak, 65 km south of the mine. Results
showed that average quarterly air concentrations were two orders of magnitude
lower than the National Ambient Air Quality Standards (Exponent Engineering and
Scientific Consulting 2007). This suggests that human exposure to ambient regional
particulate metal pollution is not of concern.

3.2 Contact with Contaminated Soils

The relationship between blood lead levels and exposure to lead in soils and house-
hold dust around mining areas has been investigated in many studies. For example,
one study in the United Kingdom identified significantly higher concentrations of
lead in soils and household dust, in a historical mining area, compared with other
areas of Britain, Scotland, and Wales, where mining did not occur (Thornton et al.
1990). The authors of this study also identified a statistically significant relationship
between lead levels in household dust and blood lead levels in 2-year-old children.
Another study, performed in the Old Mining Belt of southeast Missouri, disclosed
elevated blood lead levels in 17% of children living in mining areas, compared with
3% in children living outside of mining areas. Soil and dust levels in mine areas
were 10 times higher than in non-mining areas (Murgueytio et al. 1998).

Because of the remote location of Red Dog Mine, exposure to contaminated soil
is unlikely to be a concern in residential areas. The air-borne lead concentration
measured at Noatak and Kivalina is not high enough to suggest that deposition of
particulate matter on soils would result in soil lead concentrations of health concern
to residents in these nearby settlements. Because workers do not travel between the
mine and residences by the road system, there is no opportunity for vehicles to track
ore concentrate or contaminated soil from the mine site to workers’ homes.

Human exposure to contaminated soils is of greater concern along roadsides and
around the port. Thirty-one lead and zinc concentrate spills, ranging between 1 and
72 metric tons each, occurred along the haul road between 1990 and 2007 (Exponent
Engineering and Scientific Consulting 2007). Spilled concentrate was cleaned up
as soon as possible, as permitted by the prevailing weather conditions (Exponent
Engineering and Scientific Consulting 2007). In addition, small amounts of con-
centrate have occasionally escaped from haul trucks, and mine materials have been
tracked onto the haul road by truck tires or have fallen from trucks onto the roadway.
A study of the metal content of mud from wheel-wells of Red Dog vehicles, and in
haul road soil samples, showed that both were enriched in cadmium, zinc, and lead
when compared with a reference mud sample collected from a vehicle in Kotzebue,
Alaska (Brumbaugh and May 2008).

Soil metal concentrations have been measured in the area around the Red Dog
Mine, the haul road, and the port. Ford and Hasselbach (2001) analyzed soil and
moss samples for heavy metals (Hylocomium splendens) along six transects of the
haul road, with each transect extending 1,800 m to the north and south of the road.
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H. splendens is a non-vascular plant that collects most of its nutrition from pre-
cipitation and air-borne particles. Therefore, this moss can be used to estimate the
contribution of metals arriving in a certain area from adherence to air-borne dust,
rather than solely representing natural soil concentrations (Ford and Hasselbach
2001). Along each transect, lead, zinc, and cadmium concentrations in moss were
highest directly along the road and decreased exponentially with distance from the
road. Lead concentrations were greater than 60 mg/kg in all transect points within
100 m of the road. These values were 4–7 times higher than the concentration of
lead in H. splendens collected along the Dalton Highway (a 666-km gravel supply
road for the Trans-Alaska Pipeline System and North Slope oil industries) and were
comparable to the maximum concentrations reported in polluted areas of central
Europe. In addition, Hasselbach et al. (2005) investigated metal concentrations in
soil along transects of the haul road. In subsurface soils, metal concentrations did
not change with proximity to the road, indicating that dust measured in moss was
from a depositional source on the surface of the road and surrounding land.

A study of lead in dust-bearing soil along the haul road and at the port showed
surface concentrations of 5,000 mg/kg at both locations (Kelley and Hudson 2007).
At depths of 10–30 cm, lead concentrations in soils were 2–3 orders of magnitude
less than in surface soils (Fig. 3). This result supports the work of Hasselbach and
others and suggests a surface source of metal contamination along the haul road and
within the port.

3.3 Residential Exposure to Mine Dust

In addition to the environmental exposures described above, another potential expo-
sure pathway to metals from mining dust at Red Dog Mine is via mine workers
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returning home with dust contamination on themselves and their belongings. Studies
elsewhere have shown the importance of this style of exposure. For example, lead
isotope data taken from households of employees of a lead–zinc–copper mine
in New South Wales demonstrated this potential pathway for lead contamination
(Chiaradia et al. 1997). Between 40 and 100% of the lead in dust from miners’
households were considered to be mine-derived. Although children in these house-
holds did not have blood lead levels >10 μg/dL, 20% of their blood lead was from
mining lead. This indicates that although children were exposed to multiple lead
sources – including leaded paint and leaded gasoline – lead mining comprised an
important exposure pathway (Chiaradia et al. 1997).

The Red Dog Mine’s remote location probably limits exposure via contamination
transported by or on employees. The mine requires workers to use protective gear
and to follow hygiene guidelines designed to minimize lead exposure (Bluemink
2008). Almost all workers travel home from the mine by aircraft, and depending on
work shifts and plane schedules, workers may shower, wash laundry, and change
clothes before leaving the mine, thus limiting the exposure to mine dust in their
households.

3.4 Subsistence Land Use and Wildlife Effects

Subsistence activities are a potential source of human exposure to dust-borne
heavy metals from mines. Lands near the Red Dog Mine, haul road, and port
are used for subsistence hunting, fishing, and gathering by residents of nearby
villages and towns (Dames & Moore, Inc. Consulting 1983). One-third of house-
holds in this area were dependent on subsistence food at the time of a 1984 study
(USEPA 1984). The continued viability of subsistence food is integral to the sur-
vival of traditional cultures’ economic and nutritional health, as well as spiritual
values.

Brumbaugh and May (2008) examined potential sublethal effects of metal expo-
sure in voles and small birds in the vicinity of the Red Dog haul road. Concentrations
of lead, aluminum, barium, zinc, and cadmium were measured in the liver and
blood from animals captured along the haul road, near the port site, and at a
reference site about 96 km south of the port. Blood and liver lead concentra-
tions in animals captured near the haul road and port were 20 times higher
than that in animals from the reference site, whereas concentrations of barium,
zinc, and aluminum were not comparatively higher than the reference samples.
Notwithstanding, histological analysis did not reveal DNA damage or lesions asso-
ciated with metal poisoning. These results indicate that, although mine lead has
impacted lead concentrations within specific terrestrial organisms around the mine
site, it does not appear to have had a measurable negative impact on the health of the
organisms.

Potential health effects of metals on animals at higher trophic levels were inves-
tigated in a study by O’Hara et al. (2003). Concentrations of metals and body
condition were studied in caribou from a mass mortality event in western Alaska



Fugitive Dust and Human Exposure to Heavy Metals Around the Red Dog Mine 57

and in caribou killed by hunters around the Red Dog Mine and around two reference
sites. Although caribou in the area of the Red Dog Mine had elevated levels of lead
in their liver, kidney, and rumen tissues when compared with animals harvested at
the reference sites, concentrations were an order of magnitude below observed toxic
levels in toxicological studies of cattle in the continental USA. Analysis of body
condition indicated that caribou found dead had died from emaciation rather than
from metal toxicosis. The authors of this study did not investigate the source of lead
found in animal tissues or the potential human exposure to lead from eating caribou
killed in the vicinity of the Red Dog Mine.

The Alaska Department of Health and Social Services has investigated the poten-
tial for human exposure to metals through subsistence. Heavy metals have been
measured in Dolly Varden salmon (Salvelinus malma), Arctic grayling (Thymallus
arcticus), Arctic caribou (Rangifer tarandus), and washed and unwashed salmonber-
ries, in the vicinity of the Red Dog Mine. Estimated ingestion rates of each food
source were used, along with USEPA oral reference doses for heavy metals, to deter-
mine if humans were exposed to harmful levels of heavy metals through subsistence.
The Alaska Department of Health and Social Services concluded that concentrations
of heavy metals in each of the above food types do not pose public health concerns,
either for children or for adults. In particular, using a USEPA Uptake Model, it
was predicted that lead exposure through subsistence would result in blood lead
levels below the 10 μg/dL level of concern for children set by the CDC (Alaska
Department of Health and Social Services 2001).

4 Epidemiological Studies Around Red Dog Mine

4.1 Environmental Exposure Studies

A number of epidemiological studies have been conducted in villages surrounding
the Red Dog Mine (Alaska Department of Health and Social Services 2001). In
these studies, blood lead levels were measured in 90% of Kivalina residents and
91% of Noatak residents in 1990; in 21 Medicaid-eligible children in Kivalina in
1993; and in six children in Point Hope in 1992. Across all resident age groups
and all studies, average blood lead levels were less than the 10 μg/dL CDC level
of concern for children. In Kivalina, 1 child out of 125 tested had a blood lead
level >10 μg/dL. Seven out of 128 children in Noatak had blood lead levels
>10 μg/dL; of these, only two children had blood lead levels >15 μg/dL (i.e.,
20 and 21 μg/dL, respectively). The Alaska Department of Health and Social
Services reported that no source of exposure was found that accounted for the
higher blood lead levels in these children (Alaska Department of Health and Social
Services 2001).

The results of the epidemiological studies in villages surrounding the Red Dog
Mine were also compared to blood lead level results measured in residents of
Skagway in 1989 and to the CDC National Health and Nutrition Examination
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Survey (NHANES) results conducted between 1991 and 1994 (Pirkle et al. 1998).
In Skagway, soil concentrations of lead are elevated because of the transporta-
tion of lead ore through that city between 1969 and 1982 in railroad cars from
a mine in the Yukon Territory (Alaska Department of Health and Social Services
1989). Average blood lead levels of Skagway residents were higher than those of
residents of Noatak, Point Hope, and Kivalina. However, all Skagway residents
except ore-terminal workers had blood lead levels of 20 μg/dL or less, and the
average blood lead level was <10 μg/dL. The results of the Skagway study show
that blood lead levels may be below levels of public health concern, even in an
environment impacted by lead contamination, and that Red Dog area residents
are less affected than those in Skagway (Alaska Department of Health and Social
Services 2001).

A comparison of these exposure results with those of the NHANES study also
indicates that human health is being protected around the Red Dog Mine. The aver-
age blood lead level in children between the ages of 1 and 5 was 2.7 μg/dL in the
NHANES study group; in 1990, the average was 2.5 and 3.7 μg/dL in Kivalina
and Noatak, respectively (Alaska Department of Health and Social Services 2001).
These data show that Red Dog area residents generally do not have blood lead levels
of concern from their environmental lead exposure, although it is worth noting that
the differences between these blood lead levels were not statistically analyzed. Also
not performed were isotopic studies used to elucidate the environmental source of
blood lead in children in the vicinity of the Red Dog Mine.

4.2 Occupational Exposure Studies

Occupational exposure to dust-borne lead has the potential to impact the health of
workers at the Red Dog Mine. A State of Alaska Epidemiology Bulletin (Wenzel
2008) summarized adult occupational exposure to lead within the State of Alaska.
The occurrence of blood lead levels >25 μg/dL was more frequent in Alaska than
in the continental USA, between 1996 and 2005. Of adults tested in Alaska, about
11% have blood lead levels exceeding 25 μg/dL and about 1% have blood lead
levels exceeding 40 μg/dL. Of the adults with blood lead levels >25 μg/dL, 94%
worked in the mining industry. This reflects the significance of mining as a potential
occupational pathway of lead exposure, as well as the predominance of the mining
industry throughout Alaska and the comparatively low number of manufacturing or
construction jobs available.

The Red Dog Mine follows or exceeds US Occupational Safety and Health
Administration regulations for the monitoring and medical management of workers’
lead exposure. These regulations require annual testing of worker blood lead levels,
with increased monitoring if blood lead levels >40 μg/dL. When blood lead concen-
trations exceed 50 μg/dL, the worker is removed from lead exposure (Kosnett et al.
2007). The Red Dog Mine tests workers at high risk of occupational exposure twice
annually and increases the frequency of testing if blood lead levels exceed 25 μg/dL
(Bluemink 2008).
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In 2001, Teck Cominco Ltd, the mining company operating the Red Dog Mine,
provided blood lead level data from tests on Red Dog Mine employees and contrac-
tors performed between 1992 and 2001 (Alaska Department of Health and Social
Services 2001) (Fig. 4). The total dataset included 10,685 individual samples taken
from 1,805 employees or contractors. The median blood lead level was 10 μg/dL,
with 1,181 (11%) tests >25 μg/dL and 116 (1%) > 40 μg/dL. Presumably, given
Teck Cominco’s testing protocol, at least some of the tests that exceed 25 and
40 μg/dL represent repeated tests of a subset of individuals with elevated blood
lead levels. Red Dog’s senior environmental coordinator has reported that only two
workers were removed from their jobs since 1989, because of high lead exposure
(Bluemink 2008).

The median blood lead level in the Red Dog tests and the occurrence of tests that
exceed 25 and 40 μg/dL are comparable to the average blood lead levels of Alaskan
workers and the percentage of Alaskan workers with blood lead levels > 25 and
40 μg/dL (Wenzel 2008). Nationally, blood lead levels averaged < 3 μg/dL, in 2001,
lower than the average blood lead level suggested by the 10 μg/dL median blood
lead level result of the Red Dog tests. In a study of workers in 21 continental states
between 1998 and 2001, blood lead levels > 25 and 40 μg/dL occurred 13.4 and 3.9
times per 100,000 workers, respectively (Roscoe et al. 2002). In Alaska, blood lead
levels > 25 and 40 μg/dL occurred 14.9 and 1.4 times per 100,000 workers between
the years of 1995 and 2006, respectively (Wenzel 2008).
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5 Regulatory Oversight of Dust and Metals at Red Dog Mine

Regulatory oversight of the Red Dog Mine has been implemented to ensure that
human and environmental health is protected. In 2005, Teck Cominco, Inc. and the
Alaska Department of Environmental Conservation entered into a Memorandum of
Understanding regarding fugitive dust at the Red Dog Mine (Alaska Department of
Environmental Conservation 2005); the memorandum was reinstated and amended
in 2007. In this memorandum, Teck Cominco agreed to evaluate human health risks
associated with fugitive dust (Alaska Department of Environmental Conservation
2007). As a result, Exponent Engineering and Scientific Consulting completed a
fugitive dust risk analysis in 2007. The consulting company then used the results of
the study to develop the mine’s fugitive dust risk management plan. A draft of this
document was completed in August of 2008 (Exponent Engineering and Scientific
Consulting 2008).

The Alaska Department of Health and Social Services has worked in collabora-
tion with villages, Maniilaq Health Corporation, and the Northwest Arctic Native
Association to conduct epidemiological studies in the area of the Red Dog Mine
(Alaska Department of Health and Social Services 2001). Given the length of the
mine’s potential operating period, the Alaska Department of Health and Social
Services has recommended that a formal process for monitoring public health in
the area should be developed, and that state regulatory agencies should play a role
in assessing data collected by this monitoring plan.

The Alaska Department of Natural Resources provides oversight of mining
operations, particularly when reclamation and closure plans or supplemental envi-
ronmental impact statements are submitted. At Red Dog, scoping documents and a
draft environmental impact statement for the development of the Aqqaluk Deposit
at Red Dog have been submitted (Tetra Tech 2008). Measures to control fugitive
dust and metal contamination will be scrutinized as these documents are reviewed
by the Alaska Department of Natural Resources.

6 Dust Control Measures Around Red Dog Mine

Dust control measures are used at the Red Dog Mine and along the haul road to
reduce potential environmental and human health effects of dust and metals around
the mine. The most common method of dust control along haul roads is the reg-
ular application of water to dirt and gravel roads. Watering roads hourly within a
mine has been shown to reduce total suspended particles around the mine by 40%.
Chemicals may also be applied to control dust along haul roads. Magnesium chlo-
ride applications have been shown to reduce dust, generated by haul trucks, by 95%
(Reed and Organiscak 2007). The Red Dog Mine waters roads within the mine area
itself, and calcium chloride is applied along the haul road (Exponent Engineering
and Scientific Consulting 2008).

In addition to watering and chemical treatment, the mine began using improved
haul trucks in 2001 to limit spills of concentrate ore. The new trucks have solid
sides and steel covers that hydraulically close to prevent the escape of concentrate
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during shipping. The new trucks are designed to reduce rollover, thereby preventing
accidents and potential concentrate spills. The trucks are also designed to produce
less dust during unloading, thus limiting the amount of dust created at the port site
(Exponent Engineering and Scientific Consulting 2008).

Methods have been implemented to control the amount of dust tracked out of the
mine area by haul trucks. The concentrate storage building at the mine was modified
to prevent trucks from driving over concentrate during the loading process. Gratings
were installed in the area where trucks are loaded, so that concentrate does not fall
to the floor where it can be picked up by truck tires. In summer months, a truck-
washing station is used to remove dust from the outsides of haul trucks before they
leave the concentrate storage area (Exponent Engineering and Scientific Consulting
2008).

A potential method for removing the source of fugitive dust along the haul road
is to construct a pipeline that carries concentrate, in slurry form, from the mine to
the port. In a draft supplemental environmental impact statement outlining potential
scenarios for development of the Aqqaluk Deposit, construction of a concentrate
pipeline was included as a potential alternative to trucking concentrate (Tetra Tech
2008). This technology has been successfully applied in a number of mines, includ-
ing the Antamina Mine, which was brought into production by Teck Cominco, Ltd
and Noranda, Inc. Antamina Mine is a copper–zinc mine located approximately
300 km from the coast of Peru. Concentrate slurry is shipped in an underground
pipeline to the Punta Lobitos Port, where it is then shipped to market (Compañia
Minera Antamina S.A. 2006). Development of such a pipeline at the Red Dog
Mine would require specialized arctic engineering techniques, but would reduce
the potential for concentrate spills as well as the amount of traffic along the current
haul road.

7 Summary

Fugitive dust from the Red Dog Mine is a potential source of exposure to heavy
metals for residents of the surrounding area. Possible pathways of exposure include
direct inhalation of particles, dermal contact with or ingestion of contaminated
soils, residential exposure of individuals who have close association with mine
workers, and subsistence activities. Study results indicate that soils and mosses
close to the haul road are contaminated with dust and metals from hauling activ-
ities. However, investigations of exposure from subsistence activities performed
near Red Dog Mine do not indicate that human health has been negatively
affected by metal contamination. Epidemiological studies of nearby village res-
idents do not show blood lead levels that exceed the CDC level of concern for
children. The mine currently uses several control practices to reduce dust and
control human dust and metal exposure. Nonetheless, the potential for human
health impairment will persist throughout the life of the mine and beyond. Sound
environmental management and monitoring of human health should remain a pri-
ority for the Red Dog Mine and for agencies that provide regulatory oversight to
the mine.
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1 Introduction

Aromatic compounds are widely distributed in nature and range in size from
low molecular mass compounds, such as phenols, to polymers such as lignin
(Vaillancourt et al. 2006). As a result of the delocalization of their resonance struc-
ture, aromatic compounds are exceptionally stable (McMurry 2004). Because of the
metabolic pathways they have evolved, microorganisms have an exceptional ability
to utilize aromatic compounds as their sole source of energy and carbon (Pieper and
Reineke 2001; Reineke and Knackmuss 1988).

Several aromatic compounds, such as polycyclic aromatic hydrocarbons (PAHs),
are widespread in various ecosystems and are regarded as hazardous pollutants of
great concern primarily because of their toxicity, including a tendency to induce
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mutagenicity and carcinogenicity. The use of microbial metabolic potential for
eliminating aromatic pollutants such as PAHs provides a safe and economic alterna-
tive to their disposal in waste dump sites and to commonly used physico-chemical
strategies. The ring-hydroxylating oxygenases (RHOs) play a key role in microbial
biodegradation because they catalyze the first step in the degradation process. For
example, naphthalene dioxygenase is particularly useful for dihydroxylating the low
molecular weight PAHs (Peng et al. 2008). To date, more than 100 RHOs have been
identified in different microorganisms; most of these RHOs have a broad substrate
range and can catalyze diverse oxidative reactions. It is our goal in this review to
offer a profile of the nature of these RHOs. Such information may be helpful to
researchers who study or rely on RHOs for degrading a variety of pollutants, either
naturally or in directed programs that threaten the modern environment.

RHOs are multi-component enzymes, comprising two or three protein com-
ponents, and structurally consist of an electron transport chain (ETC) and an
oxygenase (Ashikawa et al. 2006; Ferraro et al. 2005). The oxygenase compo-
nents are either homooligomers (αn) or heterooligomers (αnβn) and in each case,
the α subunit, called the large subunit, has two conserved regions, a Rieske
[2Fe–2S] center and a non-heme mononuclear iron (Butler and Mason 1997; Mason
and Cammack 1992). These oxygenase systems usually catalyze the oxidation of
various aromatic compounds by introducing two hydroxyl groups, either in the
ortho-position or in the para-position, by which a soluble electron transport chain is
formed to harness the reductive power of NAD(P)H and activate molecular oxygen
(Gibson 1971; Resnick et al. 1996). The RHO system catalyzes the oxidation of an
arene bond to yield an arene cis-dihydrodiol (Jeffrey et al. 1975; Ziffer et al. 1973)
and is thereby different from the known P450 monooxygenase systems that form
trans-dihydrodiols (Raag and Poulos 1989).

In recent years, a tremendous accumulation of new sequence data has been devel-
oped for RHOs (Kweon et al. 2008). Identification and characterization of these
RHOs has allowed more detailed studies of the enzyme systems to be undertaken.
In this review of RHOs, we address the following key topics: (a) the relationships
between different RHOs, (b) structural information on RHOs and their relationship
to substrate specificity, (c) the catalytic mechanisms by which complex enzymatic
oxidation reactions proceed, and (d) the techniques that enhance the pollutant
degradation capabilities of RHOs.

2 Classification of Ring-hydroxylating Oxygenases

RHOs of bacterial origin can catalyze the oxidation of a variety of hydrophobic,
mainly aromatic substances by the insertion of one or two hydroxyl groups. They are
multi-component enzymes containing two or three protein components constituting
an ETC and an oxygenase. The terminal oxygenase is known to be the catalytic
component involved in the transfer of electrons to oxygen molecules. The ETC
that transfers reducing equivalents from NAD(P)H to the oxygenase components
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consists of either a flavoprotein reductase or a flavoprotein reductase and a ferre-
doxin. Although both oxygenase and ferredoxin belong to Rieske-type proteins, the
phylogenetic tree that describes the relationships between oxygenases is more com-
plicated than that of ferredoxins, because oxygenases exhibit a greater diversity in
their substrate specificity and quaternary structure (Schmidt and Shaw 2001).

Since the discovery of ferredoxins in the early 1960s, the number of identified
proteins that contain [Fe–S] clusters has been greatly expanded; these are referred to
as [Fe–S] proteins (Fontecave and Ollagnier-de-Choudens 2008; Rieske et al. 1964).
Such Rieske proteins contain so-called Rieske [2Fe–2S] clusters and play important
roles in many biological electron transfer reactions (Cosper et al. 2002; Mason and
Cammack 1992; Schäfer et al. 1996).

Sequence analyses of various Rieske proteins revealed that, in general, they all
possess a common homologous region having the sequence: -C-X-H-X15–17-C-
X-X-H- (Castresana et al. 1995; Carrell et al. 1997; Mason and Cammack 1992;
Neidle et al. 1991). In the Rieske cluster, there is an asymmetric iron–sulfur core
with the Sγ atom of each of the two cysteine residues coordinated to one iron site,
and the Nδ atom of each of the two histidine residues coordinated to the other iron
site. This asymmetric ligation results in some unique redox and spectroscopic prop-
erties. Structural variation in the vicinity of the clusters, such as hydrogen bond
networks (Denke et al. 1998; Guergova-Kuras et al. 2000; Schröter et al. 1998), the
iron–histidine bond length (Cosper et al. 2002), and polypeptide dipoles (Colbert
et al. 2000), may be correlated with reduction potential. Although the RHOs exhibit
quite different catalytic functions, their possession of a common sequence motif
suggests that they are in some way related, presumably by divergent evolution from
a common ancestor (Asturias et al. 1995; Nakatsu et al. 1995; Schmidt and Shaw
2001).

The RHOs have initially been classified into three classes by Batie et al. (1991),
based on the number of constituent components and the nature of the RHO redox
centers. Class I RHOs are composed of two protein components: a reductase
and an oxygenase. This class contains two subtypes. In type IA, the oxygenase
possesses a homomultimeric quaternary structure, whereas type IB possesses a het-
eromultimeric quaternary structure composed of α and β subunits. The α subunits
bear the catalytic center of these oxygenases. In addition, the reductases in the
type IA contain a flavin mononucleotide (FMN)-binding domain, whereas in the
type IB they contain a flavin adenine dinucleotide (FAD)-binding domain. Some
RHOs, such as phthalate dioxygenase from Burkholderia cepacia (AF095748)
(Chang and Zylstra 1998); 3-chlorobenzoate-3,4-dioxygenase from Alcaligenes
sp. (Q44256) (Nakatsu et al. 1995); and toluene sulfonate methylmonooxyge-
nase from Comamonas testosteroni (U32622) (Junker et al. 1997) belong to type
IA, whereas some benzoate-1,2-dioxygenases, such as benzoate-1,2-dioxygenase
from Acinetobacter sp. ADP1 (AF009224) (Neidle et al. 1991), and benzoate-1,2-
dioxygenase from Pseudomonas putida (TOL plasmid, M64747) (Harayama et al.
1991) belong to type IB.

Class II and class III RHOs contained three protein components: a flavopro-
tein reductase, a ferredoxin, and a terminal oxygenase. Reducing equivalents are
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transferred from NAD(P)H to the terminal oxygenase through a flavoprotein reduc-
tase and a ferredoxin. Both classes are distinguished on the basis of the flavoprotein
reductase. In class II RHOs, the flavoprotein reductase contains three domains:
an FAD-binding domain, an NADH-binding domain, and a C-terminal domain,
whereas the corresponding reductase in class III RHOs has an additional plant-type
[2Fe–2S] cluster domain. Typical class III RHOs are naphthalene dioxygenase from
P. putida (strain NCIB9816-4) (Kurkela et al. 1988) and naphthalene dioxygenase
from P. putida (strain G7) (Simon et al. 1993). Based on the small protein ferredoxin
structure, class II RHOs are further divided into two subtypes: type IIA and type IIB.
In type IIA the ferredoxin contains a plant-type [2Fe–2S] cluster and in type IIB a
Rieske-type [2Fe–2S] cluster. For example, dioxin dioxygenase from Sphingomonas
sp. (Bünz and Cook 1993) belongs to type IIA but some benzene dioxygenase (Irie
et al. 1987) and biphenyl dioxygenase (Erickson and Mondello 1992; Fukuda et al.
1994) enzymes belong to type IIB (Table 1).

The Batie classification system has been widely accepted because it was based
on the composition of the electron transport chain and is capable of systematically
describing the relationship of RHOs. However, in recent years, with the identifica-
tion and characterization of more oxygenases, it is clear that the Batie classification
system chain cannot credibly be used to classify all oxygenases. For example, the
carbazole 1,9a-dioxygenase system from Pseudomonas sp. (strain CA10) can be
grouped into class IA, based on the terminal oxygenase CarAa, because it is com-
posed of a homomultimer, which is typically characteristic for class IA oxygenases
in the Batie’s system. However, based on the ferredoxin reductase CarAd, this
dioxygenase system would be classified into class III, because it contains a plant-
type [2Fe–2S] cluster and a flavin adenine dinucleotide-binding domain (Nam et al.
2002; Sato et al. 1997).

A second method of classification introduced by Nam et al. (2001) places RHOs
into families based only on the sequence homology of the terminal oxygenase com-
ponents. By comparing their sequences pairwise, the RHOs can be classified into
four groups, described below.

Oxygenase components included in group I have only large α subunits, whereas
other oxygenase components in groups II, III, and IV are composed of different
subunits (large subunit α and small subunit β). Group I RHOs contain wide-ranging
oxygenases that share low homology, while groups II, III, and IV RHOs contain
typical benzoate/toluate dioxygenases, naphthalene/polycyclic aromatic hydrocar-
bon dioxygenases, and benzene/toluene/biphenyl dioxygenases, respectively. There
are some interesting characteristics in the consensus sequences of the Rieske-type
[2Fe–2S] cluster-binding site and the Fe2+-binding site in the terminal oxygenase.
First, group I oxygenases have 16 or 18 amino acids between the first His and the
second Cys in the Rieske-type [2Fe–2S] cluster that binds site sequences C-X-H-
X15–17-C-X-X-H, whereas groups II, III, and IV have 17 such amino acids. Second,
the two His residues of the Fe2+-binding site are separated by three or four amino
acids in group I oxygenases, whereas they are separated by four in groups II and III
and by four or five in group IV. In addition, two conserved sequence blocks (Gly-
Asn at the Rieske cluster-binding site and Asn-Trp-Lys at the Fe2+-binding site) give
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Table 1 Batie classification scheme for ring-hydroxylating oxygenases (Batie et al.1991)

Class Reductase Ferredoxin Oxygenase Enzyme system

IA FMN[2Fe–2S]P [2Fe–2S]R Fe+ Phthalate dioxygenase
(Burkholderia cepacia)

Phenoxybenzoate dioxygenase
(Pseudomonas
pseudoalcaligenes)

3-Chlorobenzoate
3,4-Dioxygenase
(Alcaligenes sp.)

IB FAD[2Fe–2S]R [2Fe–2S]R Fe+ Benzoate 1,2-dioxygenase
(Acinetobacter sp.)

2-Oxo-1,2-dihydroquinoline
8-monooxygenase
(Pseudomonas putida)

Toluate 1,2-dioxygenase
(Pseudomonas putida)

Anthranilate dioxygenase
(Acinetobacter sp.)

IIA FAD [2Fe–2S]P [2Fe–2S]R Fe+ Dibenzofuran dioxygenase
(Sphingomonas sp.)

Pyrazon dioxygenase
(Pseudomonas sp.)

IIB FAD [2Fe–2S]R [2Fe–2S]R Fe+ Toluene dioxygenase
(Pseudomonas putida)

Benzene 1,2-dioxygenase
(Pseudomonas putida)

Biphenyl dioxygenase
(Pseudomonas sp.)

Cumene dioxygenase
(Pseudomonas fluorescens)

III FAD[2Fe–2S]R [2Fe–2S]R [2Fe–2S]R Fe+ Carbazole 1,9a-dioxygenase
(Pseudomonas sp.)

Naphthalene dioxygenase
(Pseudomonas putida)

2-Nitrotoluene dioxygenase
(Pseudomonas sp.)

Nitrobenzene dioxygenase
(Comamonas sp.)

FMN: flavin mononucleotide; FAD: flavin adenine dinucleotide

a good clue for the classification of the RHOs. It was speculated that both blocks
affect the interaction of α and β subunits, because they disappear in the oxygenases
of group I that contain only an α subunit (Table 2).

Compared to the Batie classification system, the Nam classification system
is simple and powerful. Dioxygenases can be easily classified after comparing
them against the two standards: toluene dioxygenases (TodC1) from P. putida
F1 (Subramanian et al. 1979) or benzene dioxygenase (BedC1) from P. putida
ML2 (Irie et al. 1987). For example, the enzyme 2-oxo-1,2-dihydroquinoline
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Table 2 Nam classification scheme for ring-hydroxylating oxygenases (Nam et al. 2001)

Group Subunit [2Fe–2S]-binding site Fe2+-binding site Enzyme system

I α C-X-H-X(15–17)-C-
X-X-H

D-X(2)-H-X(3-4)-H 2-Oxo-1,2-
dihydroquinoline
8-monooxygenase

Carbazole
1,9a-dioxygenase

II α+β C-X-H-X(10)-GN-
X(5)-C-X-X-H

NWR-X(7)-D-X(2)-
H-X(4)-H

Benzoate/toluate
dioxygenases

III α+β C-X-H-X(10)-GN-
X(5)-C-X-X-H

NWR-X(8)-D-X(2)-
H-X(4)-H

Naphthalene/polycyclic
aromatic hydrocarbon
dioxygenases

IV α+β C-X-H-X(10)-GN-
X(5)-C-X-X-H

NWR-X(8)-D-X(2)-
H-X(4-5)-H

Benzene/toluene/biphenyl
dioxygenase

8-monooxygenase (Y12655.1) from P. putida is difficult to classify using the Batie
classification scheme, because, although it functions with an electron transport chain
characteristic of the type-IB oxygenases, the sequence of this terminal oxygenase
component is closely related to those of the type-IA oxygenases (Rosche et al.
1995, 1997). However, this enzyme can be easily classified into group I of the
Nam classification scheme as a result of the low homology with TodC1 or BedC1.
7-Oxodehydroabietic acid dioxygenase, which is involved in diterpenoid degra-
dation in Pseudomonas abietaniphila BKME-9 (DitA1), is also difficult to
classify in the Batie classification scheme. This is because this enzyme con-
tains a [3Fe–4S]-type ferredoxin, which is unusual for the oxygenases (Martin
and Mohn 1999). But the DitA oxygenase was successfully grouped into
group III in the Nam classification scheme because the terminal oxyge-
nase had a sequence homology score of about 26 with TodC1 or BedC1
(Nam et al. 2001).

Recently, Kweon et al. (2008) introduced a new classification scheme for RHOs
based on analyzing the terminal oxygenase and the ETC components as a whole. To
effect enzyme classification by this approach, first, pairwise and multiple alignments
of the terminal oxygenases were carried out with the default parameters (protein
weight matrix, for example). The pairwise distance (PD) matrices were used to
maximize the accuracy of classification. When the mean PD value approached 0.61,
the maximum accuracy of classification is obtained and not much affected by the
number of observed oxygenases. This indicated that a PD value of 0.61 is suitable
as a criterion for grouping oxygenases. Moreover, phylogenetic data on the oxy-
genases being classified were integrated with the classification keys obtained from
ETC components.

Oxygenase components of RHOs were phylogenetically classified into five dis-
tinct types, using the Kweon classification scheme, and all the members within
each type share the same classification keys as regards ETC components. Type I
represents a two-component RHO system that consists of an oxygenase and a C-
type ferredoxin–NADP+ reductase (FNR), with a C terminus of NAD domains.
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Type II contains another two-component RHO system that consists of an oxy-
genase and an N-type FNR reductase having an N terminus of a flavin-binding
domain. Type III represents a group of three-component RHO system that con-
sists of an oxygenase, a [2Fe–2S]-type ferredoxin, and an N-type FNR reduc-
tase. Type IV represents another three-component system containing oxygenase,
[2Fe–2S]-type ferredoxin, and glutathione reductase (GR)-type reductase. Type V
stands for another different three-component system that consists of an oxyge-
nase, a [3Fe–4S]-type ferredoxin, and a GR-type reductase (Kweon et al. 2008)
(Table 3). Genes coding for ETC components are not always closely positioned
with oxygenase genes (genetic discreteness) and limited numbers of ferredoxin
and reductase components are shared by multiple oxygenases (numerical imbal-
ance). Therefore, it was a challenge to find a cognate ETC partner that can function
in cooperation with these “incomplete” oxygenase components (Armengaud and
Timmis 1997; Jones et al. 2003; Romine et al. 1999; Stingley et al. 2004).
Using estimates of PD value, Kweon devised a model to determine a suitable
set of oxygenases designed to minimize the classification error, even if the cor-
responding ETC information was lacking. For example, the PD value can be
used to differentiate DitA (P. abietaniphila BKME-9) (Martin and Mohn 1999)
and NidA (Rhodococcus sp. strain I24) (Treadway et al. 1999) from the NahAc
(Pseudomonas sp. NCIB9816-4) (Gibson et al. 1995) and PahAc (P. putida OUS82)
(Takizawa et al. 1994).

Table 3 Kweon classification scheme for ring-hydroxylating oxygenases (Kweon et al. 2008)

Class Subunit Reductase Ferredoxin Enzyme system

I Iα α FNRC-type
FMN[2Fe–2S]P

None Aniline dioxygenase
(Acinetobacter sp. YAA)

Aniline oxygenase (Pseudomonas
putida UCC22)

Iαβ α+β FNRC-type
FAD[2Fe–2S]R

None Phenoxybenzoate dioxygenase
(Alcaligenes sp. BR60)

Phenoxybenzoate dioxygenase
(Pseudomonas
pseudoalcaligenes POB310)

Phthalate dioxygenase
(Burkholderia cepacia DBO1)

Toluene sulfonate monooxygenase
(Comamonas testosteroni T-2)

II α+β FNRN-type
FAD[2Fe–2S]R

None 2-Halobenzoate 1,2-dioxygenase
(Pseudomonas cepacia 2CBS)

Benzoate 1,2-dioxygenase
(Acinetobacter sp. ADP1)

Anthranilate dioxygenase
(Acinetobacter sp. ADP1)

III IIIα α FNRN-type
FAD[2Fe–2S]R

[2Fe–2S]-type Carbazole 1,9a-dioxygenase
(Pseudomonas resinovorans
CA10)
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Table 3 (continued)

Class Subunit Reductase Ferredoxin Enzyme system

IIIαβ α+β FNRN-type
FAD[2Fe–2S]R

[2Fe–2S]-type Naphthalene dioxygenase
(Pseudomonas sp. 9816-4)

3,4-Dihydroxyphenanthrene
dioxygenase (Alcaligenes
faecalis AFK2)

PAH dioxygenase (Pseudomonas
putida OUS82)

Naphthalene dioxygenase
(Ralstonia sp. U2)

Salicylate 5-hydroxylase
(Ralstonia sp. U2)

IV α+β GR-type
FAD

[2Fe–2S]-type Carbazole dioxygenase
(Sphingomonas sp. CB3)

Dioxin dioxygenase
(Sphingomonas sp. RW1)

Biphenyl dioxygenase
(Rhodococcus sp. RHA1)

Toluene dioxygenase
(Pseudomonas putida F1)

Biphenyl 2,3-dioxygenase
(Pseudomonas sp. LB400)

Biphenyl dioxygenase
(Pseudomonas
pseudoalcaligenes KF707)

V α+β GR-type
FAD

[3Fe–4S]-type Phenanthrene dioxygenase
(Nocardioides sp. KP7)

Phthalate dioxygenase
(Terrabacter sp. DBF63)

Phthalate dioxygenase
(Mycobacterium vanbaalenii
PYR-1)

FNR: ferredoxin–NADP+ reductase; GR: Glutathione reductase; PAH: Polyaromatic hydrocarbons

The Kweon classification system has responded dynamically to the growing pool
of RHO enzymes. As standard RHO samples increase, the classification system
increases in objectivity and stability. In turn, this objectivity and stability of the
classification system may help extend classification coverage to many other RHO
enzymes.

3 Structural Investigations of Ring-hydroxylating Oxygenases

Most RHOs catalyze insertion of molecular oxygen into aromatic benzene rings
to form arene oxides. This reaction requires an electron to be transported from
an NAD(P)H reductase to the terminal oxygenase component. In the terminal
oxygenase, the electron travels from the Rieske cluster to the mononuclear iron
for use in catalysis. The active site pocket of the terminal oxygenase has been
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well described with respect to oxygen and substrate binding. A large amount of
structural information relevant to RHOs is now available in the protein data bank
(PDB). For example, the PDB retains information on the following RHOs: naph-
thalene dioxygenases from Pseudomonas sp. strain NCIB9816-4 (NDO-O9816-4)
(Kauppi et al. 1998), Sphingomonas strain CHY-1 (PHNI-OCHY-1) (Jakoncic et al.
2007a), and Rhodococcus sp. strain NCIMB12038 (NDO-O12038) (Gakhar et al.
2005), nitrobenzene dioxygenase from Comamonas sp. strain JS765 (NBDO-
OJS765) (Friemann et al. 2005), toluene 2,3-dioxygenase from P. putida strain
F1 (TDO-OF1) (Friemann et al. 2009), biphenyl dioxygenase from Rhodococcus
sp. strain RHA1 (BPDO-ORHA1) (Furusawa et al. 2004), cumene dioxygenase
from Pseudomonas fluorescens strain IP01 (CDO-OIP01) (Dong et al. 2005),
2-oxoquinoline 8-monooxygenase from P. putida strain 86 (OMO-O86) (Martins
et al. 2005), and carbazole 1,9a-dioxygenase from Pseudomonas resinovorans strain
CA10 (CARDO-OCA10) (Nojiri et al. 2005). Structures of enzyme–substrate com-
plexes and their relationship to known product regioselectivities suggest that binding
orientation of the substrate in the active site is the primary determinant of product
regiospecificity. It is also possible that the type of reaction catalyzed (e.g., mono-
hydroxylation vs. dihydroxylation) may be derived from the orientation of substrate
binding at the active site.

Using gel-filtration analysis, the terminal dioxygenase of RHOs has been char-
acterized as having an α3β3 or α3 configuration. Most enzymes exhibited an α3β3
quaternary structure (Fig. 1a and b). The three α and β subunits form tight trimers,
which bury a large part of their accessible surface area. The overall shape of the
full hexameric complex resembles that of a mushroom, in which the stem consists
of the β3 subunits and the cap the α3 subunits (Fig. 1a).The α subunit contains a
substrate binding and catalytic domain having the mononuclear Fe(II) center and a
Rieske domain with the [2Fe–2S] cluster. As the β subunit has no direct interaction
with the active site, its main role is believed to provide only structural stability to
the enzyme. Indeed, many dioxygenases, such as those of the phthalate family, lack
the β subunit altogether.

3.1 The Structure of the β Subunit

Recent crystal structure studies show that nearly all oxygenases of the RHO type
exist as α3β3 multimers that have subunits arranged head-to-tail in α- and β-stacked
planar rings. Only the oxygenases in group I of Nam classification scheme have
identical α subunits. Detailed investigation of the sequence alignment has shown that
group I oxygenases lack the Gly-Asn and Asn-Trp-Lys blocks, which are conserved
in a Rieske-type [2Fe–2S] cluster-binding site and Fe2+-binding site, respectively,
in other group dioxygenases (Nam et al. 2001). There are some apparent structure
differences between the monomeric and the heterohexameric oxygenases, such as
subunit size and the size of the centrally located hole. Based on the crystal structure
of CARDO-OCA10, the doughnut shape is probably the common and typical one for
terminal oxygenase components in the group I RHOs that have the α3 configuration
(Nojiri et al. 2005).
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a b

c d

Fig. 1 Typical structure of ring-hydroxylating oxygenases. (a) Structure of the NDOα3β3 hex-
amer. The hexameric complex has a mushroom shape with the α subunits (silver) as the cap and
the β subunits (dim gray) as the stem. The Rieske center and the catalytic iron are colored black.
(b) This view is taken along the molecular threefold axis of the NDOα3β3 hexamer. (c) The tertiary
structure of the β subunit of NDO-O. It is dominated by a long twisted six-stranded mixed β-sheet
wrapped around three α helices. (d) The secondary structure of the α subunit of NDO-O. The α

subunit is composed of a Rieske domain with the [2Fe–2S] cluster (black) and a catalytic domain
with the mononuclear iron (black). The Rieske domain is dominated by three separate anti-parallel
β-sheet structures and arranged in a sandwich topology. In the Rieske [2Fe–2S] center, one Fe atom
is coordinated by the Sγ atoms of Cys81 and Cys101, whereas another is coordinated by the Nδ1

atoms of His83 and His104. The catalytic domain is dominated by a seven- to nine-stranded anti-
parallel β-sheet and the iron center was coordinated by the ligands His208, His213, and Asp362

In spite of low amino acid sequence identity, the β subunit shares the same global
structural pattern, i.e., a funnel-shaped conical cavity. The tertiary structure is dom-
inated by a long twisted six-stranded mixed β-sheet wrapped around three α helices.
The central part of the contact area with other β subunits in the trimer is formed as
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a pleated sheet, whereas the α helices are located mainly on the outer part of the
stem (Fig. 1c). The last four residues in the C-terminal coil are deeply anchored
inside the core of the conical-shaped funnel by a hydrogen bonding network hav-
ing strictly conserved arginine residues (Jakoncic et al. 2007a). The most significant
structural difference of β subunits is detected in a long extended loop region and the
N-terminal region. In NDO-O9816-4, the long loop formed by residues Ser68-Met85
is involved in β subunit interactions and has interactions with the Rieske domain of
the α subunit, as well. Residue Ser75 forms a main chain hydrogen bond to the main
chain of residue Glu92 of the Rieske domain (Kauppi et al. 1998). In this region,
the β subunit structure of NBDO-OJS765 is similar to NDO-O9816-4 (Friemann et al.
2005), but the PhnI secondary structure is closest to the structure of CDO-OIPO1
(Dong et al. 2005) and BPDO-ORHA1 (Furusawa et al. 2004; Jakoncic et al. 2007a).
The residues at the N terminus are also involved in trimer interactions between the
β subunits.

Because they lack the β subunit, the structures of the regions for interaction
between CARDO-OCA10 subunits are markedly different from that of NDO-O9816-4.
The NDO-O9816-4 interacts with the loop between β1 and β2 of the neighboring
β subunit, whereas the CARDO-OCA10 interact with the α 11-3 of the neighbor-
ing α subunit by hydrophobic interaction with several H-bond networks via water
molecules (Nojiri et al. 2005). In OMO-O86, the dimer is built up by the special
small C-terminal domain (Martins et al. 2005). There is no similar structure in the
α subunit of any described heterohexameric oxygenases.

3.2 The Structure of the α Subunit

The α subunit is composed of two domains: the Rieske domain with the [2Fe–2S]
cluster and the catalytic domain with mononuclear iron.

The Rieske domain presents basically the same quaternary structure, which is
dominated by three separate anti-parallel β-sheet structures, and is arranged in a
sandwich topology. In NDO-O9816-4, two hairpin structures protrude roughly per-
pendicular to the β-sheet and form two fingers that hold the [2Fe–2S] center at their
tips. The first finger is formed by β7 and β8 and two iron ligands in the Rieske
[2Fe–2S] center are positioned in the loop between the two strands. The second fin-
ger is composed of β10–β11–β12 and another pair of iron ligands is sited in the loop
between β10 and β11. In the Rieske [2Fe–2S] center, one Fe atom is coordinated by
the Sγ atoms of residue Cys81 and Cys101, while another is coordinated by the Nδ1

atoms of residues His83 and His104 (Kauppi et al. 1998) (Fig. 1d). All of these
residues are absolutely conserved within RHOs. The two sulfide ions bridge the two
iron ions and form a flat rhombic arrangement.

Although the structure of the Rieske domain in all RHOs has a similar fold,
there are two noteworthy differences. The first difference is in the region contain-
ing ligands for the Rieske cluster. In these regions, each oxygenase subunit has a
particular β strand; for example, β5 in the CARDO-OCA10, β9 in the NDO-O9816-4,
and β7 in the BPDO-ORHA1. The β5 strand of the CARDO-OCA10 constitutes one
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β-sheet clearly separated from the basal β-sandwich structure that is formed by the
other two sheets. However, in the structures of NDO-O9816-4 and BPDO-ORHA1, the
corresponding regions form a loop, which extends to the basal β-sandwich structure.
Since the long loop is involved in interactions with the respective β subunit of the
oxygenase, the CARDO-OCA10 lacks the corresponding region (Nojiri et al. 2005).
The second difference is the size and position of another long loop at the tip of the
Rieske domain, which shields the [2Fe–2S] cluster from the solvent, and is posi-
tioned to interact with the catalytic domain from the adjacent α subunit. The loops
are more extensive in NDO-O9816-4 and BPDO-ORHA1 than in CARDO-OCA10. The
difference in this region is thought to affect the interaction between the catalytic
subunits, which may correlate with the difference between the α3 and α3β3 config-
urations. Both of these above-mentioned loop regions cannot be found in the Rieske
domain of Rieske-type ferredoxins; for example, in BDO-F (Colbert et al. 2000) and
CARDO-F (Nam et al. 2005), which exist as monomeric proteins.

There is an H-bond network between the Rieske [2Fe–2S] center and main chain
in the oxygenases. Previous studies have indicated that the H-bond with the Rieske
[2Fe–2S] center is important in determining the redox potential of the electron trans-
fer proteins (Denke et al. 1998; Kolling et al. 2007). For example, in NDO-O9816-4
there are H-bonds from the main chain nitrogen of residues Arg84 and Lys86 to one
of the sulfide ions and from the main chain nitrogen of residues His104 and Trp106
to the other sulfide ion. The four iron-liganding side chains are hydrogen bonded
in a second coordination shell. Both histidine ligands are H-bonded to carboxy-
late residues in a neighboring subunit. Asp205 Oδ2 binds to the Nε2 of His104 and
Glu410δ2 binds to the Nε2 of His83. The Sγ atoms of the cysteinyl ligands Cys81
and Cys101 bind to the main chain nitrogen atoms of His83 and Tyr103, respectively
(Kauppi et al. 1998). In higher redox potential Rieske cluster-containing proteins,
such as mitochondrial cytochrome bc1 (+300 mV), the side-chain atoms of the
two cluster-proximal residues, Ser163 Oγ and Tyr165 Oη, formed H-bonds with
the cluster sulfide S1 and Sγ of Cys139, respectively (Brugna et al. 1999; Schröter
et al.1998; Trumpower 1981; Trumpower and Gennis 1994).

In most RHOs, the serine residue is replaced with tryptophan, but the tyro-
sine residue that forms an H-bond with the first cysteine is conserved, except for
NDO-O9816-4. Biochemical and biophysical studies of wild-type Rieske iron–sulfur
protein from Rhodobacter sphaeroides and the Tyr156 → Phe mutant have demon-
strated that mutation of the residues involved in hydrogen bonding with the cluster
will result in a 45 mV decrease in the midpoint potential of the protein (Guergova-
Kuras et al. 2000). However, the high-resolution X-ray crystal structures of the
Tyr156 → Phe mutant protein reveals that the structure of the mutant is nearly iden-
tical to that wild-type protein. Hence, the measured 45-mV decrease in the midpoint
potential in the Tyr156 → Phe mutant protein, relative to the wild type, is only the
consequence of the loss of the hydrogen bond between Phe156 and the cluster lig-
and Cys129. Similarly, the measured 97-mV decrease in the midpoint potential in
the Ser154 → Ala mutant protein can be attributed to be a direct consequence of
the loss of the hydrogen bond between Ser154 and a bridging sulfur atom in the
[2Fe–2S] cluster (Ugulava and Crofts 1998). The disulfide bond in the immediate
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vicinity of the [2Fe–2S] cluster is found in bc1; the removal of this disulfide bond
led to a protein with altered structure and a significant drop in the midpoint potential
(Merbitz-Zahradnik et al. 2003). However, in the same region there is no disulfide
bond among the known structures of the terminal oxygenases and ferredoxins of
RHOs. The loss of disulfide bonding may result in a lower redox potential.

The catalytic domain is dominated by a seven- to nine-stranded anti-parallel β-
sheet, which has tight connections between strands on the side bundling against the
Rieske domain and has flexible insertions between the strands on the other side.
The insertions contain ligands for mononuclear iron and form a catalytic pocket.
A long broken helix covers one side of the sheet. In NDO-O9816-4, the long helix α10
is broken into two parts at residues 353–355 that loop out from the helix (Kauppi
et al. 1998). The catalytic pocket is formed by four structural motifs, three of which
are α-helices, and the remaining motif is a β-sheet. A long cavity, extending from
the surface to the anti-parallel β-sheet, provides substrates with access to the iron
ion. Two flexible loops, LI and LII, are thought to act as lids covering the channel
to the active site. Because the loops determine the pocket length, they may play a
key role in the substrate selectivity of the enzyme (Jakoncic et al. 2007b) (Fig. 2).
The sequence alignment of related enzymes shows that residues lining the catalytic
pocket are well conserved among them. In NDO-O9816-4, the mononuclear iron at
the center of the catalytic pocket is coordinated by one carboxyl oxygen atom of
Asp362, the Nε2 atoms of His208 and His213, and a water molecule. The geom-
etry can be described as a distorted octahedral bipyramid with one ligand missing
(Kauppi et al. 1998). This 2-His-1-carboxylate facial triad motif leaves the face of
the iron exposed to the large hydrophobic active site, creating a catalytic platform
wherein oxygen can bind and subsequently react with substrate to form product
through a variety of reactions. Substitution of an alanine at position 362 in NDO-
O9816-4 completely eliminated enzyme activity (Parales et al. 2000). Site-directed
mutagenesis of the corresponding histidines in toluene dioxygenase also resulted in
inactive enzymes (Jiang et al. 1996).

The catalytic pocket can be divided into three regions, distal, central, and prox-
imal, depending on the distance to the mononuclear iron atom. The central region
consists mainly of hydrophobic residues (Jakoncic et al. 2007b). This hydropho-
bic environment around the substrate-binding pocket seems reasonable, since the
enzyme prefers aromatic compounds as its primary substrates.

In NDO-O9816-4, the Rieske [2Fe–2S] center is located 43.5 Å from the mononu-
clear iron center within a single α subunit, but is only 12 Å from the mononuclear
iron of the catalytic domain in an adjacent α subunit, within the hexamer (Kauppi
et al. 1998). It has been found that a large depression on the surface of the cat-
alytic domain receives the Rieske domain from the adjacent α subunit, which places
the [2Fe–2S] center in the right conformation with respect to the catalytic iron.
Completely conserved among oxygenases is an aspartic acid buried in the large
depression at the junction of the Rieske domain and the catalytic domain of the
neighboring α subunit; this provides a bridge between these domains. In NDO-
O9816-4, Asp205 binds to His208, a ligand to the catalytic iron, and to His104,
a ligand to the Rieske center in the adjacent α subunit (Kauppi et al. 1998). The
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Fig. 2 The catalytic pocket in the PhnI α subunit: (a) The pocket is formed primarily by hydropho-
bic amino acids (dim gray). Two flexible loops, LI and LII, are thought to act as lids covering the
channel to the active site. The iron was coordinated by the amino acid His207, His212, and Asp360
(silver), creating a catalytic platform where oxygen can bind and subsequently react with substrate.
(b) Surface envelope of the catalytic pocket. From the surface, a narrow gorge is formed to provide
substrates with access to the iron ion (black)

replacement of this aspartic acid by Ala, Glu, Gln, or Asn resulted in a totally inac-
tive enzyme, suggesting that it is essential either directly in electron transfer or in
positioning the two adjacent α subunits to allow effective electron transfer (Parales
et al. 1999).

4 Ring-hydroxylating Oxygenases: Electron Transfer
and Substrate Oxidation

Electron paramagnetic resonance (EPR) studies have shown that only limited
amounts of mononuclear ferrous iron are oxidized at the active site when oxy-
gen alone is allowed to react with the fully reduced NDO-O9816-4. The role of
substrate in the O2 activation process was investigated by using benzoate 1,2-
dioxygenase; results indicated that when substrate is present, the electron transfer
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reaction increased to a rate significantly faster than the enzyme turnover number
(Wolfe et al. 2001). Frequently, substrate binding induces significant conformational
changes around the active site of most RHOs and makes the binding site available.
In NBDO-OJS765, substrate binding induces a change in the distance between the
iron and oxygen atoms of the Asp360; this change is from 1.9 and 2.6 Å to 2.2 and
2.3–2.4 Å, and Asp360 coordinates the iron bidentately (Friemann et al. 2005).
Similar bidentate conformations are present in structures of NDO-O9816-4, with the
Asp362 coordinating the iron monodentately only in the original structure. The crys-
tal structures of reduced and oxidized NDO-O9816-4 reveal that dioxygen is bound
side-on, close to the mononuclear iron at the active site. Because the dioxygen
molecule is in a complex with the substrate and the dioxygen, it is positioned to
attack the double bond of an aromatic substrate. Such a reaction explains the distinc-
tive cis-stereospecific addition of both oxygen atoms to substrates by NDO-O9816-4;
these additions produce a cis-dihydrodiol (Karlsson et al. 2003).

The oxidation reaction catalyzed by RHOs is tightly regulated by the oxidation
state of metal centers. For example, despite having high concentrations of the two
substrates, naphthalene and O2, the resting NDO-O9816-4 that retains a fully oxidized
Rieske cluster and a partially reduced (Fe2+) mononuclear center does not appear
to catalyze substrate dioxygenation. However, upon reduction of the Rieske cluster
and exposure to naphthalene and O2, NDO-O9816-4 activity rapidly increases (Wolfe
et al. 2001). The failure of the reduced mononuclear iron to react with O2 in the
resting NDO-O9816-4 accounts for the absence of an additional reducing equivalent.
In OMO-O86, the active site refuses the transmission of dioxygen to the mononu-
clear iron when it binds with the substrate. However, the situation changes when the
active site senses the reduction of the Rieske center. Reduction of the Rieske center
triggers the displacement of both the mononuclear iron and His221 away from the
substrate (around 0.8 Å). Once protonated, His108 attracts Asp218, which enrolls
His221 in a conformational change that alters the active site geometry and creates
a pathway for dioxygen and a new coordination site at the mononuclear iron. The
redox-coupled geometric rearrangement of mononuclear iron has been suggested
to control end-on versus side-on binding of oxygen and possibly alteration of O2
affinity (Martins et al. 2005).

There is a debate on the source of electrons and the timing of electron delivery
during catalysis. The first possibility is that the Rieske cluster and the mononuclear
iron together donate two electrons to O2 to form an Fe(III) hydroperoxy intermedi-
ate, or form an Fe(V)–oxo–hydroxo species by O–O bond cleavage, when attacking
the aromatic substrate (Wolfe et al. 2001) (Fig. 3). The second is that the reductase
in the RHO system directly or indirectly donates another electron, before the attack
on the substrate, to yield either an Fe(II)–(hydro)peroxo or an Fe(IV)–oxo–hydroxo
species (Tarasev and Ballou 2005).

Recent studies on benzoate 1,2-dioxygenase have shown that an enzyme contain-
ing a fully oxidized Rieske cluster can utilize hydrogen peroxide to form a cis-diol
product. The observation that the two-electron reduced oxygenase component can
carry out a single turnover, when exposed to O2, suggests that H2O2 may be able to
provide both the electrons and the oxygen in a “peroxide shunt” reaction (Fig. 3).
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Fig. 3 Single-turnover and peroxide shunt reaction cycles of NDO. Possible radical-based mech-
anisms for cis-dihydroxylation that involves an Fe(III) hydroperoxy intermediate that then either
forms an Fe(V)–oxo–hydroxo species by O–O bond cleavage or reacts directly with the aromatic
substrate

However, at the end of the reaction, both metal centers were oxidized and the prod-
uct was tightly bound to the active site. Thus, substrate (or product after a turnover
cycle) must effectively limit the reaction to one turnover (Kovaleva et al. 2007;
Neibergall et al. 2007).

Two research groups have unveiled the structure of the reductase and ferredoxin,
and dioxygenase and ferredoxin complexes, opening new avenues for research
into how the electrons are transferred from the reductase to the ferredoxin and
from the ferredoxin to the oxygenase. Biochemical results showed that the inter-
action between ferredoxin (BphA3) and NADH-ferredoxin reductase (BphA4) was
regulated in a redox-dependent manner. In the crystal of the BphA3–BphA4 com-
plex, BphA3 binds to one subunit of homodimeric BphA4 at the FAD-binding and
C-terminal domains. The crystal structures of these reaction intermediates prove that
each elementary electron transfer induces a series of redox-dependent conforma-
tional changes in BphA3 and BphA4. The redox-dependent butterfly-like movement
of the isoalloxazine ring of FAD, and rotation of the NAD-binding and C-terminal
domains in BphA4, appears to be a prerequisite for the binding of BphA3. In the
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BphA3–BphA4 complex, a side-chain rotation of His66 in BphA3 was induced
to interact with Trp320 in BphA4. Thus, the electron is directly transferred from
the flavin (gated by a Trp residue) to the Rieske cluster of the ferredoxin through
His66. In addition, the conformational changes induced by the preceding electron
transfer will induce the next electron transfer. The interaction of electron transfer
and induced conformational changes seems to be critical to the sequential electron
transfer reaction from NADH to ferredoxin (Senda et al. 2007).

By determining the crystal structure of the CARDO-OJ3–ferredoxin complex,
Nojiri et al. (2005) provided an interpretation of intercomponent electron trans-
fer between two Rieske [2Fe–2S] clusters of ferredoxin and oxygenase. Three
molecules of CARDO-F bind to the subunit boundary of one CARDO-O trimeric
molecule, and specific binding created by electrostatic and hydrophobic interactions
with conformational changes suitably aligns the two Rieske clusters for electron
transfer (Ashikawa et al. 2006).

5 Regioselectivity and Stereoselectivity of Ring-hydroxylating
Oxygenases

The mononuclear iron of RHOs provides the platform for catalysis, although it
alone cannot control substrate specificity and product regio- and stereoselectivity.
Structural studies of known RHOs reveal that the orientation of substrate binding
at the active site is the primary determinant of product regio- and stereo-selectivity.
If multiple and equally favorable orientations of substrate are allowed at the active
site, but one orientation places the more reactive atom closer to the mononuclear
iron, there may be only one reaction product produced. The best result for each sub-
strate was considered to be that with the lowest binding energy, after final docking.
For example, in one of the lowest energy positions, indole is bound with its C2 and
C3 atoms facing mononuclear iron, and N1 is positioned to make a favorable hydro-
gen bond with the carbonyl oxygen atom of Asp205 (of NDO-O9816-4). It is the
most suitable position for dihydroxylation by NDO. Similar studies with naphtha-
lene and biphenyl indicated that the lateral positions that have low binding energies
are the most suitable for yielding cis-dihydrodiol catalyzed by NDO (Carredano
et al. 2000).

The active site amino acids that control substrate specificity and product regio-
and stereo-selectivity were determined by site-directed mutagenesis methods. In
NDO-O9816-4, 17 residue side chains were identified to contribute to the overall
topology of the substrate cavity, mainly by making a hydrophobic surface suit-
able for interactions with aromatic substrates (Carredano et al. 2000; Table 4).
Among them, Phe 352 was found to be critical in determining the pocket shape
and the regiospecificity of product. For example, when Phe352 was replaced with
valine, the enzyme had the opposite regioselectivity with biphenyl and phenan-
threne and a slight change in enantioselectivity with naphthalene and anthracene
(Fig. 4a–c). In addition, the opposite enantiomers of biphenyl cis-3,4-dihydrodiol
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and phenanthrene cis-1,2-dihydrodiol were formed, in contrast to the enantiomer
formed by the wild-type NDO (Parales et al. 2000). Mutation of analogous residues
in NBDO-OJS765 (Ju and Parales 2006), BPDO from Sphingomonas yanoikuyae
B8/36 (Parales et al. 2000), and 2-nitrotoluene 2,3-dioxygenase from Acidovorax
sp. strain JS42 (Lee et al. 2005) also altered product regioselectivity. Replacement
of other residues positioned near the active site iron has also allowed the enzyme to
alter regio- and enantio-selectivities to some degree. For example, an NDO mutation
(Ala206I) formed significantly more phenanthrene cis-1,2-dihydrodiol than did the
wild type. In the presence of the F352I mutation, changes at positions 206 and 295
also affected enantioselectivity (Parales 2003).

Recent biochemical studies showed that the dioxygenase from Sphingomonas
CHY-1 (PhnI) was unique in that it was able to oxidize at least eight PAHs compris-
ing two to five aromatic rings. Structural studies showed that its catalytic domain
featured the largest hydrophobic substrate-binding cavity. The central region of the
catalytic pocket is shaped mainly by the side chains of three amino acids, Phe350,
Phe404, and Leu356, which contribute to the selection of the shape and form of
allowed substrates. The residue Phe350 is conserved in most known RHOs, except
for the NBDO and OMO-O86. In NBDO, the position of phenylalanine was replaced
with isoleucine. Because Phe is larger than Ile, this Phe residue hinders correct posi-
tioning relative to the active site and prevents a nitrobenzene molecule from binding
to NDO, as it does to NBDO (Friemann et al. 2005). The Phe404 residue also con-
tributes to regiospecificity as does Phe350. The residue is variable among most
RHOs so that it may be more important for substrate selection. Another residue,
Leu356, enlarges the catalytic pocket of PhnI to be longer, wider, and higher at the
entrance than that of NDO-O9816 and BPDO-ORHA1, because it is replaced by a
bulky aromatic residue of Trp or Phe in NDO-O9816 and BPDO-ORHA1, respec-
tively (Jakoncic et al. 2007b); Fig. 4d and e). Other residues at the entrance of
the substrate-binding pocket seem to also exert a greater influence on substrate

�
Fig. 4 The active site of RHOs with a substrate in the catalytic pocket. (a) Wild-type NDO-
O9816-4 in complex with naphthalene (in silver). Seventeen residue side chains were identified
to contribute to the overall topology of the substrate cavity mainly by making a hydrophobic
surface suitable for interactions with aromatic substrates. Phe 352 was found to be critical in
determining the pocket shape. The mononuclear iron (black sphere) is also shown. (b) Phe-
352-Val NDO-O9816-4 in complex with phenanthrene (in silver). (c) Phe-352-Val NDO-O9816-4
in complex with anthracene (in silver). Val209 and Leu307 are seen “anchoring” the ligand in
the active site. (d) The catalytic pocket for BPDO-ORHA1 complex with biphenyl (in silver). The
catalytic pocket is very small. These residues Leu323, Ile326, Phe368, and Phe374 are likely to
control the orientation/conformation of the bound substrate. (e) The catalytic pocket for PhnI com-
plex with benzo[α]pyrene (in silver). The catalytic pocket is shaped mainly by the side chains
of three amino acids, Phe350, Phe404 and Leu356, which contribute to select the shape and
form of allowed substrates. The side chains of Leu 223 and Phe 350 were rotated to let the
substrate fit in the pocket. The enzyme–substrate complexes for PhnI, NDO-O9816-4, and BPDO-
ORHA1 were obtained from corresponding structure (PDB access code 2CKF, 1O7G, and 1ULJ,
respectively)
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selection. In PhnI, most important are the residues Leu 223 and Leu 226, which are
located on loop LI, and the residues Ile 253 and Ile 260, located on loop LII. The
diversity in Leu 223 and Ile260 residues must relate to the different substrate speci-
ficity observed between members of the naphthalene dioxygenase family (Jakoncic
et al. 2007a).

6 Techniques for Improving Ring-hydroxylating Oxygenase
Degradation Capabilities

In nature, genes for catabolic functions are considered to have adaptively evolved
through various genetic events, resulting in a family of diverse but highly related
sequences. The accumulation of small events (e.g., mutations) has likely led to the
divergence of RHOs that now demonstrate remarkable differences in substrate speci-
ficity. Alternatively, major gene recombinations probably occurred over time and
resulted in the evolution of new RHOs that exhibited a broad substrate spectrum.
If true, this indicates the possibility of using genetic engineering to produce new
RHOs that will have enhanced and expanded degradation capabilities.

Site-directed mutagenesis of a gene is a very important tool in genetic engi-
neering. Deletion, insertion, and point mutations can be directly produced in vitro
and the mutant gene can be used to facilitate structure–function relationship stud-
ies (Plapp 1995; Peracchi 2001). This method has been broadly used in altering
the regio- and enantio-selectivity of RHOs or improving the catalytic efficiency of
RHOs. For example, replacement of Phe-352 with smaller amino acids (Gly, Ala,
Val, Ile, Leu, Thr) by site-directed mutagenesis resulted in engineering an oxy-
genase (NDO) that produced significantly more biphenyl cis-3,4-dihydrodiol. In
addition, the stereochemistry of the biphenyl cis-3,4-dihydrodiol was altered. With
phenanthrene as a substrate, the A206I F252I and A206I H295I F352I mutants
even produced a new product, phenanthrene cis-9,10-dihydrodiol (Parales 2003).
Compared to the wild type, the F293Q mutant of NBDO-OJS765 more rapidly
oxidized 2,6-dinitrotoluene (Ju and Parales 2006) by a factor of 2.5. BPDO-O
mutants of I335F, T376N, and F377L exhibited altered regiospecificities for various
polychlorinated biphenyls (PCBs; Suenaga et al. 2002). Some mutant oxygenases
that act on dibenzofuran, dibenzo-ρ-dioxin, dibenzothiophene, and fluorene were
obtained from the KF707 enzyme (Suenaga et al. 1999). Using multiple-site muta-
genesis (Peng et al. 2006b), we have made single or multiple substitutions in the
residues lining the catalytic pocket of NDO-O9816-4 to reconstruct an enzyme that
can catalyze a new and extended range of useful reactions (data not shown).

Some experiments have shown that amino acid changes, distant from the active
site, can affect substrate specificity. Such changes can work by altering the orienta-
tion of active site residues or the conformational dynamics of the entire protein and
are therefore difficult to anticipate. DNA shuffling with high-throughput screen-
ing is a powerful tool for creating novel enzymes (Xiong et al. 2007a,b). By using
the method of DNA shuffling between the BPDO genes of KF707 and LB400,
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Kumamaru et al. (1998) have obtained evolved proteins that have improved degra-
dation capabilities for PCBs and biphenyl-related compounds; enhancements also
resulted for single aromatic hydrocarbons, such as benzene and toluene, which are
poorly attacked by the wild-type enzyme (Kumamaru et al. 1998). Using the same
technique, certain evolved proteins capable of recognizing both ortho- and para-
substituted PCBs were also obtained. These variants exhibited superior degradation
capabilities toward several tetra- and penta-chlorinated PCBs (Brühlmann and Chen
1999). By using a family shuffling method, a novel BPDO was selected from dif-
ferent BPDO genes that had been amplified from PCB-contaminated soil DNA; this
selected BPDO oxygenated 2,2-chlorinated biphenyls onto carbons 5 and 6, which
are positions that LB400 BPDO is unable to attack (Veźina et al. 2007).

During the course of evolution, the process of gene combination has produced
many proteins that have new or modified functions. Thus, subunit or domain
exchange between dioxygenases of different bacterial origins is a good method to
generate new proteins with different functions (Bashton and Chothia 2007). The
KF707 biphenyl dioxygenase only degrades PCBs through 2,3-dioxygenation. The
LB400 biphenyl dioxygenase can metabolize PCBs through both 2,3-dioxygenation
and 3,4-dioxygenation, thereby showing a much wider degradation range of PCB
congeners. In addition, the KF707 but not LB400 enzyme can oxidize para-replaced
congeners such as 4,4′-dichlorobiphenyl. On the contrary, the LB400 enzyme but
not the KF707 enzyme can oxidize ortho-meta-replaced congeners such as 2,5,2′,5′-
tetrachlorobiphenyl (Kimura et al. 1997). Kimura et al. (1997) constructed a variety
of chimeric biphenyl dioxygenase genes by exchanging four common restriction
fragments between the KF707 and the LB400 enzyme. It was discovered that a
relatively small number of amino acids in the carboxy-terminal half are involved
in the recognition of the chlorinated ring and the sites of dioxygenation (Kimura
et al. 1997). Hybrid biphenyl dioxygenases, constructed by exchanging subunits,
show that both the β and α subunits influence the substrate reactivity pattern
toward PCBs. The αLB400βB-356 hybrid enzyme showed features of both BPDO
from LB400 and C. testosteroni B-356, wherein the enzyme was able to metabolize
2,2′- and 3,3′-dichlorobiphenyl, and catalyze the 3,4-dioxygenation of 2,5,2′,5′-
tetrachlorobiphenyl. Similar results were achieved when hybrids were produced
between BPDO from Gram-positive Rhodococcus globerulus P6 and Gram-negative
strains of LB400 or B-356 (Chebrou et al. 1999). The hybrid biphenyl dioxy-
genases and toluene dioxygenases (TOD), constructed by replacing gene(s) of
large and/or small subunits of the terminal dioxygenases, showed the capability
of converting various aromatic hydrocarbons. For example, TodC1–BphA2A3A4,
TodC1C2–BphA3A4, and BphA1–TodC2–BphA3A4 showed the capability of
converting various aromatic hydrocarbons, including benzene, toluene, biphenyl,
diphenylmethane, and naphthalene (Furukawa et al. 1994; Hirose et al. 1994).
The TodC1–BphA2A3A4 hybrid enzyme is even capable of efficiently degrading
trichloroethylene (Furukawa et al. 1994; Suyama et al. 1996).

A method of exchanging the α or β subunit was also used to construct hybrid
naphthalene and nitrotoluene dioxygenase enzyme systems to obtain a novel
enzyme with a different substrate range, regiospecificity, and catalyzing activity.
When the NDO was combined with 2NTDO from the Acidovorax sp. strain JS42,
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DNTDO from Burkholderia sp. strain DNT, or the TDO from P. putida F1, active
hybrid dioxygenases were obtained for the three combinations of NDO-β2NTDO,
NDO-βDNTDO, and DNTDO-β2NTDO (Parales et al. 1998a,b). Hybridizing the
electron transport chain of NDO from Ralstonia sp. strain U2 with two separate
terminal oxygenases, nitrobenzene dioxygenase from Comamonas sp. strain JS765,
and 2,4-dinitrotoluene dioxygenase from Burkholderia sp. strain DNT, several novel
enzymes were obtained, which can simultaneously oxidize DNT and naphthalene
(Keenan et al. 2004, 2005; Keenan and Wood 2006).

Phytoremediation is a useful technology for removing contaminants from soil,
groundwater, and sediment. Aromatic pollutants that have been successfully phy-
toremediated include benzene (Doty et al. 2007), toluene (Taghavi et al. 2005),
PAHs (Aprill and Sims 1990), and PCBs (Mackova et al. 1997). A direct method
for enhancing the effectiveness of phytoremediation is to overexpress in transgenic
plants the genes responsible for metabolism, uptake, or transport of specific pol-
lutants (Doty 2008; Aken 2009; James and Strand 2009). RHO genes involved
in the uptake or detoxification of PCB pollutants have been inserted into such
plants to enhance phytoremediation of this important class of pollutants. Each
of the three biphenyl dioxygenase components from Burkholderia xenovorans
LB400 can be produced individually as active proteins, in transgenic tobacco
plants. When all expressed proteins were mixed, they can catalyze the oxygenation
of 4-chlorobiphenyl to produce detectable amounts of 2,3-dihydro-2,3-dihydroxy-
40-chlorobiphenyl (Mohammadi et al. 2007). However, the transgenic line that
coordinately expresses these components was not obtained in this work. In our lab-
oratory we are working to create transgenic plants that simultaneously express all
components required to produce active naphthalene dioxygenase. To improve the
expression of the naphthalene dioxygenase component, the original codons in the
target gene are altered according to plant bias codon by PCR, based on a two-step
DNA synthesis method (Peng et al. 2006a; Xiong et al. 2004, 2006, 2008).

7 Summary

Numerous aromatic compounds are pollutants to which exposure exists or is possi-
ble, and are of concern because they are mutagenic, carcinogenic, or display other
toxic characteristics. Depending on the types of dioxygenation reactions of which
microorganisms are capable, they utilize ring-hydroxylating oxygenases (RHOs) to
initiate the degradation and detoxification of such aromatic compound pollutants.
Gene families encoding for RHOs appear to be most common in bacteria.

Oxygenases are important in degrading both natural and synthetic aromatic com-
pounds and are particularly important for their role in degrading toxic pollutants; for
this reason, it is useful for environmental scientists and others to understand more
of their characteristics and capabilities. It is the purpose of this review to address
RHOs and to describe much of their known character, starting with a review as
to how RHOs are classified. A comprehensive phylogenetic analysis has revealed
that all RHOs are, in some measure, related, presumably by divergent evolution



88 R.-H. Peng et al.

from a common ancestor, and this is reflected in how they are classified. After we
describe RHO classification schemes, we address the relationship between RHO
structure and function. Structural differences affect substrate specificity and prod-
uct formation. In the α subunit of the known terminal oxygenase of RHOs, there
is a catalytic domain with a mononuclear iron center that serves as a substrate-
binding site and a Rieske domain that retains a [2Fe–2S] cluster that acts as an
entity of electron transfer for the mononuclear iron center. Oxygen activation and
substrate dihydroxylation occurring at the catalytic domain are dependent on the
binding of substrate at the active site and the redox state of the Rieske center.
The electron transfer from NADH to the catalytic pocket of RHO and catalyzing
mechanism of RHOs is depicted in our review and is based on the results of recent
studies. Electron transfer involving the RHO system typically involves four steps:
NADH-ferredoxin reductase receives two electrons from NADH; ferredoxin binds
with NADH-ferredoxin reductase and accepts electron from it; the reduced ferre-
doxin dissociates from NADH-ferredoxin reductase and shuttles the electron to the
Rieske domain of the terminal oxygenase; the Rieske cluster donates electrons to
O2 through the mononuclear iron.

On the basis of crystal structure studies, it has been proposed that the broad
specificity of the RHOs results from the large size and specific topology of its
hydrophobic substrate-binding pocket. Several amino acids that determine the sub-
strate specificity and enantioselectivity of RHOs have been identified through
sequence comparison and site-directed mutagenesis at the active site. Exploiting
the crystal structure data and the available active site information, engineered RHO
enzymes have been and can be designed to improve their capacity to degrade envi-
ronmental pollutants. Such attempts to enhance degradation capabilities of RHOs
have been made. Dioxygenases have been modified to improve the degradation
capacities toward PCBs, PAHs, dioxins, and some other aromatic hydrocarbons.
We hope that the results of this review and future research on enhancing RHOs
will promote their expanded usage and effectiveness for successfully degrading
environmental aromatic pollutants.
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1 Introduction

It was only during the second half of the twentieth century that people became
aware of the negative effects of environmental pollution. For many years, the pre-
vailing opinion had been that the vast and continuously flowing masses of water in
the seas and oceans would absorb all human-derived pollutants and wastes dumped
into that environment, and that these pollutants would not cause any permanent
negative environmental damage (Łopuski 1974). But reports from U Thant (United
Nations (UN) Secretary General) in 1969 and the Club of Rome (Meadows et al.
1973) inspired a change of attitude, which raised concerns about the environment
and its protection. Since that time, marine pollution has grown into a topic of global
significance.

Pollution of sea water by petroleum products began toward the end of the
nineteenth century as sailing vessels were replaced by steamships (Camphuysen
2007). The increased reliance on oil during the twentieth century, particularly in
motor vehicles and as an industrial energy source, made this raw material both
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economically and politically important. In 2007, the total world oil production was
85 million barrels per day (mbpd) (E.I.A. 2009); approximately half of this vol-
ume of oil (43 mbpd) was transported along the international shipping lanes of the
world’s seas. In Table 1, we present the total consumption of petroleum products at
intervals over recent decades.

Table 1 Total consumption of petroleum products in recent decades (Barrels Per Day)
(E.I.A. 2009)

1980 1990 2000 2008

63,113,271 66,686,600 76,741,281 85,777,270

The growing demand for oil products has resulted in an ongoing search for new
oilfields on land and at sea and for increasingly cheaper and faster methods of get-
ting petroleum products to the markets. Accordingly, ever larger tankers to transport
the oil are being designed and constructed, and the tanker traffic along international
sea lanes is growing progressively heavier. The first of the sea-going supertankers
began service in the early 1950s. In 1959, the first tanker with a capacity of
>100,000 t was launched, and the largest tanker ever – the Jahre Viking (564,763
dead weight tons (DWT)) – began service in 1979 (Wiewióra et al. 2007). It is esti-
mated that from 1914 to 1953 the marine fluid-fuel shipping tonnage increased from
1.51 to 81 million brutto register tons (BRT) (Borakowski 1955). Of the 71,929 ves-
sels in service on the high seas around the world in 2007, more than 11,000 were
tankers dedicated to the transport of oil and chemicals, with a combined gross ton-
nage (GT) of 232,757,000. Almost 10% of all tankers had a GT of 60,000 each, and
16% had a GT between 25,000 and 60,000 each (EMSA (The European Maritime
Safety Agency) 2009).

Although sea transport is among the most environmentally friendly ways of
moving goods around, it does have negative effects. These include

1. Regular ship operation – wastes produced and discharged into the water/
atmosphere, cleaning of oil tanks, reloading in harbors, etc.

2. Exceptional events – collisions, accidents, ship groundings, accidental leaks.

A total of 4,999 oil spills were reported between 1974 and 2008 (according to
The International Tanker Owners Pollution Federation Limited (ITOPF) database),
resulting from operations such as oil loading, discharging, or bunkering; only 0.6%
of these were large spills (>700 t). Collisions and groundings were the most impor-
tant causes of such spills (ITOPF 2009). The total number of oil spills resulting
from such accidents, during the period 1974–2008, was 4,369, of which >7% was
classified as large spills (>700 t), 18% as medium spills (7–700 t), and almost 75%
as small spills (<7 t; ITOPF 2009). Figure 1a and b shows the distribution of causes
that have resulted in oil spills (ITOPF 2009).

Although the main source of marine oil pollution derives from ship operation, the
greatest threat results from tanker accidents or the malfunctioning of other vessels
and off-shore drilling rigs. Every accident involving an oil tanker may pollute both
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Fig. 1 (a) General causes of oil spills worldwide from 1974 to 2008 (The International Tanker
Owners Pollution Federation Ltd (ITOPF) 2009); (b) causes of accidental oil spills from 1974 to
2008 (ITOPF 2009)

waters and adjacent shore areas (Bądkowski 1977). The amount of oil leaking from
a vessel after an accident may be as high as several hundred thousand tons. Table 2
shows a list of the accidents that have led to the largest (>50,000 t) oil spills between
1960 and 2002 (GESAMP (Joint Group of Experts on the Scientific Aspects of
Marine) 2007).

The first accident that brought home to the international community the extreme
seriousness of oil spills at sea was the disaster involving the Liberian tanker Torrey
Canyon. On March 18, 1967, she ran onto rocks off the coast of Cornwall, England.
As a result, over 120,000 t of crude oil was spilled into the ocean. Never before
had a tanker disaster at sea left such devastating repercussions, either for the sea
itself or for the adjacent shores (Pietraszek 1967). The Torrey Canyon event was an
environmental disaster for many organisms of the same magnitude that the sinking
of the Titanic was for humans. Oil pollution caused by this event extended for a
distance of 120 miles along the Cornish coast and 80 km along the French coast
on the opposite side of the English Channel. The resident populations of marine
organisms and seabirds of these shores suffered unimaginable losses. It is estimated
that the ecosystem took 6 years to recover. But the most serious tanker accident ever
to have occurred in European seas was the one involving the Amoco Cadiz on March
17, 1978, on the coast of Brittany, France. More than 230,000 t of oil flowed into
the sea as a result of this accident.

Although tanker disasters are thankfully very rare events, they frequently have
dramatic consequences for the marine environment when they do occur. The main
deleterious effects of shipping accidents are as follows:

• pollution of the sea water (in most cases, a short-term effect);
• pollution of the seabed (including possible effects on spawning grounds);
• pollution of the atmosphere (especially if the spilled oil catches fire);
• mortality or morbidity of seabirds and mammals;
• pollution of shores (both recreational areas and wildlife habitats can be seriously

affected) (HELCOM (Helsinki Commission) 2006).
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Table 2 Worldwide tanker oil spills (>50,000 t of oil) between 1960 and 2002 (GESAMP
2007)

Year Name of tanker Location Oil lost (t)

1983 Castillo de Bellver South Africa 267, 007
1978 Amoco Cadiz France 233, 565
1988 Odyssey North Atlantic, Canada 146, 599
1979 Atlantic Empress2 Trinidad and Tobago 145, 252
1991 Haven Italy 144, 000
1979 Atlantic Empress2 Barbados 141, 102
1967 Torrey Canyon United Kingdom 129, 857
1972 Sea Star Oman 128, 891
1980 Irenes Serenade Greece 124, 490
1971 Texaco Denmark Belgium 107, 143
1979 Independentza Turkey 98, 255
1969 Julius Schindler Portugal 96, 429
1976 Urquiola Spain 95, 714
1993 Braer United Kingdom 85, 034
1975 Jakob Maersk Portugal 82, 503
1992 Aegean Sea Spain 74, 490
1985 Nova Iran 72, 626
1996 Sea Empress United Kingdom 72, 361
1989 Khark 5 Morocco 70, 068
1971 Wafra South Africa 68, 571
2002 Prestige Spain 63, 000
1960 Sinclair Petrolore Brazil 60, 000
1983 Assimi Oman 53, 741
1974 Yuyo Maru No. 10 Japan 53, 571
1971 ABT Summer Angola 51, 020
1992 Katina P. South Africa 51, 020
1964 Heimvard Japan 50, 000

2 Oil in the Marine Environment

Petroleum is a complex mixture of thousands of different organic compounds,
formed from a variety of organic materials that are chemically converted under dif-
fering geological conditions over long periods of time. Crude oils contain primarily
carbon and hydrogen (which form a wide range of hydrocarbons from light gases to
heavy residues), but also contain smaller amounts of sulfur, oxygen, and nitrogen as
well as metals such as nickel, vanadium, and iron (Wang et al. 1999). The principal
constituents of crude oil include

• cyclic hydrocarbons, e.g., cyclohexane;
• aliphatic hydrocarbons, e.g., n -butane, isobutane, n -hexane;
• aromatic hydrocarbons, e.g., toluene, m -xylene, styrene, benzo(a)pyrene; and
• other elements, e.g., sulfur, nitrogen, metals.
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The behavior of hydrocarbons in the marine environment depends on their
density and solubility in water. The average density of the petroleum fraction
ranges from <0.878 g/cm3 for light fractions to >0.884 g/cm3 for heavy frac-
tions (Surygała 2001). The average density of sea water is estimated to be
1.025 g/cm3. This means that the lighter oil fractions rise to the water sur-
face after the volatile constituents have evaporated. The heavy fractions sink to
the seabed from where some constituents may return to the surface after hav-
ing been subjected to biological processes on the seabed (Różańska 1987). The
density of crude oil depends on the chemical composition of the constituent
petroleum products: the density is higher with an elevated content of aromatic
hydrocarbons, but lower if paraffin hydrocarbons predominate (Surygała 2001).
The solubility of petroleum products in water is an important factor that affects
their mobility and distribution within the environment. Mobility and distribution
is affected by the adsorption and desorption of oil components on sediments
and their volatility and migration into air from aquatic systems. Moreover, the
chemical components of oil may be transformed in water by several processes,
including hydrolysis, photolysis, oxidation, reduction, and biodegradation (Page
et al. 2000).

Hydrocarbons vary greatly in their water solubility. Solubility depends on struc-
ture and usually decreases with increasing molecular weight. For example, the
solubility of benzene is 0.022 mol/L, but that of tetradecane is only 1.1×10–8 mol/L
(Page et al. 2000). The rate and extent to which oil dissolves in water depend upon
its composition, the water temperature, how rapidly the oil spreads on the water sur-
face, the degree of water turbulence, and degree of oil dispersion in the water. The
heavier components of crude oil are virtually insoluble in sea water, whereas lighter
compounds, particularly aromatic hydrocarbons such as benzene and toluene, are
slightly soluble. However, these lighter compounds are also the most volatile and
are lost very rapidly by evaporation, typically 10–1,000 times faster than by disso-
lution. Thus, concentrations of dissolved hydrocarbons in sea water rarely exceed
1.0 ppm. Therefore, dissolution makes no significant contribution to the removal of
oil from the surface of the sea (ITOPF 2002).

Some hydrocarbons, mainly low molecular weight compounds, which are rela-
tively toxic, do dissolve in sea water. However, the extent of this dissolution is small,
i.e., <1% of spilled oil. The dissolved fraction quickly becomes diluted and soon
degrades (Kingston 2002). For example, the Prestige, a tanker flying the Bahamian
flag, was carrying heavy fuel oil (M-100 type; viscosity at 15◦C = 100,000 cSt;
density at 15◦C = 0.992 kg/L; sulfur content = 2.28%; aliphatic hydrocarbon con-
tent = 22%; aromatic hydrocarbon content = 50%; resin and asphaltene content =
28%) when it was involved in an oil spill. Once in the water, this oil became
strongly emulsified and formed patches, greatly complicating the recovery opera-
tion (Albaigés et al. 2006). The Baltic Carrier tanker, carrying the same type of
heavy fuel as the Prestige, ran aground on the Danish coast in April 2001. In this
second accident, the high viscosity of the oil leaking out of the vessel prevented
its being contained and skimmed from the open sea surface with the available
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pollution control equipment on board the environmental protection vessels. This
highly viscous oil was equally difficult to recover from shallow, coastal waters
(HELCOM SEA 2002).

3 Fate and Behavior of Oil Spills in the Marine Environment

Two processes determine the movement behavior of oil spilled onto the sea sur-
face: advection and spreading (National Research Council 1985). Typically, spilled
oil spreads over the surface of the water, forming a film (Kachel 2008). Slicks are
roughly classified as either “thin” ones, <10 μm thick, and “thick” ones, often mil-
limeters or even centimeters thick (National Research Council 1985). Spreading is
governed by gravity, viscous forces, surface tension, and the balance among them
(Fay’s theory), whereas advection depends on the activity of winds and sea currents.
On January 16, 2001, the Ecuador-registered tanker Jessica ran aground in Wreck
Bay on San Cristobal Island in the southeast of the Galapagos Archipelago, spilling
its cargo of some 600 t of diesel and 300 t of bunker fuel into the sea (Gelin et al.
2003). It was the largest oil spill ever to have taken place on the Galapagos Islands
and had the potential to cause irreparable damage to the vulnerable marine fauna
that are unique to the islands. Fortunately, wind and current action drew the bulk
of the spilled oil away from the shores of San Cristobal, and the mix of bunker
fuel and the lighter diesel oil resulted in its rapid and wide dispersion (Kingston
et al. 2003). In contrast, with the Exxon Valdez disaster, winds of more than 70
mph, on the third day after the grounding, rendered containment of the oil on the
water impossible. The result was that the shoreline habitat in the southwestern seg-
ment of Prince William Sound was impacted. During the subsequent few weeks
more than 1100 miles of shoreline in south-central Alaska were affected by oil to
varying degrees (Maki 1991). In a third example, the oil slick from the wreck of
the Prestige drifted about on the sea surface for almost 1 year (after November
2002), finally making a distant landfall, between May and August 2003 (Dies
et al. 2007).

The fate of spilled oil in the marine environment depends on the physical and
chemical properties of oil, the characteristics of the environment affected, as well
as the physical, chemical, and biological processes occurring there, such as evapo-
ration, dispersion, microbial degradation, photo-oxidation, and interaction between
oil and sediments (Wang et al. 1999). The combination of these processes, known as
“weathering,” reduces the concentrations of hydrocarbons in sediments and water
and alters the chemical composition of spilled oils. Figure 2 illustrates the kinds of
processes that occur in the marine environment following an oil spill.

For many oil spills, the most important process that affects the mass balance of
spilled oil is evaporation. The rate of this process depends primarily on ambient
temperature, wind speed, and oil composition. Evaporation is at its most intensive
in the first hours and days after the spill. Within a few days following a spill, light
crude oils may lose up to 75% of their initial volume and medium crudes up to
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Fig. 2 An illustration of the fate of oil spills in the marine environment

40%. In contrast, heavy or residual oils will lose no more than 10% of their volume
in the first days after a spill (National Research Council 2003). The evaporative
loss of light hydrocarbons is the main cause of the rapid reduction in volume of
the spilled oil, with the subsequent increase in its viscosity and density and the
formation of stable oil–water emulsions (Dies et al. 2007). In the case of the Exxon
Valdez, between 20 and 30% of the spilled oil evaporated in the first few days after
the spill; some 40% was washed ashore in Prince William Sound and 7–11% along
the coast of the western Gulf of Alaska (Boehm et al. 2007).

Another important process is emulsification: the significance of this process
depends on the type of oil and the hydrodynamics (e.g., surface wave turbulence) of
the sea waters in question. Emulsification involves the formation of various states of
water in oil, often referred to as “chocolate mousse” or “mousse” (National Research
Council 2003). It is a process in which water droplets (<0.1 mm in diameter) are
incorporated into floating oil. These emulsions may contain 20–80% sea water,
thus expanding the volume by 3–5 times the original volume of spilled material
(Kingston 2002; National Research Council 2003). The formation of mousse shortly
after the spill may be responsible for the long distance transport of less weathered
material. Contamination by mousse can also enhance the persistence and retard the
weathering of oil (Irvine et al. 2006). For example, in the Prestige accident, winds
and sea currents drove patches of some 60,000 t of emulsified oil shoreward, affect-
ing more than 800 km of the NW Spanish coast (Gonzalez et al. 2006). Nevertheless,
the severe weather conditions, in the days following the spill, carried the emulsified
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oil back out to sea. These stable emulsions broke up into fragments sufficiently
dense that they sank while en route to the shore. In fact, aggregates of tar balls that
were 1–20 cm in diameter had densities of up to 300 kg/km2, and were found in
January 2003, when the bottom fauna was sampled by beam trawling in areas of
the continental shelf below the main drifting path of the spill (off Costa da Morte;
Franco et al. 2006). After the Amoco Cadiz disaster, high waves quickly formed
a stable water-in-oil emulsion (“mousse”) containing 50–70% water. Strong wave
activity also rapidly distributed the oil throughout the nearby shore water column.
The oil on the surface initially spread eastward as a result of storm winds and tidal
currents, until a wind shift 2 weeks after the wreck caused a strong oil movement to
the southwest (Gundlach et al.1983).

In the marine environment, solar radiation can cause the photo-oxidation of oil
components (Saco-Alvarez et al. 2008). Photo-oxidation is an important process
in the weathering of oil that produces a variety of oxidized compounds, including
aliphatic and aromatic ketones, aldehydes, carboxylic acids, fatty acids, esters, epox-
ides, sulfoxides, sulfones, phenols, anhydrides, quinones, and aliphatic and aromatic
alcohols. The high polarity and water solubility of these compounds may contribute
to the rapid disappearance of an oil slick (Lee 2003). Furthermore, sunlight cre-
ates photoproducts that may be more toxic than the original hydrocarbons. For
example, photo-oxidized anthracene, benzo(a)pyrene, fluoranthene, phenanthrene,
and pyrene were found to be more toxic to duckweed (Lemna gibba) than to the
parent compounds (Lee 2003). The significance of this process, known as phototox-
icity, depends on the fuel oil composition, the sensitivity of the exposed organisms
and their vital state, the mode of exposure, spectrum, and quality of radiation
(Saco-Alvarez et al. 2008).

Dispersion is a mixing process caused by the turbulence field in the ocean
(National Research Council 2003). It is the process that would cause a liter of instan-
taneously released dyed water to expand over time and eventually dissipate in the
ocean. Without dispersion, advection would move that liter of dye downstream, but
the volume of dyed water would not change over time. Oil spilled on a sea surface
can be dispersed by a variety of natural processes; the influence of breaking waves
is the dominant process. Breaking waves can split a slick into small droplets, facil-
itating oil mixing in the water column (Tkalich and Chan 2002). Both horizontal
dispersion and vertical dispersion occur, but because the hydrodynamic processes
in these two directions are often quite different, a distinction between them is usu-
ally made (National Research Council 2003). The vertical dynamics of droplets play
a major role in the mass of oil exchanged between the slick and the water column.
Wind, waves, and currents speed up the generation of droplets, the smallest of which
may be propelled deep into the water column, eventually to be dispersed by the cur-
rents (Tkalich and Chan 2002). In addition, the density, viscosity (including the
weathering), and thickness of the oil spill, temperature, and salinity of sea water
all influence the dispersion processes (Xiankun et al. 1993). Dispersion not only
reduces the impact of oil on surface-dwelling animals and enhances biodegradation,
but also creates a larger reservoir of oil in the water column, increasing the concen-
tration of dissolved PAHs (polyaromatic hydrocarbons) and the subsequent risks of
toxicity to fish (Schein et al. 2009).
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The most important process in the self-cleaning of sea waters is biodegradation.
This is a microbially mediated process that can result in the partial transforma-
tion or complete mineralization of organic compounds and is considered to be
one of the major removal mechanisms of organic contaminants (Nam and Kim
2002). An ecosystem’s natural capability for self-regeneration, after pollution by
oil or oil products, depends not only on the availability of specific oil-oxidizing
flora, but also on the presence of other microorganisms and macroorganisms that
are able to degrade petroleum hydrocarbons (Tarkhova et al. 2003). Most of the
microorganisms present in water are capable of metabolizing a wide range of chem-
ical compounds. Under aerobic conditions, the metabolism of an organic substance
involves oxygen, which is used as a hydrogen acceptor. Under conditions in which
typical alimentary substrates are absent, bacteria can produce adopted enzymes, as
a result of which atypical substrates can be used as the source of carbon for energy
generation. Following the biochemical biodegradation of organic substances in the
aquatic environment, intermediates of the final products of metabolism are formed.

Almost all bacteria in surface sea water are aerobes, and these bacteria use
significant amounts of oxygen for respiration and energy acquisition (Miller and
Rutkowska 2002). Among components of petroleum, the C8–C18alkanes and
alkenes are the most easily degraded. The general pattern of aromatic hydrocar-
bon biodegradation indicates that this process slows with increasing alkylation (Dies
et al. 2007). PAHs are resistant to microbiological decomposition, mainly because of
the hydrophobic nature of the oil particles, their insolubility in water, and their ther-
modynamic stability (Klimiuk and Łebkowska 2004). The greater the complexity of
the hydrocarbon structure, i.e., the more methyl-branched substitutes or condensed
aromatic rings, the slower are the rates of degradation and the greater the likelihood
of partially oxidized intermediary metabolites being accumulated. Rates of micro-
biological degradation vary and are often limited by the concentrations of fixed
forms of nitrogen, phosphate, and oxygen in sea waters. Low levels of phosphate
and nitrogen are the most frequent factors that serve to limit biodegradation rates in
the marine environment (Atlas 1995). The degradation of heavier oil fractions takes
a great deal longer and such degradation rates are often assumed to decline expo-
nentially as the hydrocarbons are broken down by light and by microbial consumers.
Five years after the Exxon Valdez spill, about 2% of the initial oil volume was still
lying on the beaches and 13% resided in the sediments, but only a minute fraction
was still dispersed in water (Paine et al. 1996).

Under natural marine conditions, the interactions between oil and sediments
are important, both as regards the behavior of the contamination and its removal
(Delvigne 2002). Bottom sediments are a very significant element of aquatic ecosys-
tems, being ecological niches that support benthic organisms, i.e., the animals and
plants living at the bottom of water bodies; the sediment serves as sources of nutri-
ents for aquatic organisms (Wolska and Namieśnik 2002). Oil products are rather
severe pollutants because they accumulate in bottom deposits as a result of the
high sorption capacity of the sediment-forming particulates. Moreover, they are
biochemically highly stable and can accumulate in hydrobionts. The accumulation
of oil components in bottom sediments creates conditions favorable to secondary
water pollution by oil hydrocarbons and their toxic decomposition products (Belkina
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2006). The degree of persistence of oil products in bottom deposits depends on a
number of factors, such as the characteristics of the seabed, the temperature, the
type of oil product involved, the concentration of nutrients, and the rate of biodegra-
dation (Nikanorov and Stradomskaya 2003). In 1990, over a year after the Exxon
Valdez oil spill, mean TPAH (total polycyclic aromatic hydrocarbons) concentra-
tions were 4–8 times higher in sediments collected from sites adjacent to heavily
oiled shorelines than at reference sites (Table 3; Jewett et al. 1999).

Table 3 Mean concentrations of TPAH (total polycyclic aromatic hydrocarbons) in shallow sub-
tidal sediments at 6–20 m and below 3 m, in oiled (O) and reference (R) sites of Prince William
sound

Year BI (O) DB (R) HB (O) LHB (R) SB (O) MB (O) Oiled Reference

TPAH (ng/g); 6–20 m
1990 15,253 1,837 45 1,908 872 102 5,390 1,282
1991 1,122 130 121 103 305 116 116 116
1993 612 95 87 0 117 74 272 57
1995 256 66 34 118 377 121 222 101

TPAH (ng/g); <3 m
1990 14,309 1,418 322 297 306 124 4,979 613
1991 790 915 137 60 174 59 367 345
1993 443 59 40 45 11 42 164 49
1995 313 179 20 9 16 60 116 83

BI: Bay of Isles, DB: Drier Bay, HB: Herring Bay, LHB: Lower Herring Bay, SB: Sleepy Bay,
MB: Moose Lips Bay (Jewett et al. 1999)

4 The Impact of Oil Spills on Seabirds, Fish, and Marine
Animals

Oil spills have both acute (rapid, short-term) and chronic (long-lasting) effects on
ecosystems. The flora and fauna most at risk are those coming into direct contact
with recently spilled oil. Many of the chemicals in oil spills are toxic and can thus
have devastating effects on plankton, fish, and animals living on the seabed.

The impact of an oil spill on biota depends on a number of factors, such as:

– the rate of spread of the oil slick;
– the oil composition;
– the location of the spill;
– the time or season of the accident (bird migrations);
– the properties, toxicity, and stability of the petroleum substance;
– the species biodiversity at the site of the oil spill;
– environmental sensitivity, i.e., proximity of bird habitat, beaches, rocks, wet-

lands; and
– the number and type of habitats.
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Three major pathways lead to long-term impacts:

– the chronic persistence of oil, biological exposure, and population affect the
species that are closely associated with shallow sediments;

– the delayed population effects of sublethal doses that may compromise health,
growth, and reproduction; and

– the indirect effects of trophic interaction cascade, all of which transmit effects
well beyond the acute-mortality phase (Peterson et al. 2003).

One of the most obvious mineral oil-related adverse effects of (chronic) pollu-
tion of the world’s oceans and seas is the mortality of seabirds (Camphuysen and
Heubeck 2001). Seabirds are highly vulnerable to “surface pollutants,” but in fact
this term embraces a wide range of lipophilic substances, including mineral oils,
vegetable oils, and various other chemicals. Mineral oils pose the greatest threat to
seabirds, by far, but several incidents have demonstrated the equally lethal effects
of many other substances (Camphuysen and Heubeck 2001). The primary effect on
birds of oil contamination is the loss of body insulation that is provided by the feath-
ers: the cold water reaches the skin, leading to hypothermia and death. Furthermore,
large amounts of oil cause the feathers to stick together, impairing flight and buoy-
ancy. Birds may ingest and/or inhale oil while trying to preen or eat contaminated
food. Consequently, they suffer rapid, short-term or long-term effects, such as dam-
age to the lungs, kidneys and liver, and gastro-intestinal disorders. For example,
between 80,000 and 150,000 seabirds that over winter in the Bay of Biscay were
killed during the Erika oil spill (Cadiou et al. 2004). Unprecedented numbers of
seabird deaths (estimated at 250,000) were documented during the days after the
Exxon Valdez oil spill (Peterson et al. 2003). More than 4,000 birds died in the
immediate aftermath of the Prestige oil spill and more than 40,000 affected birds
were subsequently collected. Oil may also be transferred from the birds’ plumage
to the eggs they brood, smothering the eggs by sealing the pores in the shells and
preventing the exchange of gases (EPA 1999).

After oil has entered the marine environment, it forms a multimillimeter thick
slick covering the sea surface as a microlayer (Guitart et al. 2008). The slick hinders
gas exchange with the air and limits penetration of solar radiation (Page et al. 2000).
This substantially slows down the rate of photosynthesis, thereby reducing the pop-
ulations of many marine plants and sea organisms. For example, after the Exxon
Valdez spill, flowering and shoot density were reduced in eelgrass Zostera marina
population, although they managed to recover within 2 years of the spill. There were
catastrophic declines in benthic fauna from anoxia in a heavily oiled fjord several
months after an oil spill (Jewett et al. 1999).

Fish may be exposed to spilled oil in different ways. The water column may con-
tain toxic and volatile components of oil that may be absorbed by their eggs and
juvenile stages; and they may consume contaminated food. Direct contact with oil
causes blockage of the gills. Fish exposed to oil may suffer from changes in heart
and respiratory rates, enlarged livers, reduced growth, fin erosion, as well as a vari-
ety of biochemical and cellular changes, and reproductive and behavioral responses
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(EPA 1999). Therefore, the consequence of such exposure may be disease or death.
In addition, toxic substances are bioaccumulated in the tissues of marine organisms
and then biomagnified up the marine food chain from phytoplankton to fish to seals
and other sea mammals. In this way, birds and other predators at the top of the food
pyramid are exposed to the substances that were absorbed at the lower levels of
the pyramid. It is estimated that conversion at a higher trophic level magnifies the
quantity of accumulated toxic substances by a factor of 3–5. Toxic substances are
transferred not only from one species to another, but also from one generation to
another of the same species.

The accumulation of petroleum hydrocarbons by marine organisms depends on
the degree of bioavailability of hydrocarbons, the length of exposure, and the organ-
ism’s capacity for metabolic transformations (National Research Council 2003).
This accumulation process is enhanced because hydrocarbons and other components
of oil are primarily lipophilic and are easily assimilated by organisms. Mussels,
for example, are exposed as a result of their filter-feeding mechanisms: mussels
have been used as an indicator species for the presence of petroleum hydrocarbons,
because they have a greater potential than other marine organisms to accumulate
petroleum components in their tissues. Such contaminants become concentrated in
mussels at levels higher than ambient levels, but when the animals are returned to
clean water, depuration is equally rapid, with tissue levels falling to less than 10% of
the peak value within 8 d, and almost back to background levels in 16 d (Kingston
2002).

Like seabirds, mammals may also come into contact with oil on the sea surface.
The animals affected include river otters, beavers, sea otters, polar bears, mana-
tees, seals, sea lions, walruses, whales, porpoises, and dolphins. The sensitivity
of mammals to spilled oil is highly variable (EPA 1999). The amount of damage
appears to be most directly related to how important the fur and blubber are to ther-
moregulation; therefore, hypothermia is a serious problem in the case of an oil spill.
Because oil contamination imparts to fish and other animals unpleasant tastes and
smells, predators will sometimes refuse to eat their prey and will begin to starve.
Sometimes a local population of prey organisms is destroyed, because they have no
food resources after an oil spill (EPA 1999).

5 Shipping Accidents in the Baltic Sea

Shipping traffic in the Baltic Sea is quite heavy – 15% of the world’s cargo moves
on it. It has been estimated that at any moment there are about 2,000 ships transport-
ing their cargos or passengers in the Baltic, including some 200 large tankers and
other vessels transporting hazardous substances. Hence, any of these vessels have
the potential to cause environmental contamination. In 2006, 60% of these ships
were cargo vessels, 18% were tankers, and 11% were passenger ships (HELCOM
BSEP (Baltic Sea Environment Proceedings) 2008). In 2000, 80 million t of crude
oil and petroleum products were transported across the Baltic (HELCOM BSEP
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2003). By 2007, this amount had risen to >170 million t and is still increasing
(HELCOM BSEP 2008).

The Baltic Sea has not suffered from oil spills as catastrophic as the accidents
of the Prestige or Amoco Cadiz. Nevertheless, oil remains a serious threat to Baltic
ecosystems and wildlife (HELCOM BSEP 2003). The location of the Baltic, the low
intensity of its self-cleaning processes, the relatively shallow depth, and the slow
rate of exchange of water with the North Sea (and hence the world oceans) mean
that even a small leakage could be disastrous for the environment. Oil decomposes
slowly in the cold waters of the Baltic, where the average water temperature is only
about 10◦C (HELCOM BSEP 2003). Moreover, there are navigational hazards from
the large number of islands that populate the Baltic, and the long periods during the
year when Baltic waters are frozen over. The environmental impact of shipping in
the Baltic is becoming more marked as a result of the intensification of sea traffic
there and also the increasing size of the vessels using this sea.

There is one additional and important point that speaks to the sensitivity of this
body of water. Compared to other aquatic ecosystems, relatively few animal and
plant species live in the brackish ecosystems of the Baltic Sea; even with this lim-
ited diversity there is a unique mix of marine and freshwater species that are adapted
to the Baltic’s brackish conditions, as well as a few true brackish water species. The
limited number of species involved in Baltic-Sea-food webs means that each indi-
vidual species has a special importance in terms of their connection to the structure
and dynamics of the whole ecosystem. The disappearance of a single key species
could destroy the whole system (HELCOM BSEP 2003).

Between 1969 and 1995 there were 40 incidents in Baltic waters involving leak-
ages from vessels of at least 100 t of oil and associated products (HELCOM 2006).
Table 4 presents a list of these worst oil-spill accidents (HELCOM 2006). The
most common types of accidents were groundings, collisions, technical failures,
and fires/explosions. Table 5 sets out the most common types of accidents that have
occurred in the Baltic Sea (HELCOM BSEP 2008; HELCOM 2008).

Table 4 The worst shipping accidents in the Baltic Sea that have resulted in oil spills (HELCOM
2006)

Year Name of ship Location Oil lost (t)

1969 Benedicte Trelleborg, Sweden 2,700
1970 Irini Nynashamn, Sweden 1,000
1973 Jawachla Trelleborg, Sweden 1,500–2,000
1977 Tsesin Nynashamn, Sweden 1,000
1979 Antonio Gramsci Ventspils, Latvia 5,500
1981 Globe Asimi Klaipeda, Lithuania 16,000
1981 Jose Martin Dalaro, Sweden 1,000
1990 Volgoneft Karlskrona, Sweden 1,000
1995 Hual Trooper The Sound, Sweden 180
2001 Baltic Carrier Kadetrenden, Denmark 2,700
2003 Fu Shan Hai Bornholm, Denmark/Sweden 1,200
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Table 5 Number and types of reported shipping accidents in the Baltic Sea, 2000–2007
(HELCOM BSEP 2008; HELCOM 2008)

Types of accidents 2000 2001 2002 2003 2004 2005 2006 2007

Grounding 36 37 41 30 57 53 46 54
Collision 11 11 9 24 44 54 54 40
Other 15 8 11 17 41 39 17 26

Total 62 56 61 71 142 146 117 120

Numerous accidents have taken place in the Danish Straits, the Gulf of Finland,
and in harbors. Fortunately, few of the accidents in the Baltic have led to catastrophic
pollution, but even one large-scale accident would gravely threaten the marine envi-
ronment (HELCOM BSEP 2008). The accidents with the most far-reaching effects
in the last 10 years were those involving the Baltic Carrier and the Fu Shan Hai.
The oil tanker Baltic Carrier was sailing from Muga, Estonia, carrying a cargo of
heavy fuel oil, when it collided with the bulk carrier Tern, east of the Danish island
of Falster, on March 29, 2001. As aresult, the Baltic Carrier sprang a leak, and ca.
2,700 t of the total cargo of 33,000 t of heavy fuel oil flowed into the sea. The oil,
which had the viscosity of floating asphalt, drifted toward the islands of Møn and
Falster (HELCOM SEA 2002). Despite logistical and organizational problems, not
to mention bad weather, the clean-up effort by the Danish authorities was success-
ful. Unfortunately, some 2,000 birds were killed, and from 4,000 to 4,500 will have
been affected by the oil in one way or another (HELCOM SEA 2002). The Danish
authorities also carried out the rescue operation after the collision between the bulk
carrier Fu Shan Hai and the container ship Gdynia, which occurred on May 31,
2003, off the island of Bornholm. As a result, >1,200 t of oil products leaked out of
the Fu Shan Hai. The very competently coordinated recovery operation on the part
of the Danish, Swedish, and German oil-slick response teams was able to limit the
damage to the environment (HELCOM RESPONSE 2003). Even so, the oil pollu-
tion persisted for a month, and 1,100–1,600 seabirds, mainly auks and eiders, were
killed (HELCOM NEWS 2006).

Illegal discharges of oil from ships have been detected in the Baltic. The Baltic
Area – protected by the International Convention for the Prevention of Pollution
from Ships (MARPOL (International Convention for the Prevention of Pollution
from) 73/78) – is a “Special Area” (Annex I – Oil, Annex V Garbage, Annex VI –
Prevention of air pollution by ships). MARPOL defines certain sea areas as “Special
Areas” in which, for technical reasons relating to their oceanographic and ecolog-
ical condition and to their sea traffic, the adoption of special mandatory methods
for the prevention of marine pollution is required (IMO (International Maritime
Organization) 2009). As a result, the discharge into the Baltic Sea of oil and diluted
mixtures containing oil in any form, including crude oil, fuel oil, oil sludge, or
refined products, is forbidden. Despite this prohibition, however, 238 illicit oil spills
were detected during a total of 3,969 hr of surveillance flights conducted by Baltic
coastal countries over the Baltic Sea during 2007, compared to 236 discharges
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Fig. 3 The annual number of detected illegal oil discharges in the Baltic Sea, 1988–2007
(HELCOM 2006, HELCOM BSEP 2008)

observed during 5,128 air patrol hours, in 2006. Figure 3 presents information on
the number of detected illegal oil discharges in the Baltic Sea during the period
1988–2007 (HELCOM 2006, HELCOM BSEP 2008).

To keep things in perspective, it should be borne in mind that the number of
illegal oil discharges has been decreasing steadily since the 1980s. In view of the
unique and rare Baltic ecosystems and their vulnerability to degradation by human
activities, the HELCOM member countries, in support of a 2003 Swedish initiative,
submitted a proposal to the IMO that Particularly Sensitive Sea Area (PSSA) status
be conferred on the Baltic Sea. A PSSA is an area that needs special protection
through action by the IMO because of its significance for recognized ecological or
socio-economic or scientific reasons and which may be vulnerable to damage by
international maritime activities. The IMO approved this proposal in 2004, which
resulted in the Baltic Sea being placed among the most valuable and sensitive marine
ecosystems on the world, alongside the Great Barrier Reef, Canary Islands, and the
Galapagos Archipelago.

6 Implications of Shipping-oil Spills

Tanker accidents have drawn the attention of the international community to
the problem of oil pollution, its complexity, and consequences. They have also
demonstrated the existence of risk and the absence of regulations and procedures
stipulating the action to be taken in the event of an oil spill. This has led to the
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creation of an international legal framework that covers ship construction, navi-
gational safety, crew training, and responsibility for environmental damage. When
analyzing the reasons for formulating these international laws and maritime strate-
gies, one can see that the international community becomes aware of the hazards
of transporting oil by sea only after a catastrophic event causes massive environ-
mental damage. To wit, the accident of the Torrey Canyon led to the adoption of
the International Convention Relating to Intervention on the High Seas in Cases of
Oil Pollution Casualties (INTERVENTION), the International Convention on Civil
Liability for Oil Pollution Damage (CLC), and the International Convention on the
Establishment of an International Fund for Compensation for Oil Pollution Damage
(FUND). One of the most visible effects of the Exxon Valdez incident was the enact-
ment of the Oil Pollution Act (OPA) of 1990. After the accident of the tanker
Erika, in 1999, the European Commission stated that an appropriate law should
be “designed to bring about a change in the prevailing mentality in the seaborne
oil trade. More powerful incentives are needed in order to persuade the carriers,
charterers, classification societies and other key bodies to give a higher profile to
quality considerations. At the same time, the net should be tightened on those who
pursue short-term personal financial gain at the expense of safety and the marine
environment.” (Europa Summaries of EU Legislation 2007). The effect was the
drawing up of the three so-called Erika packages, the aims of which included the
improvement of safety at sea to be achieved by the setting up of a system of iden-
tifying and monitoring ships (Directive 2002/59/EC), monitoring the activity of
classification societies (Directive 2001/105/EC), inspection of foreign ships entering
European Union ports (so-called Port State Control), the withdrawal of single-hull
tankers (Regulation (EC) 417/2002), and the establishment of a European Maritime
Safety Agency.

These examples provide ample demonstration that new, more rigorous standards,
aimed at minimizing the probability of accidents, are enacted only in the face of
real danger. One has to remember, however, that the introduction of stricter reg-
ulations is often very difficult for reasons of conflicting interests. International
conventions are thus frequently a compromise between national interests and the
need to protect the environment on a global scale. Undoubtedly, the improvement
of the sea and ocean water quality is connected first to the incremental ecologi-
cal awareness of society and cooperation at the international and regional levels.
Although military-related cooperation between countries with different political
ideologies is not usually possible, the mutual benefits of ecological cooperation
between countries with different political regimes are possible. For example, at
the Convention on the Protection of the Marine Environment of the Baltic Sea
Area 1992 (The Helsinki Convention 1992) a cooperative agreement was signed
by the then seven Baltic coastal states. This agreement was a huge success despite
the fact that the participating countries belonged to blocks of opposite ideologi-
cal, political, and economic postures. Moreover, for the first time ever, all sources
of pollution of the entire sea were made subject to the outcome of a single
convention.
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7 Summary

Since ancient times, ships have sunk during storms, either as a result of collisions
with other vessels or running onto rocks. However, the ever-increasing importance
of crude oil in the twentieth century and the corresponding growth in the world’s
tanker fleet have drawn attention to the negative implications of sea transport.
Disasters involving tankers like the Torrey Canyon or the Amoco Cadiz have shown
how dramatic the consequences of such an accident may be.

The effects of oil spills at sea depend on numerous factors, such as the physico-
chemical parameters of the oil, the characteristics of the environment affected, and
the physical, chemical, and biological processes occurring there, such as evapora-
tion, dissolution, dispersion, emulsification, photo-oxidation, biodegradation, and
sedimentation. The combination of these processes reduces the concentrations of
hydrocarbons in sediments and water and alters the chemical composition of spilled
oils. In every case, oil spills pose a danger to fauna and flora and cause damage
to sea and shores ecosystems. Many of the petroleum-related chemicals that are
spilled are toxic, otherwise carcinogenic or can be bioaccumulated in the tissues of
marine organisms. Such chemicals may then be biomagnified up the marine food
chain from phytoplankton to fish, then to seals and other carnivorous sea mammals.
Moreover, oil products can be accumulated and immobilized in bottom deposits for
long periods of time. Oil spills are particularly dangerous when they occur in small
inland seas that have intense sea traffic, e.g., the Baltic Sea.
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1 Introduction

Reengineering of the natural world is a hallmark of the human species. Along
with this reengineering comes a need to sometimes reverse previous modifications.
Management of wetlands in the USA is one example of this cycle of modification
and restoration. Loss of wetlands across the USA during European colonization and
industrialization has been followed decades and even centuries later by efforts to
restore many of these habitats. Habitats can never be restored to their original, pris-
tine form and function, and complete restoration is even more difficult in highly
modified landscapes that have large human populations. In this chapter, we address

J.L. Grenier (B)
San Francisco Estuary Institute, 7770 Pardee Lane, Oakland, CA 94621, USA
e-mail: letitia@sfei.org

115D.M. Whitacre (ed.), Reviews of Environmental Contamination and Toxicology,
Reviews of Environmental Contamination and Toxicology 206,
DOI 10.1007/978-1-4419-6260-7_6, C© Springer Science+Business Media, LLC 2010



116 J.L. Grenier and J.A. Davis

water quality concerns that derive from chemical contamination that is related to
the restoration of a large area of former tidal wetlands in the highly urbanized
San Francisco Estuary in California, USA. Other water quality concerns are also
briefly addressed. We begin by describing the San Francisco Estuary and cogent
background associated with the South Bay Salt Pond Restoration Project.

1.1 San Francisco Estuary

An unprecedented extent of tidal wetland restoration is ongoing and planned in
San Francisco Bay and the greater Estuary, henceforth referred to as the “Estuary”
(www.californiawetlands.net/tracker/). The Estuary is a series of large embayments
fed by the Sacramento and San Joaquin rivers, which drain California’s Central
Valley and the surrounding Sierra Nevada mountains. Smaller, local watersheds also
contribute to the waters that exit the Estuary through the Golden Gate at the mouth
of San Francisco Bay (Fig. 1). In total, the Golden Gate watershed comprises nearly
40% of the area of California and includes a vast variety of land uses. Principal
among these uses are agriculture, urban and industrial areas, and cattle ranching
(Goals Project 1999). Freshwater inputs to the Estuary from the major rivers are
reduced by diversions for agriculture and urban use. These diversions vary in wet
and dry years from 10% to nearly 75% of the volume of water that flows into the
Bay (URS 2007).

Water quality in the Estuary is affected not only by how much water is diverted
from entering it, but also by the quality of the waters that do enter the Estuary from
the surrounding watershed. The quality of the incoming waters depends on land use
and water quality management in the surrounding watersheds. The local watershed
of the Estuary is home to the cities of San Francisco, San Jose, and Oakland as
well as high-tech industry in Silicon Valley. Therefore, the local watershed is char-
acterized by urban development, especially toward the south. In 2005, more than
7 million people resided in the Bay Area, and by 2035, a population of 9 million
is expected (ABAG 2007). Although the Bay Area has produced advances in many
areas of human endeavor, including technology, social values, and environmental
consciousness, it has also produced a legacy of contamination in its waterways.
Mercury, polychlorinated biphenyls (PCBs), and a host of other chemical contam-
inants are prevalent in the Bay and in the surrounding wetlands. Many of these
contaminants have local urban sources, and others have distant sources, such as
mines in the Sierra Nevada or coal-fired power plants in China.

Although the human population of the Bay Area has become urbanized and less
directly dependent on the local landscape in recent decades, abundant biological
resources and ecological services were important attractions for the original settle-
ment and industrialization of the region. Early accounts of the Estuary describe an
ecological jewel characterized by thriving fisheries, oak woodlands teeming with
wildlife, and vast marshes stretching from Bay to upland (Goals Project 1999). The
Estuary has a plethora of biological diversity and retains many wildlife taxa found
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Fig. 1 San Francisco Bay and its watershed, which comprises much of northern California, USA.
The Bay is connected to the Pacific Ocean at the Golden Gate, a narrow opening about mid-way
down the western side of the Bay (see Fig. 5 for location). The San Francisco Estuary includes an
inland delta (“the Delta”) where the Sacramento and San Joaquin rivers meet. The maps in Fig. 5
show the approximate spatial extent of the Estuary

nowhere else. However, several species that were once abundant in the Estuary have
declined to the point that they now require protected status from state and fed-
eral agencies. The tidal wetlands, in particular, are home to several special-status,
endemic taxa, such as the California Clapper Rail (Rallus longirostris obsoletus) and
saltmarsh harvest mouse (Reithrodontomys raviventris raviventris), both of which
are endangered species (Federal Register 1970).

1.2 Salt Ponds and Wetland Restoration

More than 85% of the tidal wetland acreage (fresh, brackish, and salt marsh) of
the San Francisco Estuary has been lost to human alteration of the landscape since
Europeans settled the area (Fig. 2) (Goals Project 1999). Many Estuary marshes
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Fig. 2 Tidal marsh habitats in South San Francisco Bay circa 1998 were reduced greatly in
acreage, compared to their extent in 1800. In this region of the San Francisco Estuary, most of
the former marshes have been converted to salt ponds (Goals Project 1999)

were diked for agriculture, ranching, or urban and industrial development. Other
marshes, in San Pablo Bay and South San Francisco Bay, in particular, were con-
verted to salt evaporation ponds. Nearly the entire perimeter of South Bay, which
was historically fringed by marshes several miles wide in some areas, was converted
to salt ponds (Fig. 2). These salt ponds were developed gradually over decades, from
1857 to 1960 (Collins and Grossinger 2004). The ponds were managed to produce
industrial-grade salt by trapping estuarine water in the ponds nearest the Bay and
gradually concentrating the salts in the water through evaporation. Ultimately, the
highly saline water would be completely evaporated in the ponds closest to land,
and then the salt was harvested.
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An effort to protect the Bay began in the 1960s, when inadequate treatment of
sewage led to regular fish die-offs. Recognition of the importance of restoring local
estuarine ecosystems followed, and, in the 1990s, culminated in a consortium of
government agencies, non-governmental organizations, scientists, and private cit-
izens working together on the Bay Area Wetlands Ecosystem Goals Project. The
purpose of the “Goals Project” was to identify the quantity, type, and distribution of
wetlands needed to sustain diverse communities of estuarine wildlife; the goals also
included the task of performing an analysis of the pre-industrialization extent and
function of Bay Area tidal wetlands (Goals Project 1999).

Wetlands restoration boomed following the publication of the Bay Area Wetlands
Ecosystem Goals (Goals Project 1999); the largest single effort is the South Bay
Salt Pond Restoration Project (SBSPRP). This vast project comprises 15,100 A
in South San Francisco Bay (Fig. 3). The SBSPRP aims to restore and enhance a
mix of wetland habitats, provide for flood management, and enhance public access
and recreation opportunities (www.southbayrestoration.org). The Project came into
being following public acquisition of the ponds from the Cargill Company and
transfer of ownership and management to the US Fish and Wildlife Service and
the California Department of Fish and Game.

The first stages of the SBSPRP are underway. The pond purchase from Cargill
was finalized in 2003, and an initial stewardship plan has been in operation since

Fig. 3 The South Bay Salt Pond Restoration Project encompasses 15,100 A south of the San
Mateo Bridge in San Francisco Bay. In this paper, South Bay is defined as the Bay south of the San
Mateo Bridge, a subset of which is lower South Bay, defined here as the Bay south of Dumbarton
Bridge
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then. The first round of marsh restoration actions began with the breaching of a
few ponds in 2006 and will continue with upcoming breaches planned in the next
2 years. Various alternatives for the final, restored South Bay landscape are under
consideration, which differ mainly in location and in the ratio of restored marshes
and managed ponds. Both habitat types are necessary to support endemic marsh
wildlife and migratory water birds.

Both the importance of restoring the South Bay Salt Ponds and some of the asso-
ciated challenges arise from the fact that the ponds are located in a highly urbanized
Estuary. The Project is important for biological conservation, because so many tidal
wetlands have been lost with the result that endemic wildlife are now endangered.
One of the challenges for the Project is that, despite vast improvements in sewage
treatment and water quality over the past several decades, the South Bay never-
theless faces substantial current and future pollution threats. Therefore, SBSPRP
managers must consider water quality as a prime factor as they proceed to restore
wetland habitats and manage the remaining ponds for wildlife. The location of the
Project at the interface between land and water means that water quality in the
Project will be tied to water quality management both in the South Bay watershed
and in South San Francisco Bay itself. Furthermore, Project managers must be care-
ful that restoration and associated actions do not exacerbate pollution problems in
the region. In this paper, we explore the relationship between chemical contamina-
tion of the South Bay and the SBSPRP, including current conditions and how the
Project and South Bay water quality may affect each other in the future.

2 Current Water Quality

Water quality in South San Francisco Bay is compromised by a variety of chemical
contaminants and other types of pollutants that mainly originate in the watershed.
In this paper, we focus on water quality in the Estuary, wherein most of the water
quality research and monitoring has occurred, rather than on tributary water quality.
Pollution in the Bay was present prior to the nascence of the SBSPRP and provides
the water quality context in which the wetland restoration will proceed. Thus, the
“before” restoration condition of the South Bay includes a history of legacy pol-
lutants in the sediment and water that will affect the “after” restoration condition.
In this pollution-impacted Estuary, the goal of the SBSPRP may be to maintain
contaminants at or below current concentrations, rather than to restore habitats to
pristine water quality.

2.1 Chemical Contaminants

Mercury, PCBs, and polybrominated diphenyl ethers (PBDEs) are the persistent
contaminants of greatest concern in the South Bay. All three are present at elevated
concentrations in both the abiotic environment and wildlife. Selenium, pyrethroid
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insecticides, polycyclic aromatic hydrocarbons (PAHs), and dioxins are also prob-
lematic. Legacy insecticides (DDTs, dieldrin, and chlordanes) have historically
affected the Bay, and these remain above accepted thresholds of concern in a small
proportion of samples. Brief summaries of the current state of knowledge for these
contaminants in the San Francisco Estuary are given below, with an emphasis on
recent data from the South Bay.

2.1.1 Mercury

Mercury is one of the primary current threats to water quality in the South Bay and
tops the list of contaminant issues for the SBSPRP. In addition to the concern for
present mercury concentrations, there is concern that restored wetlands could result
in increased methylmercury production and bioaccumulation. This latter concern is
addressed in Section 3.2.

There are several sources of total mercury contamination to the South Bay. These
include legacy mercury from mercury- or gold-mining operations, respectively, in
the Coast and Sierra Nevada ranges, and ongoing sources such as atmospheric
deposition, runoff from urban and industrial areas, and outflow from wastewa-
ter treatment plants. The historic New Almaden mining district is situated in the
hills above San Jose, in the watershed that drains through the Guadalupe River
and Alviso Slough into lower South San Francisco Bay (Fig. 3). New Almaden
was the largest mercury mine in North America. This mine ceased operations in
1976 when purchased by Santa Clara County. Legacy mercury from this mining
district continues to enter the Bay today. Based on empirical measurements and a
sediment-transport model, one load estimate for the Guadalupe River was 4–30 kg
of mercury transported into lower South Bay per year (Thomas et al. 2002). More
recent measurements indicate high inter-annual variation with much higher loads
in peak years: 116, 15, and 8 kg in 2003, 2004, and 2005, respectively (McKee
et al. 2006).

In a recent study, concentrations of total mercury and methylmercury were
tracked in sediment from the SBSPRP ponds from 2003 to 2007 (Miles and Ricca
2010). Average total mercury in sediment in the Eden Landing ponds (0.11 μg/g)
was below the South Bay ambient concentration (0.23–0.27 ppm) (SFEI 2009),
whereas average concentrations exceeded the ambient level in the Alviso ponds
(0.75–1.03 μg/g). Even within the Alviso pond complex, total mercury concen-
trations in sediment varied greatly among ponds. Sediment total mercury tended
to be stable over time and was not correlated with methylmercury, which was
more temporally variable (Miles and Ricca 2010). Understanding the variability,
in space and time, of methylmercury concentrations in pond sediment was difficult,
because seemingly similar ponds had different chemical and physical conditions
that potentially affected mercury cycling. One notable change in methylmercury
concentration was a greater than fivefold increase that occurred in two ponds after
a levee breach returned them to tidal action. A third pond that was part of the same
restoration action did not exhibit such a large increase in sediment methylmercury
concentration (Miles and Ricca 2010).
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Bioaccumulation of methylmercury also varies spatially across the SBSPRP area,
but no long-term temporal trends are indicated by available data. In water birds, the
highest exposure (as indicated by blood total mercury concentrations) was consis-
tently observed in the western Alviso ponds, in both terns (Ackerman et al. 2008a)
and recurvirostrids (Ackerman et al. 2007). The spatial pattern in marsh birds was
completely different, however. Concentrations of total mercury in the blood of tidal
marsh Song Sparrow (Melospiza melodia pusillula) were related to distance from
the sampling site to the Bay, rather than to region within South Bay (Grenier unpub-
lished data). Regarding time trends in methylmercury bioaccumulation, the best
dataset available for the Estuary is for total mercury concentrations in striped bass
muscle (Morone saxatilis) from 1970 to 2000. These data indicate no change over
three decades (Fig. 4) (Greenfield et al. 2005). This result probably reflects the ongo-
ing inputs to the Bay from both legacy and contemporary sources and flux from the
massive reservoir of mercury in Bay sediments (Conaway et al. 2008).

Methylmercury bioaccumulates in South Bay food webs to concentrations that
are sufficiently high to cause concern for adverse effects in humans and sensitive
wildlife. Humans are at risk from exposure to methylmercury from eating sport fish
from San Francisco Bay. The concentrations of mercury in sport fish taken from
the Bay, and particularly from the South Bay, are higher than mercury residues in
fish from other parts of California (Davis et al. 2007a). A consumption advisory for
sport fish in the Bay was issued in 1994 and was driven by the concentrations of

Fig. 4 Total mercury concentrations in striped bass muscle from San Francisco Bay showed no
trend between 1970 and 2000. Gray bars indicate annual median concentrations. To correct for
variation in fish length, all plotted data were calculated for a 55-cm fish using the residuals of a
length:log (Hg) relationship. The asterisk above 1997 indicates significant difference from overall
length:mercury regression (see original paper). Note log scale on the y-axis. From: Greenfield et al.
(2005)
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mercury, PCBs, organochlorine insecticides, and dioxins (OEHHA 1994). The pub-
lic is advised not to eat Bay fish too frequently, and large predatory fish should not
be consumed at all by certain demographic groups. Leopard shark (Triakis semifas-
ciata), striped bass, and white sturgeon (Acipenser transmontanus) are examples of
species that tend to have the highest mercury concentrations (Greenfield et al. 2005;
Hunt et al. 2008).

Evidence of the exposure to and effects of methylmercury on wildlife in the Bay
and its wetlands is increasing. Wildlife exposure to methylmercury is becoming
better understood as the body of research has grown over the last 20 years; the
effects of methylmercury on wildlife are less well studied. The effect thresholds of
specific species constitute an important data gap, and linking elevated exposure to
population-level effects is difficult. For example, a large proportion of Black-necked
Stilt (Himantopus mexicanus) and Forster’s Tern (Sterna forsteri) breeding adults
had total blood mercury concentrations that placed them at moderate to high risk of
reproductive impairment (Eagles-Smith et al. 2009). However, a related study of the
effect of egg mercury concentrations on chick survival, in these same populations,
failed to show significant effects (Ackerman et al. 2008b, c).

The overall change in habitat acreage from salt pond to tidal marsh and tidal
slough that will occur as the SBSPRP progresses, and the particular locations of
the ponds that are converted to marsh, will likely affect methylmercury concentra-
tions in South Bay water birds. Where these birds forage, both in terms of region
within the Bay and habitat type, is closely tied to the variability of mercury tissue
concentrations of recurvirostrids, terns, and scaup (Ackerman et al. 2007, 2008a;
Eagles-Smith et al. 2009). Water birds from the lower South Bay had the highest
total mercury concentrations in their tissues (Eagles-Smith et al. 2009). The habi-
tats that were associated with higher mercury concentrations in water birds were at
the margin of the Bay, and these habitats (i.e., salt ponds and managed marsh) had
altered hydrology (Ackerman et al. 2007, 2008a).

In contrast to the water birds discussed above, many tidal marsh bird species are
endemic to San Francisco Bay. These tidal marsh birds also have elevated exposure
to methylmercury and consequent health risks. In particular, the federally endan-
gered California Clapper Rail has poor reproductive success that may be related
to methylmercury. An estimated 15–30% of the observed reduction below normal
hatchability in this subspecies has been attributed to contaminants, with methylmer-
cury principal among them (Schwarzbach et al. 2006). Effects on other marsh birds
in San Francisco Bay have not been studied, but information on the exposure of
the Black Rail (Laterallus jamaicensis) (Tsao et al. 2009) and tidal marsh Song
Sparrow (Grenier unpubl data) indicate that many breeding adults are above a 25%
effect concentration (0.81 μg/g wet weight total mercury in blood) that is based on
lab and field studies of other songbirds and above which 25% of eggs are predicted
not to hatch due to methylmercury effects.

A recent egg-injection study provided information on the relative sensitivity
of 26 bird species to methylmercury (Heinz et al. 2009) including representative
species from the taxonomic families that have been studied in San Francisco Bay.
Ducks (e.g., scaup and Mallard) had low sensitivity; terns, rails, and songbirds had
medium sensitivity to mercury; and two ardeid (herons and egrets) species had high
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sensitivity, whereas another ardeid had medium sensitivity. This new information
calls into question how the avian embryotoxic threshold – which is based on studies
with captive Mallards (Heinz 1979) – should be interpreted for species that are more
sensitive to mercury than Mallard. For example, wading-bird mercury exposure has
not been studied for some time in South San Francisco Bay, but Black-crowned
Night Heron (Nycticorax nycticorax) and Snowy Egret (Egretta thula) eggs col-
lected between 1982 and 1990 (Ohlendorf et al. 1988; Hothem et al. 1995) had mean
mercury concentrations that were less than half the Mallard threshold value. Given
the difference in sensitivity of the ardeids and the Mallard, it is difficult to interpret
whether the observed concentrations in South Bay wading birds are problematic
or not.

Mammalian exposure and effects from methylmercury are less well character-
ized than they are for birds. Many mammalian wildlife populations that may have
been sensitive to mercury are now extirpated from the Bay. The taxa of concern
that remain in South Bay are harbor seals (Phoca vitulina) and small mammals in
tidal marshes. Harbor seals in San Francisco Bay have elevated mercury concen-
trations in blood and hair (Kopec and Harvey 1995; Brookens et al. 2007), and
Mowry Slough in the lower South Bay (Fig. 3) is an important breeding area for
the seals. However, effect studies in harbor seals have indicated greater risk from
organic contaminants than from mercury. Mercury exposure and effects in small
mammals resident in tidal marshes are virtually unstudied. In the one study per-
formed in San Francisco Bay, endangered salt marsh harvest mice were absent from
marshes that had higher concentrations of mercury in other rodents, yet were present
in marshes with lower rodent mercury residues (Clark et al. 1992). This broad cor-
relation may indicate that high methylmercury bioaccumulation may be a stressor
that contributes to extirpation of these mice in some marshes. A prime candidate
for evaluation of mercury exposure in the tidal marsh ecosystem is the shrew. These
tiny insectivores are completely carnivorous, have extremely high metabolic rates,
and endemic marsh subspecies have been described for both ornate (Sorex orna-
tus) and wandering (Sorex vagrans) shrews in San Francisco Bay. Shrews are good
bioindicators of metal pollution (Sanchez-Chardi et al. 2007), and in contaminated
areas elsewhere shrews have accumulated liver mercury concentrations up to and in
excess of 30 μg/g dry wt (Cocking et al. 1991; Talmage and Walton 1993).

2.1.2 PCBs

Despite the 1979 federal ban on PCB production and sale and subsequent gradual
decline of PCBs in the environment, this suite of chemicals remains one of the main
contaminants that affects water quality in San Francisco Bay, and the South Bay
in particular. PCB residues are widely spread in Bay sediments, and they continue
to bioaccumulate in the food web to a degree that poses health risks to humans
and wildlife (Davis et al. 2007b). The most recent water quality monitoring data
(SFEI 2009) as well as reviews of sediment PCB data for the Bay (Davis et al.
2007b; SFBRWQCB 2007) show that South Bay has relatively high concentrations,
and PCB hotspots are present in the wetlands and other Bay margin habitats. The
most important pathways by which PCBs enter South Bay waters are urban runoff
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and erosion of buried sediment. Riverine inputs from the Sacramento-San Joaquin
Delta are important in other parts of San Francisco Bay but have less influence
in South Bay, which is geographically and hydrologically more removed from the
Delta (Conomos et al. 1979). Urban runoff is a source of PCBs that can be controlled
and, as such, is a focus of the PCB total maximum daily load (TMDL) regulation.
The effectiveness of different management options for reducing PCBs in stormwa-
ter is an important knowledge gap (Davis et al. 2007b). Release of PCBs through
erosion of buried sediment is discussed later in this paper.

Along with mercury, PCBs are a primary driver of the advisory to limit con-
sumption of fish taken from the Bay (OEHHA 1994). Median concentrations of
PCBs in sport fish from South Bay have consistently exceeded the PCB TMDL
cleanup target of 10 ng/g (Hunt et al. 2008). White croaker (Genyonemus linea-
tus) and shiner surfperch (Cymatogaster aggregata) are species with relatively high
lipid content; these species had median PCB concentrations that exceeded the tar-
get by more than one order of magnitude. White sturgeon, anchovy (Engraulis
mordax), and black surfperch (Embiotoca jacksoni) also consistently exceeded this
value.

PCB concentrations in the Bay may be high enough to adversely affect wildlife,
with fish-eating species at the top of the food web generally facing the great-
est risks (Davis et al. 2007b). Since the early 1980s, the available data have
indicated that PCBs accumulate to high concentrations in South Bay piscivo-
rous birds and may cause adverse effects on survival. PCB concentrations in
eggs well above 1.0 μg/g wet wt have been measured in Black-crowned Night
Herons, Snowy Egrets, Forster’s Terns, Caspian Terns, and Least Terns (Sterna
antillarum) (Hoffman et al. 1986; Ohlendorf et al. 1988; She et al. 2008). Effects
on growth and induction of cytochrome P450 were documented to have occurred
in Black-crowned Night Herons and Double-crested Cormorants (Hoffman et al.
1986; Davis et al. 1997). The highest geometric mean concentrations in tern eggs
were found in and near Eden Landing, one of the main restoration areas for the
SBSPRP (Fig. 3; She et al. 2008). Even California Clapper Rails, a relatively
low-trophic-level marsh species that consumes mainly invertebrates, were found to
have some eggs with PCB concentrations sufficient to potentially cause deleterious
effects (Schwarzbach et al. 2001). Authors of a recent study with a small number
(n = 4) of fail-to-hatch Clapper Rail eggs reported a median PCB concentration in
the eggs of 4,640 ng/g lipid wt (She et al. 2008). An obstacle to determining whether
these concentrations may produce adverse affects is that the relative sensitivity of
rails to PCBs is not known.

Harbor seals from San Francisco Bay, sampled in various studies over the past
30 years, had PCB concentrations in blubber and whole blood that exceeded those
associated with impaired reproduction in a controlled feeding study (Davis et al.
2007b; Thompson et al. 2007). Total PCB concentrations in liver from five adult
seals stranded in the Bay between 1989 and 1998 had a median concentration of
35.6 μg/g lipid wt (Park et al. 2009). Decreases in seal blood PCB concentrations
occurred between the early 1990s and 2001–2002. Despite this reduction, some
seals in the most recent time period may have experienced health effects related to
organic chemical contaminants; this conclusion was based on a correlation between
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leukocyte counts and concentrations of PCBs, PBDEs, and DDE (Neale et al. 2005).
Thus, PCBs are a significant concern in harbor seals.

Although the available data from top predators in the Bay were not collected
with the intention of measuring long-term trends, there is a general pattern of slow
PCB residue decline in wildlife over the past two to three decades (Davis et al.
2007b). The longer the time span of the dataset, the more apparent the decline,
which indicates that the net dissipation of PCBs in the Bay food web is quite slow.
The difference in analytical methods used to measure for PCBs over the years and
variation in study designs and tissues sampled make this a tentative conclusion that
will be clarified only with future monitoring.

2.1.3 PBDEs

Compared to mercury and PCBs, PBDEs have surfaced much more recently as con-
taminants of concern in San Francisco Bay. PBDEs are an example of emerging
contaminants that are persistent and biomagnify, and that could affect higher-
trophic-level species in restored habitats. PBDEs were virtually undetected in
samples during the 1980s. However, over the course of the 1990s, PBDE residues
became common in the water, sediments, and food web of the Bay. Such bromi-
nated flame retardants are relatively new contaminants of environmental concern,
and the scientific understanding of their effects is limited (Birnbaum and Staskal
2004). Thresholds of concern for PBDEs have not yet been established. The two
lower-brominated congener mixtures (penta-BDEs and octa-BDEs) were banned in
California in 2006, but the deca-BDE mixture is still in commercial production.

Sources and pathways by which PBDEs enter the Bay are under investigation.
Possible pathways include municipal and industrial discharges, stormwater, atmo-
spheric deposition, small and large tributaries, and landfill leaching (Oram et al.
2008). Based on studies from tributaries and wastewater treatment plants in South
Bay, PBDE loads are 3–10 times greater than those of PCBs (McKee et al. 2006;
SFEI 2007). Monitoring data from 2002 to 2008 indicate that the lower South Bay is
a hotspot for PBDEs in sediment and water, especially in certain years (Fig. 5; SFEI
2009). PBDEs are a high priority for ongoing monitoring and research to understand
trends in food-web exposure and effects on sensitive species.

PBDE concentrations measured between 1989 and 2003 in harbor seal blubber,
tern eggs, and human breast tissue from the San Francisco Bay Area were among the
highest ever recorded (She et al. 2002, 2004). Some individual Forster’s Tern eggs
from the Eden Landing area of the SBSPRP (Fig. 3) had extremely high total PBDE
concentrations of 62,400 and 63,300 ng/g lipid wt in 2001 and 2002, respectively
(She et al. 2008). The geometric means for total PBDE concentrations in tern eggs
sampled from 2000 to 2003 were lower, but still quite elevated – in the range of
3,700–4,800 ng/g lipid wt for Caspian, Forster’s, and Least Terns (She et al. 2008).
PBDEs have also been documented to exist in the sediment, water, bivalves, and fish
of the Estuary (Holden et al. 2003; Oros et al. 2005). Mean concentrations (wet wt)
in fish collected in 2006 were 56 ng/g for white croaker, 20 ng/g for white sturgeon,
13 ng/g for shiner surfperch, and 12 ng/g for northern anchovy (Hunt et al. 2008).
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Fig. 5 Spatial trends of Brominated Diphenyl Ether (BDE) 47 in water from 2002 to 2008 (left)
and in sediment from 2004 to 2008 (right) for the San Francisco Estuary. The two most southern
segments of the Bay, as delineated between the black lines, correspond to the location of the South
Bay Salt Pond Restoration Project (SBSPRP). These segments contain several hotspots for BDE
47, which is one of the most abundant Polybrominated Diphenyl Ethers (PBDEs) and is an index
of PBDEs as a group. The highest average concentration from 2004 to 2008 of BDE 47 in sediment
was 0.75 ppb in lower South Bay. From: SFEI (2009)

2.1.4 Other Chemical Contaminants

Polychlorinated dibenzodioxins and dibenzofurans are other persistent contami-
nants of concern in South Bay, and they are also among the pollutants in fish
that prompted the fish consumption advisory for San Francisco Bay. The Regional
Monitoring Program for Water Quality in the San Francisco Estuary has been
analyzing residues of dioxins and dioxin-like compounds in fish (furans and co-
planar PCBs) every 3 years, since 1994. The results have been relatively consistent
throughout that time period, suggesting that dioxins are maintaining relatively con-
stant concentrations in fish (Fairey et al. 1997; Davis et al. 2002; Greenfield et al.
2005; Hunt et al. 2008). Dibenzodioxins and dibenzofurans in all the fish (white
croaker) sampled in 2000, 2003, and 2006, exceeded the screening value of 0.3 pg/g
wet wt dioxin toxic equivalents (TEQs) established by the California Office of
Environmental Health Hazard Assessment. Dioxin TEQ concentrations in 2006
were highest in the South Bay, with a maximum level of 16.3 pg/g wet wt (Hunt
et al. 2008).

There is evidence that dioxins and dioxin-like compounds may be causing effects
in two federally endangered bird species: the Least Tern and California Clapper Rail.
Ten Least Tern eggs from the 2001 and 2002 breeding seasons had a geometric mean
of TEQs that was within the effects threshold range calculated by the study authors
(Adelsbach and Maurer 2007) using avian-specific toxic equivalency factors. These
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eggs had failed to hatch, so they represented a biased sample of the population.
However, their failure to hatch could have been related to high TEQs. Clapper Rail
fail-to-hatch eggs (n = 4) exhibited concentrations of individual dioxins above a
threshold for effects in chickens (Adelsbach and Maurer 2007).

Once at the top of the list of contaminants of concern for San Francisco Bay,
legacy insecticides are now declining. Historical use of dieldrin, chlordanes, and
DDTs resulted in widespread contamination of the Bay and resident wildlife, and
they were each banned 20 or more years ago. Legacy pesticides persist in Bay sed-
iment and continue to enter the Bay from its tributaries (Connor et al. 2004), but
the current situation is much improved. Reviews are available on the bioaccumu-
lation behavior of these contaminants from statewide monitoring programs (Davis
et al. 2007a) and San Francisco Estuary monitoring (Gunther et al. 1999; Greenfield
et al. 2005). These reviews document significant residue declines of these contam-
inants in fish and bivalves over the past two to three decades. However, the rate of
the decline may have slowed since the early 1990s, and the Bay may not be ade-
quately cleansed of these chemicals until ongoing inputs are eliminated (Connor
et al. 2004).

A small proportion of sport fish sampled from the Estuary exceed human health
thresholds of concern for legacy insecticides. The most recent published data from
2006, when three fish species were sampled, show that most of the exceedances were
for dieldrin (32%, 9 of 28 composites), and there were fewer for DDTs (11%, 3 of
28) and chlordanes (4%, 1 of 28) (Hunt et al. 2008). For each contaminant, some
or all of the composites that exceeded the threshold of concern were from South
Bay. The evidence suggests that current effects of legacy insecticides on wildlife
are minimal. In some places, chlordanes may impact benthic invertebrates, but the
impacts of DDTs on bird reproduction that were documented in the 1980s are no
longer in evidence (Thompson et al. 2007).

A variety of other organic chemicals are cause for concern in the Bay, including
pyrethroid insecticides and PAHs, but fewer data are available for these compounds
than for the chemical groups discussed above. Pyrethroids are relatively new insecti-
cides and are used as alternatives to the legacy organochlorine and organophosphate
insecticides. As the use of pyrethroids as agricultural, commercial, and household
insecticides increases, the potential for effects on invertebrates and fish, to which
pyrethroids are highly toxic, also increases. Lowe et al. (2007) examined the toxic-
ity of sediments in six tributary creeks around the Bay and found that only the South
Bay tributaries were toxic to amphipods. The cause of this toxicity was identified as
likely originating from exposure to either pyrethroids or DDT metabolites. Amweg
et al. (2006) found that eight creeks along the eastern side of the Bay displayed toxi-
city from pyrethroids, mainly bifenthrin, on at least one of four sampling occasions.
The effect of the pyrethroids on biota upon entering the Bay at the mouth of the
creeks is not known.

PAHs are organic contaminants derived from carbon-based fuels, such as
petroleum products. These chemicals are persistent in sediment and water, but
they are metabolized by vertebrates, rather than accumulating in vertebrate tissue.
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Monitoring studies suggest that PAH sediment concentrations may be above repro-
ductive effects thresholds for fish (SFEI 2007). A new study has been funded by the
Regional Monitoring Program to examine the effects of PAHs on larval fish in the
Bay. PAH concentrations have been relatively constant over the past two decades
(SFEI 2007). Events such as the Cosco Busan Oil Spill in November 2007 in central
San Francisco Bay are a reminder that the high density of shipping traffic renders
the Estuary vulnerable to PAH contamination from oil spills.

Besides mercury, other elemental contaminants that have been studied in the Bay
include selenium, nickel, and copper. Selenium bioaccumulates in the San Francisco
Bay food web to an extent that could cause harm to fish and to humans that consume
diving ducks, but the focus of that concern is in the northern reaches of the Estuary.
A consumption advisory for ducks is in place and a selenium TMDL is being devel-
oped. Nickel and copper were considered historical problems in San Francisco Bay,
but samples obtained over the past decade indicate that concentrations are consis-
tently lower than the water quality objective considered to be completely protective
of aquatic life (SFEI 2007). Concentrations of arsenic, cadmium, chromium, cop-
per, lead, nickel, selenium, and zinc, measured in the Project pond sediments close
to the time of public acquisition, were generally at or below ambient concentrations
in the surrounding area, although some ponds had above-ambient selenium levels
(Brown and Caldwell 2005).

Despite the contaminant monitoring and research summarized above, many
chemicals in the Bay may be causing unrecognized effects, and, conversely, some
documented effects cannot be tied to specific contaminants. Evidence from biomark-
ers in fish and benthos, such as breaks in DNA and cellular abnormalities, shows that
these taxa have been exposed to contaminants, yet pinning down which chemical has
induced the effect is difficult in an Estuary with a complex cocktail of environmen-
tal pollutants. Toxicity of sediment to benthic invertebrates is prevalent around the
margin of the Bay, yet the particular cause or causes have not been easy to iden-
tify. Contaminant mixtures may be as important, or more important, than individual
contaminants (Thompson et al. 2007). A recent study in San Francisco and Tomales
Bay tidal marshes documented benthic marsh fish population effects that correlated
with a variety of contaminants in sediment (McGourty et al. 2009).

Emerging contaminants are a diverse group of unregulated and relatively unmon-
itored chemicals that have been detected in the environment and whose effects are
largely unknown. Some chemicals considered to be emerging contaminants for the
Estuary include perfluorinated chemicals (PFCs), pharmaceuticals, and non-PBDE
flame retardants. Harbor seals recently analyzed for PFCs had concentrations in
blood that were several times greater than those found in seals from other parts
of the world and, seals from the South Bay had particularly high concentrations
(SFEI unpubl data). Recent data from lower South Bay documented the presence of
pharmaceuticals at concentrations well below available acute and chronic toxicity
thresholds (SFEI unpubl data). Current use, non-PBDE flame retardant chemi-
cals have also been detected in South Bay by the Regional Monitoring Program
(unpubl data).
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2.2 Other Aspects of Water Quality

2.2.1 Biological

Water quality in the Bay is also affected by biological constituents, particularly inva-
sive species. San Francisco Bay is one of the most invaded estuaries on the planet,
both in terms of the numbers of exotic organisms and their ecological dominance
(Cohen and Carlton 1998). The arrival of exotic organisms in ballast water of ships
and via other human activities has altered the ecology and food web of the Bay in
ways so significant that water quality has also been profoundly affected. Hundreds
of non-native taxa have been identified in Bay waters, and more than one hundred
others exist that are of unknown origin (possibly non-native). These invaders domi-
nate a large number of biological communities in the Bay, typically comprising 99%
of the biomass of soft-bottom benthos, fouling communities, brackish-water zoo-
plankton, and freshwater fish (Cohen and Carlton 1998). The Asian clam (Corbula
amurensis) has radically altered the biological productivity of the northern sube-
mbayments by eliminating seasonal phytoplankton blooms that previously fueled
flourishing populations of zooplankton, invertebrates, and fish in the pelagic food
web (Thompson 2005). Corbula filtered nearly all of the phytoplankton from the
water, thus suppressing the seasonal blooms. This effect of Corbula did not occur in
South Bay, where differences in physical factors caused the phytoplankton bloom
to occur earlier in the year, reducing the influence of this exotic clam (Thompson
2005). Nevertheless, the potential for exotic species to radically alter water quality
clearly exists in South Bay.

Other changes in phytoplankton blooms have been occurring in San Francisco
Bay and are thought to result from changing physical factors rather than invasive
species. In 2004, the first dinoflagellate bloom, or red tide, observed in nearly 30
years of monitoring occurred in South San Francisco Bay (Cloern et al. 2005). These
blooms can be toxic, causing die-offs of fish and other organisms, but in this case
the bloom ended before any negative effects were observed. More recently, a cool-
ing phase in the nearby Pacific Ocean was associated with various marine species
moving into the Bay seeking warmer waters (Cloern et al. 2007). These new arrivals
preyed on clams and reduced their numbers. This resulted in a release of phytoplank-
ton populations that increased biomass year-round and allowed new autumn–winter
blooms. These fluctuations at the base of the food web can have significant effects
on fisheries and wildlife. The evidence suggests that the recent changes in phyto-
plankton were related to climatic events that extended well beyond the domain of
the Estuary and its watershed (Cloern et al. 2007). Thus, future surprises of this
kind can be expected to occur in association with climate cycles and global climate
change.

2.2.2 Chemical

Chemical attributes of water quality, such as dissolved oxygen and salinity, are
important to the success of the SBSPRP and the health of South Bay aquatic life.
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High salinity and/or low oxygen levels can occur in the enclosed ponds in summer
as water evaporates and algae decompose. Low dissolved oxygen then may cause
fish and invertebrates to move upward into the oxygenated water layer near the sur-
face, where they are more likely to be depredated by birds (Lonzarich and Smith
1997). If hypoxia becomes extreme, aquatic animals die. Shortly after the ponds
were acquired for the purposes of restoration, there were some pond discharges into
the Bay in 2004 that exceeded regulatory thresholds for dissolved oxygen. Those
events provided important lessons for how to monitor the ponds. Monitoring prac-
tices have since changed, and the ponds are managed to maintain optimum water
quality for wildlife, insofar as possible. The vast acreage of the Project makes this
management and monitoring a large and costly task. The restoration of ponds to tidal
marsh will eliminate both dissolved oxygen and salinity water quality concerns and
the need to manage and monitor them. However, water quality will need to be man-
aged and monitored in some ponds that will remain non-tidal and serve as foraging
areas for water birds.

3 Potential Future Changes Related to Restoration

The spatial extent of the SBSPRP is so large that the Project could have regional
effects on water quality of the South Bay that extend beyond the Project areas
(Fig. 3). Particularly in the lower South Bay, south of the Dumbarton Bridge, the
Project has the potential to strongly influence water quality at a regional scale,
because water residence time is long (Conomos et al. 1979) and the acreage of
the Project ponds is comparable to that of the open waters of the Bay. The effect
of Project implementation could be to worsen, improve, or not affect the already
impaired water quality in South Bay.

3.1 Erosion of Contaminants at Depth

Accelerated erosion of buried sediment is a potentially serious regional threat
to South Bay water and sediment quality. Studies by the US Geological Survey
(USGS) have shown that the South Bay (Foxgrover et al. 2004; Jaffe and Foxgrover
2006) and other parts of the Bay (Jaffe et al. 1998; Cappiella et al. 1999) experience
fluctuating periods of erosion and of sedimentation, probably related to changes in
sediment supply (McKee et al. 2002; Jaffe and Foxgrover 2006). Opening salt ponds
to tidal action will create a new demand for sediment and will likely cause erosion
of buried sediment in some areas. Such erosion could pose a risk with respect to
recovery of the South Bay from legacy contamination, because the layers of sedi-
ment that would be unearthed are from earlier decades when the Bay was generally
more contaminated (van Geen and Luoma 1999).

Bathymetric surveys conducted in 1931, 1956, 1983, and 2005 provided the basis
for recent analyses of South Bay erosion and deposition (Foxgrover et al. 2004; Jaffe
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and Foxgrover 2006). From 1931 to 1956, a period with rapid urbanization, indus-
trialization, and little wastewater treatment, the South Bay experienced widespread
deposition of relatively contaminated sediment. From 1956 to 1983, a period includ-
ing an era of peak contamination in the 1960s and marked improvements with the
onset of wastewater treatment in the 1960s and 1970s, the South Bay experienced
net erosion. In the most recent time period, net deposition has once again occurred.
The erosion and deposition varies by locale, with more erosion in the northern part
of South Bay and more deposition in lower South Bay. These long-term patterns
are a critical piece of information needed to predict the rate of improvement of Bay
water quality in future decades.

Sediment coring studies around the Bay consistently show greater concentrations
of legacy contaminants at depth than at the surface. Cores taken from a South Bay
tidal marsh along Coyote Creek (Fig. 3) exemplify the pattern, with mercury peak-
ing at a depth that corresponds to deposition in the mid-twentieth century (Fig. 6)
(Conaway et al. 2004). Time lines for the cores were established using radiocarbon
and pollen of introduced plants. This coring study showed that pre-mining concen-
trations of mercury in South Bay sediment were similar to those in other parts of
the Bay from the same time period. This similarity indicates that natural weathering

Fig. 6 In this sediment core from South Bay (Triangle Marsh), total mercury concentrations
peaked at a depth corresponding to deposition in the mid-1900s. From: Conaway et al. (2004)
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of mercury sources did not cause elevated total mercury in San Francisco Bay prior
to mining; rather, the concentrations only increased after mining began. Pre-mining
concentrations (0.08 μg/g) (Conaway et al. 2004) were approximately one-third of
current concentrations, which average 0.24 μg/g (SFEI 2009).

A series of 15 sediment cores 2-m deep were taken from Alviso Slough, which
currently drains the New Almaden district. These cores showed somewhat greater
mercury concentrations at depth, compared to surface concentrations, and only a
few cores with much higher mercury maxima below the surface (Marvin-DiPasquale
and Cox 2007). Profiles of mercury by depth varied among the cores, and the sub-
surface concentration maxima were generally four to five times greater than the
surface concentrations. This coring study included an experiment designed to assess
whether mercury from deep sediment would become bioavailable if released into
the water column by erosion. When buried sediment was mixed with oxygenated
overlying water, reactive mercury (Hg(II)R) concentrations increased 35- or 53-fold
over 1 week, depending on salinity. Reactive mercury was operationally defined in
this study as the fraction of mercury that was readily reduced to elemental Hg0 by
an excess of tin chloride (SnCl2) over a short exposure time. Reactive mercury is
thought to be available for conversion to methylmercury by sulfate-reducing bacte-
ria. This result, and the increase in sediment MeHg (previously discussed) at two
ponds after being returned to tidal action (Miles and Ricca 2010), suggests that a
pulse of bioavailable mercury may be introduced to South Bay waters during ero-
sion events associated with restoration actions. The duration of this pulse would
probably be related to the duration of the erosion, which might last from months
to years, depending on the restoration event. Modeling and monitoring of sediment
erosion, transport, and fate processes, in conjunction with methylmercury monitor-
ing, will provide important information for better understanding these relationships
and the consequences of erosion in South Bay.

The data available for organic contaminants at depth in South Bay sediments
are for PCBs and legacy pesticides, and these data also show higher concentrations
below the surface. A subset of the cores collected from Alviso Slough (Marvin-
DiPasquale and Cox 2007) was analyzed for PCBs and legacy pesticides (SCVWD
2008). PCB concentrations were consistently higher in the lower half, as com-
pared to the upper half, in these 2-m cores. PCB concentrations in the upper half
(52 ± 17 ng/g, mean ± st dev) exceeded a criterion (22 ng/g) set by the San
Francisco Bay Regional Water Quality Control Board for the beneficial reuse of
dredged material as wetland surface fill. PCB concentrations in sediment at depth
(173 ± 17 ng/g) were similar to the criterion value for wetland foundation fill
(180 ng/g). These criteria were used for comparison, since much of the scoured
sediment will ultimately probably settle on extant tidal marsh and sloughs or in the
breached ponds, which are the future sites of restored wetlands. PCB concentrations
at the surface were similar to PCB values from randomly sampled nearshore surface
sediments in San Francisco Bay (areas south of San Pablo Bay) (AMS 2005). PCB
concentrations at depth were similar to those from sediment cores collected down-
stream of storm drains known to be contaminated by PCBs elsewhere in the Bay
(AMS 2004).
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Patterns of DDT concentrations were similar to those described for PCBs above,
with one exception: DDT concentrations from the Alviso cores near the surface
(27 ± 5 ng/g) and at depth (48 ± 16 ng/g) were higher than typical Bay concentra-
tions (SCVWD 2008). Chlordane concentrations were 3.7 ± 2.3 ng/g at the surface
and 16 ± 9 ng/g at depth. Concentrations in samples from the lower half of the cores
exceeded the wetland foundation criterion (5 ng/g) and were above those found
under ambient Bay conditions. Dieldrin was more concentrated in the lower half of
the cores (2.0 ± 0.2 ng/g), and only the deeper samples exceeded the wetland surface
screening guideline (0.7 ng/g) and were higher than typical Bay concentrations.

The contaminant depth profiles in sediment cores from South Bay exhibited
patterns similar to those in cores from the northern reach of San Francisco Bay
that were extensively studied for many contaminants and dated by the USGS (van
Geen and Luoma 1999). The authors found that metals (Hg, Pb, Cu, Zn, Ag),
DDTs, PCBs, and PAHs all had low baseline concentrations prior to industrializa-
tion, from which concentrations increased during the early to mid-twentieth century
(Hornberger et al. 1999; Pereira et al. 1999; Venkatesan et al. 1999). Most of the
contaminants peaked at depth and then declined toward the surface, but PAHs, Cu,
and Zn did not decline in more recent sediments. Similarly, concentrations of trace
metals from anthropogenic sources peaked at depth in a sediment core from a North
Bay tidal marsh (Hwang et al. 2009).

Remobilization of buried sediments that are more contaminated than surface
sediments poses a significant issue for restoration activities. Prior research has sug-
gested that legacy contaminants persist in the upper layers of Bay sediment for
decades, because the top 30 cm stay in the active layer due to mixing (Fuller et al.
1999). Both organic chemical contaminants and mercury from the Alviso cores
showed a pattern of increasing concentrations at depth, necessitating consideration
of how erosion could result in increased concentrations of these contaminants in the
food web.

3.2 Change of Habitat Types

The planned restoration of salt ponds to tidal marsh has raised concerns about the
possibility of increased net methylmercury production and subsequent accumula-
tion in the food web. This concern applies not only to the restored marshes, but also
to the South Bay as a whole, which could be affected at a regional scale. These con-
cerns are based on studies in freshwater wetlands conducted at different locations
in the USA. Local studies are underway to assess mercury risks associated with
restoring particular ponds in South San Francisco Bay. An additional contaminant
issue regarding the transformation of ponds to tidal marsh is that the conversion
will involve sequestration of millions of cubic meters of sediment. The key question
about sediment sequestration in marshes relates to whether it will remove contami-
nated sediment from the active sediment layer of the Bay and whether it will create
marshes that have contaminated food webs.
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3.2.1 Methylmercury Production in Wetlands

Wetland biogeochemical conditions may be conducive to the production of
methylmercury. Sulfate-reducing bacteria are abundant in wetlands as a result of
the anaerobic conditions that prevail in these organic-rich environments, and these
bacteria are the main agents of mercury methylation. Many wetlands also have
peat soils, and sediment that retains a high percentage of organic matter has been
correlated with high concentrations of methylmercury (Krabbenhoft et al. 1999).

The central concern is that the restored marshes may cause greater accumulation
of methylmercury in the food web than is already present. This concern has arisen
from several studies performed in various parts of the USA. Results from these stud-
ies have linked wetlands to relatively high net methylmercury production and export
into waterways (Selvendiran et al. 2008). Local- and regional-scale studies have cor-
related wetland acreage in upstream watersheds with high rates of methylmercury
production and export in Wisconsin rivers (Hurley et al. 1995) and have identified
wetlands as methylmercury sources in boreal forest (St. Louis et al. 1996) and in
riparian wetlands of Massachusetts (Waldron et al. 2000). Additionally, a national-
scale study of mercury contamination along multiple gradients found that sediment
methylmercury contamination was most strongly correlated with proportion of
wetland in the sub-basin (Fig. 7) (Krabbenhoft et al. 1999).

More limited research on this topic has been completed in San Francisco Bay,
although some studies are ongoing. The results published to date suggest that wet-
lands are sites of variable and sometimes high rates of net methylation. Sediment
methylmercury concentrations have been observed to be higher in tidal marsh
(3–5 ng/g dry wt) than in the open waters of North San Francisco Bay (0.7 ng/g),
despite having similar total mercury concentrations (Marvin DiPasquale et al.
2003). Krabbenhoft et al. (1999) found that methylmercury in sediments of five

Fig. 7 Methylmercury concentrations in sediment were positively correlated to the percent of
wetlands in the sub-basin in a national-scale study of 106 sites from 21 basins. From: Krabbenhoft
et al. (1999)
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tributaries of the Sacramento-San Joaquin Delta ranged from 0.55 to 2.84 ng/g,
with methylmercury accounting for 0.1–2.2% of total mercury. The average per-
cent of methylmercury present for these five sites was the lowest observed in 21
study basins across the USA. In contrast, in a 1994 investigation of tidal marsh sed-
iments in the Bay, Schwarzbach et al. (2000) found methylmercury concentrations
between 0.41 and 25.2 ng/g, with percent methylmercury comprising 0.1–6.6%. The
maximum value of percent methylmercury to total mercury falls above the 80th per-
centile of data from the 21 study basins mentioned above, but the minimum value is
quite low. Because free methylmercury is short-lived, percent methylmercury is con-
sidered to be an indicator of net methylmercury production (Gilmour et al. 1998).
The high maximum percent of methylmercury that has been measured in Bay tidal
wetlands indicates the potential for high net methylation rates in these ecosystems,
while the low minimum percent methylmercury shows that not all tidal marshes are
problematic. Understanding the underlying wetland characteristics and processes
that lead to this variation is a key consideration for the SBSPRP and other wetland
projects that seek to minimize mercury risks related to restoration actions.

Hydrology and organic matter may be the key factors that govern net methylmer-
cury production in Bay wetlands. Research from other parts of the country indicates
that hydrology is important in determining which wetlands have higher methylmer-
cury production. St. Louis et al. (1996) found that spatial heterogeneity among
wetlands in export of methylmercury was related to differences in hydrology. Newly
flooded areas have been linked to spikes of methylmercury concentrations in water
and the food web that can continue at elevated levels for decades (Bodaly et al.
2007). Experimental flooding of a boreal forest wetland caused it to increase in
methylmercury export by a factor of nearly 40 (Kelly et al. 1997). The applicability
of this result to tidal wetlands is uncertain, as some of the change after flooding
the forest wetland was related to the death and decomposition of stressed vege-
tation (Kelly et al. 1997). In contrast, tidal marsh vegetation is adapted to tidal
flooding; therefore, a flooded marsh may not be an appropriate parallel to a wet-
land where plants die after flooding. However, tidal wetlands in Louisiana were
found to be probable sites of high methylmercury production and likely sources of
methylmercury contamination in local marine food webs (Hall et al. 2008).

Results from San Francisco Bay tidal wetlands do point toward hydrology
and organic matter as important factors relating to methylmercury production. A
study comparing sediment methylmercury and methylmercury:total-mercury ratios
between marsh interior and marsh edge showed concentrations of both to be higher
at interior sites (Heim et al. 2007). Physical processes of tide and sediment trans-
port govern marsh geomorphology, generally resulting in oxygenated, inorganic
marsh edge sediments near the banks of tidal creeks and more poorly drained, peaty
sediments in the marsh interior (Collins et al. 1986; Collins and Grossinger 2004;
Culberson et al. 2004). Also, experimental work (Windham-Myers et al. 2009) has
shown that methylmercury production in sediment decreased in some tidal wetlands
of San Francisco Bay when plants were removed. The authors hypothesized that the
mechanism for this reduction was a reduction in labile carbon (acetate) exuded by
the plant roots that was previously fueling microbial activity and, hence, mercury
methylation.
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3.2.2 Sequestration of Contaminants in Marshes

Wetlands sequester and break down some contaminants, largely through processes
that take place in sediment and secondarily in plants (Gambrell 1994; Reddy et al.
1999). Wetlands are such effective tools for remediation of pollutants that they
are often constructed with the purpose of improving water quality, particularly
for wastewater (Hammer and Bastian 1989; Reddy and d’Angelo 1997; Sheoran
and Sheoran 2006). The restored South Bay tidal marshes will be created by the
deposition in salt ponds of vast amounts of sediment with contamination at lev-
els either of the ambient Bay or of local tributaries that influence particular sites.
Restored marshes will begin to vegetate with cordgrass at low-marsh elevations,
and they will continue to accrete sediment and associated contaminants as they age,
until reaching a maximum elevation of many centimeters above mean high water
(Collins et al. 1986; Collins and Grossinger 2004). Thus, the South Bay restored
marshes may be sinks for persistent, sediment-bound contaminants. Although the
restored wetlands may act as sinks for contaminated sediments, whether the net
effect on Bay water quality will be beneficial is difficult to predict, given the poten-
tial remobilization of more contaminated sediment layers through erosion caused by
restoration.

Contaminants in marsh surface sediments would likely bioaccumulate in primary
producers and biota higher in the food web. Creating habitat for wildlife is one of the
main goals of the SBSBRP, including habitat for endangered species that are marsh
obligates. Thus, it will be important for the restored marshes to provide relatively
uncontaminated food resources for species such as the California Clapper Rail. The
magnitude of any contaminant effects on wildlife will depend partly on the degree of
contamination in the sediment the marshes accrete and in the tidal water. Thus, the
health of marsh biota will depend in part on the state of water and sediment quality
in the Bay at the time the marshes begin to vegetate to become highly productive
habitats capable of attracting dense wildlife populations. The salt ponds are to be
restored in phases that, at any point in time, will yield restored marshes at different
stages of development. Some ponds may not reach water elevations that will allow
vegetation to take hold for decades, either because of low initial elevation, insuffi-
cient sediment supply, or sea level rise. Thus, any reductions in contaminant sources
to the South Bay over the coming years will benefit the SBSPRP, and any increases
will be detrimental to the Project.

3.2.3 The Effect of Bird Populations on Water Quality in Managed Ponds

Some of the former salt ponds will not be restored to tidal action and, instead, will
be managed to support migratory water birds in winter and resident breeding birds
in summer. The Pacific Flyway populations of water birds that migrate through the
South Bay will encounter less managed pond acreage and more marsh acreage over
time as the SBSPRP changes the landscape. The restored marshes will provide habi-
tat for some species in the form of pannes (unvegetated tidal ponds in the marsh)
and sloughs (tidal channels), yet many birds will continue to rely on the resources
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of the remaining managed ponds to build up fat reserves during winter and to sup-
port reproduction during the breeding season. These individuals may be crowded by
necessity into dense aggregations in the remaining managed ponds.

The effect of dense bird populations on water quality is variable, with the out-
come depending on the details of the situation. Bird feces can degrade water quality
through eutrophication or introduction of pathogens. Some studies of eutrophication
of water bodies by avian populations indicate that water birds contributed a signif-
icant proportion of total nutrients and degraded water quality (Manny et al. 1994).
In one investigation of a shallow urban lake, the bird feces comprised nearly all the
phosphorus loading (Scherer et al. 1995). Large bird populations can also introduce
substantial quantities of bacteria to water bodies from their droppings (Valiela et al.
1991; Levesque et al. 1993; Graczyk et al. 2008), although in some studies water
quality was not affected by bacteria from bird feces (Levesque et al. 2000). The body
size of the bird, the density of the population, and the ability of the water body to
dilute avian feces are important considerations in determining whether water quality
might be impacted.

In a recent study of two managed ponds in the SBSPRP, it was found that the
relationship between bird use and water quality was seasonal and related to how
pond hydrology was managed. Shellenbarger et al. (2008) found that fecal indi-
cator bacteria concentrations in managed ponds were higher in summer than in
winter, despite bird abundance on the ponds being 10 times greater in winter. The
researchers concluded that, in the summer, water from an adjacent slough with poor
microbial water quality entered the ponds and increased concentrations of these bac-
teria. In the winter, bird feces probably contributed large quantities of fecal indicator
bacteria. Whether this pattern holds true for other ponds in the SBSPRP will depend
on factors such as hydrology, intensity of bird use, and quality of the source water
to the ponds.

4 Future Changes that May Affect Water Quality

Other future changes that could affect water quality will include some changes that
are beyond the control of the SBSPRP managers. Located in the transition area
between the upland watersheds and the Bay, the Project has an intimate connection
to the water quality of both areas. Increasing urbanization and human population
in the San Francisco Bay Area and the sea level rise that is accompanying global
climate change are likely to significantly impact the waters of the Bay and of the
Project. The human population of the Bay Area is expected to rise by 2 million
over the next 30 years, which is an increase to 140% of the current population
(ABAG 2007). Given that human activities have caused nearly all the water quality
impairment that is now observed in San Francisco Bay, the advent of 40% more
people in the local watersheds may adversely affect water quality, despite efforts
to minimize their impact. New contaminants will continue to emerge, such as pes-
ticides, pharmaceuticals, flame retardants, and nanotechnology waste. The effects
of population growth may also include greater peak loads of storm water, greater
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absolute quantity of contaminants in storm water, greater volume of treated wastew-
ater, more atmospheric loading of contaminants from vehicle exhaust, and more
trash. Many strategies are being developed to counteract these effects of population
growth, including better management and recycling of storm water, reduction of
pollutant sources, reuse of wastewater, and better trash management.

Climate change is also likely to affect the SBSPRP, and changing precipitation
patterns may be the aspect of climate change that most affects water quality in
the Project. Pulses of water are predicted to come from the Sierra Nevada moun-
tains earlier in the year, in winter/spring instead of spring/summer, due to earlier
snowmelt and to precipitation falling as rain instead of snow (Miller et al 2003;
Dettinger et al. 2004; Vanrheenen et al. 2004). This change would probably result in
greater flooding in spring and larger loads of contaminated sediment being carried
to the Bay during these events. Wetter springs are predicted to be followed by drier
summers, which will reduce natural dry-season inflows to the Bay. Therefore, it is
likely that dry-season flows will have a greater concentration of contaminants (less
total water volume) and will be more dominated by wastewater than in the past.

5 Recommendations

A general recommendation for the SBSPRP managers, and for others managing
wetland restoration at a regional scale, is to practice adaptive management and
ongoing monitoring for water quality, particularly bioaccumulation of contaminants
in the food web. The four main questions that need to be answered with adaptive
management and ongoing monitoring are as follows:

• What are the present levels of contamination in locations to be restored and in
adjacent habitats?

• What is the effect of different types of restoration on contaminant exposure of
wildlife in restored areas and adjacent habitats?

• What restoration approaches in terms of habitat type, location, water manage-
ment, etc., can minimize the bioaccumulation of contaminants in the food web
locally and regionally?

• What is the effect of restoration on the South Bay sediment budget and long-term
trends in South Bay regional contamination?

We recommend an approach to address these uncertainties that includes the
following elements.

1. Most importantly, a long-term regional program of monitoring and research is
needed that assesses contaminants prior to, during, and after each restoration
action within the larger SBSPRP. Emphasis should be placed on exposure and
effects in biota, along with ongoing synthesis of the information obtained into
conceptual and numeric models that describe contaminant dynamics at local and
regional scales.
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Long-term monitoring should be performed to ascertain the impact of restora-
tion actions on water quality relative to ambient condition on local and regional
scales. This monitoring should include sampling of concentrations in sport fish as an
index of human exposure and of marsh, pond, and Bay wildlife that are appropriate
indices of exposure in the food webs of each habitat. Monitoring of other food-web
or ecosystem components may also be useful in establishing long-term trends and
spatial patterns, and biosentinel organisms with high-site fidelity will be useful in
differentiating relative mercury bioavailability at fine spatial and temporal scales.
Water quality monitoring should be conducted in all of the habitat types that are
part of each restoration plan, and tidal marsh, managed pond, and intertidal mudflat
habitats will be of particular interest to monitor with respect to methylmercury.

Detailed surveys should precede individual pond restoration projects to docu-
ment existing concentrations of mercury and other contaminants and to evaluate
the potential for increased food-web accumulation. Determining the impact that a
restoration project has will depend on the availability of baseline information col-
lected prior to the project start. For restoration projects likely to mobilize or erode
large quantities of sediment, preliminary studies are needed to evaluate contami-
nant concentrations in surface and buried sediments and in the water and sediment
supply. The effect of remobilized contaminated sediment accumulating in restored
areas and adjacent habitats must be monitored.

Long-term monitoring of other water quality indicators will also be needed. To
ensure that contaminants do not interfere with the health of wildlife in restored
habitats, the Project will need information from toxicity testing to assess the effects
of current-use pesticides and other non-persistent contaminants and to ascertain
general trends in contaminant concentrations in South Bay.

Studies performed in association with restoration should contribute to devel-
opment of a conceptual understanding of mercury cycling in Bay wetlands that
allows prediction of bioaccumulation in restored habitats, including different sub-
habitats within wetlands. Food-web monitoring should be coupled with strategic
process studies crafted to disclose the mechanisms of variation in methylmercury
bioaccumulation within and among tidal wetlands. This knowledge will provide
the foundation for environmental managers and engineers to develop designs that
minimize the impact of restoration activities. High priority should be given to
examining the effects of restoration on bioavailability and net methylation rates,
as these processes have the potential to increase methylmercury exposure in
biota.

Conceptual and numeric models of contaminant fate are required on local and
regional scales. These models provide a framework for organizing the current state
of knowledge and for defining uncertainties, and they should continue to be updated
with new information.

2. Studies are needed that provide better information on the sensitivity of species
facing the greatest exposure to methylmercury and other contaminants.

More information on sensitivity to methylmercury of California Clapper Rails,
terns, and harbor seals is a priority. Piscivorous species are also highly exposed to
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PCBs, dioxins, PBDEs, and other persistent organic chemicals, yet the sensitivity
of these species to these individual chemicals and combinations of them is not well
known.

3. Development of a sediment-transport dynamics model and sediment budget is
required that accurately describe sediment mixing, deposition, and erosion in
South Bay.

Numerical models are needed to predict the sources and quality of sediment that
are supplied to restored wetlands, and the impacts of the Project on sediment erosion
and possible contaminant remobilization at a regional scale.

6 Summary

The SBSPRP is an extensive tidal wetland restoration project that is underway at the
margin of South San Francisco Bay, California. The Project, which aims to restore
former salt ponds to tidal marsh and manage other ponds for water bird support, is
taking place in the context of a highly urbanized watershed and an Estuary already
impacted by chemical contaminants. There is an intimate relationship between water
quality in the watershed, the Bay, and the transitional wetland areas where the
Project is located. The Project seeks to restore habitat for endangered and endemic
species and to provide recreational opportunities for people. Therefore, water qual-
ity and bioaccumulation of contaminants in fish and wildlife is an important concern
for the success of the Project.

Mercury, PCBs, and PBDEs are the persistent contaminants of greatest concern
in the region. All of these contaminants are present at elevated concentrations both
in the abiotic environment and in wildlife. Dioxins, pyrethroids, PAHs, and sele-
nium are also problematic. Organochlorine insecticides have historically impacted
the Bay, and they remain above thresholds for concern in a small proportion of
samples. Emerging contaminants, such as PFCs and non-PBDE flame retardants,
are also an important water quality issue. Beyond chemical pollutants, other con-
cerns for water quality in South San Francisco Bay exist, and include biological
constituents, especially invasive species, and chemical attributes, such as dissolved
oxygen and salinity.

Future changes, both from within the Project and from the Bay and watershed,
are likely to influence water quality in the region. Project actions to restore wetlands
could worsen, improve, or not affect the already impaired water quality in South
Bay. Accelerated erosion of buried sediment as a consequence of Project restora-
tion actions is a potentially serious regional threat to South Bay water and sediment
quality. Furthermore, the planned restoration of salt ponds to tidal marsh has raised
concerns about possible increased net production of methylmercury and its subse-
quent accumulation in the food web. This concern applies not only to the restored
marshes, but also to the South Bay as a whole, which could be affected on a regional
scale. The ponds that are converted to tidal marsh will sequester millions of cubic
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meters of sediment. Sequestration of sediment in marshes could remove contami-
nated sediment from the active zone of the Bay but could also create marshes with
contaminated food webs. Some of the ponds will not be restored to marsh but will
be managed for use by water birds. Therefore, the effect of dense avian populations
on eutrophication and the introduction of pathogens should be considered. Water
quality in the Project also could be affected by external changes, such as human
population growth and climate change.

To address these many concerns related to water quality, the SBSPRP man-
agers, and others faced with management of wetland restoration at a regional scale,
should practice adaptive management and ongoing monitoring for water quality,
particularly monitoring bioaccumulation of contaminants in the food web.
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