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I - EXECUTIVE SUMMARY

This synthesis was written by all participants of the workshop under the coordination of Nicholas
Fisher. Frédéric Briand, the Monograph Series Editor, reviewed and edited this chapter along
with the entire volume.

ABSTRACT

CIESM convened in late September 2006 a workshop to review the state of knowledge relating
contamination of the marine environment with public health. This opening chapter summarizes
the participants’ recommendations for future research so as to further consolidate our
understanding of these complex issues and to improve mitigation strategies. Contaminants
covered by the discussion included metals and metalloids, radioactive wastes, persistent organic
compounds, new “emerging” organic compounds, and pathogenic microorganisms. Many of
these contaminants enter coastal ecosystems through sewage treatment plants; some of them are
known to affect not only the marine organisms that concentrate them but also human soncumers
of seafood. Discussions also covered traditional and novel ways of monitoring, with particular
attention to the Mediterranean Sea.

1. INTRODUCTION

There is ample evidence that toxic substances build up in marine food chains and are consumed
in seafood, which is the principal pathway to humans for many of these contaminants. It is
therefore critical to evaluate the bioconcentration of toxic chemicals in relation to human
consumption and public health effects. These toxic substances include metals and metalloids,
organic contaminants such as chlorinated hydrocarbons, polynuclear aromatic hydrocarbons, and
pharmaceutical wastes, marine toxins largely associated with blooms of select algal species, and
to a lesser extent radioactive wastes emanating from the nuclear fuel cycle. In addition,
pathogenic microorganisms enter coastal waters via sewage disposal and many are known to
have important public health consequences.

Metals and metalloids (e.g., mercury, lead, selenium, others) have been shown to reach
concentrations in some harvested species that can result in impairment of nerve function in
humans, cancer, and even death. Chlorinated hydrocarbons (e.g., DDT, PCBs, dioxins) are highly
resistant to microbial and photochemical degradation and build up in marine food chains. Their
consumption by humans can result in endocrine disruption, neurobehavioral, reproductive and
developmental effects, and cancer. Polynuclear aromatic hydrocarbons can also build up in
marine food chains and have carcinogenic effects in humans. Pharmaceutical wastes enter coastal
waters in large quantities but their persistence in the environment, and bioaccumulation in marine
organisms, are still largely unknown. In addition, human consumption of seafood containing
toxins produced by harmful algal species can be subjected to severe neurobehavioral, respiratory,
and gastrointestinal effects. Pathogens entering coastal waters largely through sewage treatment
plant effluents and aquaculture operations can build up in marine bivalve molluscs as well as
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other shellfish and finfish, and can lead to gastrointestinal disorders, respiratory effects, various
infections, and sometimes death.

Risks to human populations and to coastal ecosystems are increasing (1) with the advent of new
technologies that result in enhanced discharges of increasingly complex (and poorly studied)
chemicals into marine receiving waters; (2) as a result of increasing human population densities
situated along coastlines worldwide; and (3) due to changing patterns of land use, including
altered flow of rivers. Although global climate change is now well recognized, far less attention
has been paid to the profound though gradual changes that are occurring in our oceans and coastal
seas. Sea level rise, warming, altered ocean currents and ocean acidification will probably impact
the bioavailability of contaminants, the occurrence and spread of infectious diseases and the
biodiversity, structure and sustainability of marine ecosystems.

Given the increasing recognition of marine environmental contamination and their likely ties to
public health, CIESM convened a workshop in Geneva, Switzerland, in September 2006 to
discuss related issues, with special emphasis on the Mediterranean region where possible. Fifteen
scientists from eight countries participated. The meeting was opened by Prof. Frédéric Briand,
CIESM Director General, who presented the context of this brainstorming seminar, and
gratefully acknowledged the local support of Prof. Daniel Ariztegui from the University of
Geneva for his gracious hosting. He then invited Prof. Nicholas Fisher, Chair of CIESM
Committee on Marine Biogeochemistry and workshop coordinator, to present the scientific
objectives of the meeting.

2. TOXIC CHEMICALS AND THE RISK ASSESSMENT PROCESS

The influx, concentrations, speciation, and biological interactions of metals, radionuclides, and
diverse organic contaminants in the Mediterranean and other marine ecosystems have been
reviewed in recent CIESM workshops (CIESM, 2002c; 2004) and the reader is referred to those
monographs for appropriate background information. Here we consider the potential toxic effects of
these substances and how to evaluate risks to marine organisms and to human consumers of seafood.

One of the difficulties in forming balanced judgements of the impacts of marine pollution on
human and other species is that human and ecological risk assessments are usually conducted
separately. Although both human and ecological risk assessment protocols have a common goal,
“to provide a quantitative estimate of the probability of an adverse effect occurring as a
consequence of a contaminant release” (Newman, 1998), there are differences in regulatory
practice, emphasis and technical feasibility that lead to differences in the endpoints commonly
considered (Suter et al., 2004). Human health risk assessment is focused solely on the protection
of human health and considers the effects on the individual, whereas ecological risk assessment
also considers the consequences for populations, communities and ecosystems, giving less
emphasis to the impact at the individual level.

There is an increasing recognition that risk assessments that fail to consider the interdependency
of humans with their environment are unlikely to offer full protection to either human health or
to nonhuman organisms, populations and ecosystems. Therefore, frameworks have been
proposed to allow science-based approaches that combine the process of risk estimation for
humans, biota and natural resources in one assessment (Suter et al., 2004). Guidelines for
achieving this aim have been proposed by WHO in conjunction with OECD and the US EPA;
they are listed in Table 1.

Table 1. WHO/IPCS guidelines for the integration of human and ecological risk assessment: priority research
areas identified by Munns et al. (2003).

. Improved communication between health and ecological disciplines;

. Harmonization of exposure characterization and surveillance methods and models;

. Development of methods to facilitate comparison of risks among endpoints;

. Development of common endpoints across taxa;

. Improved understanding of mechanisms of effect at multiple scales of biological
organization.
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Current risk assessment models for carcinogens and many other potentially toxic chemicals are
based on a default assumption of a linear, low-dose relationship such that even the smallest
detectable levels represent a theoretical risk that is directly proportional to risks observed at
higher doses experimentally or based on ecological or epidemiological studies. It is now possible
to detect many contaminants at the part per trillion level or lower, more than six orders of
magnitude lower concentrations than was possible only two decades ago. Yet it is still not
possible to measure very small risks even in large populations, thus it is not possible to prove or
disprove whether low doses carry a health risk or what the shape of the dose-response curve is in
this very low dose region. However, recent studies of actual low-dose effects using new, highly
sensitive techniques, such as gene expression changes, indicate that the dose-response for most
chemicals is highly complex, multi-phasic, and clearly non-linear. Many of these studies also
imply an absolute or practical threshold, below which there are no detectable biological effects,
which is not reflected in the current default risk assessment models. It will be important, both
from a health protective standpoint and from the pragmatic standpoint of resource allocation and
prioritization that scientists and regulators begin to harmonize current scientific knowledge with
the risk assessment process, since current models which are designed to be health protective can
either over- or under-estimate risk of non-linear responses. The interaction of human activities
with the Mediterranean marine environment represents an excellent model for incorporating
scientific knowledge with science-based policy that is protective of human health, the
environment, and important economic resources on the one hand, while balancing the wise and
judicious use of resources based on knowledge and prioritization on the other.

Further complicating risk assessments is the observation that many contaminants elicit effects in
which hormesis (or positive stimulation of biological events) is evident, particularly at low tissue
concentrations of contaminants (see Pagano, this volume). These responses include increased
growth rate, fertilization success, or enzyme activity. An unexplored, yet challenging subject in
ecological and public health risk assessment may be ascribed to the impact of aquatic
contaminants at subtoxic concentration ranges (Chapman, 2001). Given the non-linearity of
biological responses to low concentrations of toxicants, observed for radiation and a wide variety
of chemical stressors (Calabrese and Blain, 2005) to marine organisms (Stebbing, 1987; De
Nicola et al., 2004; in press), risks assessments need to consider these phenomena before realistic
appraisals can be made for public health following exposure to seafood with low contaminant
levels. To better incorporate hormesis into guiding such risk assessments, further research is
warranted in which bioassays consider a wide range of toxicant concentrations, including
concentrations below the classical “no-effect-level” that may conceal the onset of hormetic
effects. It becomes evident that careful consideration must be given to selecting appropriate
controls, whose suboptimal quality should be compatible with the detection of either inhibitory
or hormetic effect. Moreover, the assumption of “perfect” controls, i.e., lacking any adverse
effect, may rarely exist in natural ecosystems or in humans.

2.1. Common end points and the application of biomarkers for evaluating toxicants

As we learn more about the molecular and cellular mechanisms that form the basis of biological
processes, the sheer scale on which humans and other species, as diverse as fish, algae, and
several invertebrates, share genes and cellular mechanisms in common becomes apparent. A
further consequence of this is that they may be equally susceptible to the common mechanisms
of action of toxic chemicals. Toxicological damage at the level of molecules (DNA, protein and
lipid), cells (integrity of membranes, function of subcellular organelles) and tissues (necrotic or
apoptotic lesions, structural changes) may be remarkably similar between quite diverse species.
The limitations of biomonitoring are that it is impractical to keep measuring more and more
chemical residues in the tissues of marine organisms. Often one chemical will influence the
uptake of another and since exposure to pollutants usually occurs through complex mixtures, the
interpretation of findings may be difficult, especially in relation to pollutant bioavailability.
Perhaps the greatest limitation of biomonitoring is that it provides little insight into the adverse
effects of pollutants on ecosystems and their components. There is a growing consensus that
biomarker approaches offer greater potential in this regard. While consideration must always be
given to exposure scenarios and to species differences in the patterns of uptake, metabolism and
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excretion, biomarkers (defined here as functional measures of exposure to stressors at the
molecular, cellular or physiological level) can provide common, measurable endpoints to enable
human and ecological risk assessments to be considered in a more integrated way.

Biomarkers are generally classified into four major categories: (a) internal dose, (b) biologically
effective dose, (c) early biological effects and (d) susceptibility. This describes a continuum from
exposure to disease, although different classifications may of course overlap. For example, blood
or tissue contaminant concentrations, or metabolites, may be used to estimate exposure, altered
enzyme activities may indicate biologically effective doses, susceptibility of pre-clinical effects,
while pathological lesions provide evidence of adverse consequences (Galloway, in press).

Recent advances in molecular biology, diagnostic and analytical technologies mean that these
techniques are increasingly becoming available for use with wildlife species, including
mammals, fish and shellfish, with the promise of providing a more detailed insight into their
toxicological and environmental responses to stressors. This has the potential to be very
beneficial to the risk assessment process, particularly of marine contaminated areas, as it
addresses the lack of mechanistic detail and genetic sequence data which have previously been
available for the most popular invertebrate species used in aquatic ecotoxicology, such as the
freshwater invertebrates Chironomus riparius or Daphnia magna, and the common marine
mussel Mytilus edulis. Improved methods for determining exposure levels are also of particular
relevance for assessing human exposure through contaminated food.

Key aspects of the biomarker approach that require attention are:

- that it is not sufficient to use a single biomarker as a surrogate for a specific pollutant.
Experience has demonstrated that the use of suites of biomarkers to develop a weight of evidence
approach is the most effective way to use biomarkers;

- biomarkers provide a means of assessing the integrated impact of pollutants and natural biotic
and environmental stresses;

- biomarkers, used together with rapid chemical assessment methods, can provide an easy to use,
rapid, inexpensive means of prioritizing among potential study sites. The utility of this approach
has been demonstrated by the RAMP programs (Rapid Assessment of Marine Pollution)
endorsed by UNEP, IOC and IMO. RAMP is a pilot program of the Global Oceans Observing
System (GOOS);

- experience with the application of biomarkers has highlighted the need to validate methods with
a broader range of species occupying different locations in food webs and reflecting a wide range
of lifecycles and feeding mechanisms;

- the advent of genomic and proteomic approaches now presents the possibility of identifying
changing patterns of gene and protein expression that may allow more effective identification of
specific pollutant threats. Furthermore, such studies provide mechanistic insights that have
relevance to the ontogeny of disease in humans;

- the global spread of infectious diseases, and the increasing recognition of the presence of
bacteria, fungi and viruses in the marine environment clearly point to the value of biomarker
approaches for assessing exposure to microbial threats and in the provision of early warning of
the risk of the disease in biota and humans;

- many of the biomarkers used in environmental risk assessments are identical to those used in
human risk assessment. This provides a potential means of linking environmental conditions with
human health and well-being.

Further, there is a need in environmental studies to use multiple biomarkers in multiple species
that are considered key components of marine ecosystems. To accomplish this, it will be
important for scientists and other stakeholders to collectively choose model organisms that are
good sentinel species, good keystone species, occupy key environmental niches that represent
different trophic levels and different types of environments (estuarian, benthic, etc.) and which
ideally are also amenable to genetic, physiological and other studies. Developing consensus on
such model organisms would be a stepping stone to many different types of studies that could
then link with each other to more effectively share information. Such common model species
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could be the basis of integrated monitoring programs, development and application of genomics
tools and biomarkers, and development and application of these species as mechanistic models.

An example of a good model species currently under development is the killifish (Fundulus
heteroclitus), which is a marine estuarian euryhaline teleost fish. It occupies a key position in the
estuarian food web, and its health status at the individual and population level is highly
representative of the condition of its food web and ecological niche. Thus it serves as both a
keystone species and a sentinel species. Interestingly, its ability to rapidly adapt to changes in
salinity is a result of complex physiological processes that are highly representative of several
human physiological processes. Thus, it also serves as an excellent model for studying the human
disease cystic fibrosis, for example, since both the human disease and killifish salt regulation are
dependent on the same protein, CFTR. Genomics tools are now being developed (sequencing of
the genome and expressed mRNA genome, development of DNA microarrays, proteomics
analyses, etc.) for killifish that will make this an excellent model for environmental monitoring,
physiological processes, and responses to multiple stressors. Careful selection of other key
species using similar criteria would coalesce the scientific community around common models
that could then be developed more rapidly and effectively than an ad hoc selection by individuals.
Moreover, this would allow a single database to integrate many different layers of information
from a wide variety of studies, as well as providing more robust spatial and temporal analyses.

2.2. Naturally occurring toxins

In addition to synthesized organic compounds, such as chlorinated hydrocarbon pesticides,
PCBs, PAHs, and pharmaceutical wastes, potentially toxic metals that are greatly mobilized by
man through mining and industrial activities, and radionuclides emanating from the nuclear fuel
cycle and from weapons testing, there are other naturally occurring compounds that are highly
toxic and that can affect both resident marine animals and human consumers of seafood. These
include a broad array of toxins produced by marine organisms, but by far the compounds that
have elicited the greatest public health consequences are those produced by harmful algal blooms
(Landsberg, 2002). Compounds produced by a diverse microflora, but most particularly
involving certain species of dinoflagellates and diatoms, can be accumulated by herbivores (e.g.,
shellfish) or fish and passed on to man. Massive fish kills have occasionally resulted, in addition
to sick humans. Reported incidents of harmful algal blooms have increased markedly in recent
years, and this is not simply due to increased vigilance of coastal waters (Smayda, 1990;
Hallegraeff, 1993). The eutrophication caused by excessive nutrients introduced into coastal
waters, frequently attributable to sewage treatment plant effluent as well as riverine input from
increasingly fertilized watersheds, has greatly increased worldwide and has probably contributed
to more frequent and prolonged harmful algal blooms (Anderson et al., 2002). Some
environmental factors have been identified that can trigger certain species to produce toxins, but
there is still considerable uncertainty regarding this issue and no generalizations appear possible
at this time. Reducing the magnitude of these harmful algal blooms and their toxicological
consequences would appear to be tied to reducing nutrient discharge into coastal ecosystems,
particularly in poorly flushed bodies of water.

2.3. Complex toxicant problems and possible resolution

A significant issue for all environmental and human health studies is the problem of multiple
stressors. One example of this is the complex mixture of environmental contaminants that most
ecosystems and most humans encounter. Most studies focus on a single stressor such as a
chemical contaminant, pathogen or natural toxin. However, many recent studies using binary
combinations of agents have demonstrated that they can interact additively, synergistically or
antagonistically. We currently have little knowledge or predictive power to determine how two
or more environmental agents may interact to lead to environmental or human health impacts.
Yet there are examples where such interactions can lead to “tipping points” where significant
effects occur that are poorly predicted by information of each agent in isolation. New studies
should focus on those complex interactions that are either most likely to occur and/or have the
greatest potential, based on current knowledge, to lead to non-additive interactions. Important
mechanistic studies need to be conducted that will evaluate how, and to what extent, whole
classes of chemicals are likely to interact with each other in order to develop a greater predictive
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capability for evaluating risks of organisms, including humans, to environmental contaminants.
This will be even more important as emerging contaminants begin to build up in coastal waters,
including new synthetic chemicals from industry, pharmaceuticals, etc., and emerging pathogens
of concern.

There is a well-recognized continuous and increasing introduction of new contaminants into
marine ecosystems, contaminants for which we often have no information on structure,
persistence in the environment, reactivity for different environmental matrices, or biological
effects (CIESM, 2004). While chemical analyses can help determine the exposure concentrations
of xenobiotics, this type of analysis is limited because only known substances are analyzed, the
interaction of mixtures of compounds is not taken into account, and currently the biological
effects of these mixtures cannot be predicted. Moreover numerous organic contaminants can be
metabolized and transformed into other compounds that can sometimes be more toxic than parent
compounds (Schwarzenbach et al., 2003). The multi-contaminant (multi-sources, multi-classes)
character combined with the temporal and spatial variability of their abundance, as well as
complicating natural interactive forces (varying salinity, temperature, sunlight, etc.) makes more
and more complex the evaluation of the contamination of environmental systems and the risk
assessment procedure for the marine environment and for human health. In some cases, there
may also be significant toxicological interactions between co-occurring toxins produced by
blooms of some algae and these synthetic organic compounds or metals, but this is largely a
matter of speculation at this time. Some progress may come with the development of screening
methodology with no a priori selection of chemicals linking toxicity bioassays and chemical
analyses. The new possibilities provided by the recent development in bioassay technology lead
to the availability of a battery of specific bioassays able to determine the in vitro CMR
(carcinogenic, mutagenic, reprotoxic) potency of chemical mixtures. By developing a “Toxicity
Identification Evaluation” (TIE) type approach combining fractionation of total extracts,
bioassays and chemical characterization of the toxic fraction, it may be possible to identify the
toxic compounds present in the natural environment and in products related to human
consumption.

Many of the new “emerging” contaminants are associated with discarded pharmaceutical
chemicals, many of which enter coastal water through sewage treatment plants. Measured
concentrations fluctuate between low ng 1! to tens of wg 1! levels, depending on the compound,
location, and season. Most studies have assessed concentrations in the dissolved phase, but the
particulate phase (phytoplankton, suspended abiotic particles) may also be important and may
serve to introduce these substances into marine animals even more effectively than the aqueous
phase (Fisher and Reinfelder, 1995). The bioaccumulation of most of these compounds in aquatic
organisms, biological and abiotic breakdown products, and toxicity are just starting to be
examined and need to be explored much more fully, as these could influence their impact on
human health as well as the health of resident marine animals. Regarding antibiotics,
bioaccumulation properties of some are known (e.g., in relation with their use in aquaculture) and
there are EU norms fixing their maximum levels for products consumed by humans.

Genomics and proteomics represent two new experimental tools that can provide powerful
information about the biological and toxicological responses of organisms, including humans, to
environmental factors including chemicals of concern, pathogens, and other factors. Genomics
provides the most sensitive tool for investigating very low level biological responses, and its
ability to “fingerprint” unique responses to individual factors provides a means of both
investigating a mechanism of action and using these tools for environmental monitoring and
toxicant detection. Genomics can also be used to investigate complex and poorly understood
phenomena such as non-monotonic dose responses including hormetic effects, potentially non-
additive interactions of multiple stressors, and population shifts in response that are not obvious
on the individual level. Proteomics provides a means of developing and validating powerful
protein level biomarkers of exposure, susceptibility and effect that, in combination, can be used
to assess complex environmental responses including changes in human response that presage
subsequent health impacts. Collectively these tools rely on genomics information about the
individual species under investigation. Thus, to most effectively apply genomics and proteomics
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to the marine environment it will be necessary to develop appropriate genomic information about
model species under investigation.

3. MICROBIAL PATHOGENS IN COASTAL MARINE ENVIRONMENTS

The contributions of Ingrid Brettar and Carlos A. Guzman to this section are gratefully
acknowledged.

3.1. Pathogenic microorganisms of relevance to human health in the marine environment

Most human pathogens are found in coastal marine environments and not in open ocean habitats.
This is commonly attributed to human activities on the coastline. Bacteria are the best studied of
all known pathogens of marine origin (Belkin and Colwell, 2006). We know that only a very
limited number of bacterial taxa contain pathogenic species (Gammaproteobacteria,
Epsilonproteobacteria, Firmicutes and Actinobacteria, Brettar et al., this volume). Some of these
bacteria are well known as indigenous marine bacteria, e.g., the Vibrio species, or freshwater
bacteria from continental inputs, e.g., Aeromonas species (Monfort and Baleux, 1991), whereas
others like Salmonella sp. and Helicobacter pylori are of allochthonous origin (Carbone et al.,
2005). In addition to the well known pathogenic species or strains, “new species or strains” have
to be considered as potential health threats when cases of infections start increasing (e.g.,
infections by Mycobacterium marinum, Erysipelothrix rhusiopathiae; Oliver, 2005) or when
potentially pathogenic bacteria are detected in high numbers in marine coastal waters (e.g.,
Arcobacter spp.; Maugeri et al., 2004). Furthermore, the occurrence of pathogenic bacteria
equipped with new virulence or antibiotic resistance genes through horizontal gene transfer (e.g.,
by bacteriophage transduction), or hybrid organisms generated from two genomes of non-
pathogenic bacterial strains (Bisharat et al., 2005) can result in highly virulent bacteria
representing a sudden and unexpected threat for human health. Thus, we have to take into
account the threat by emergence and re-emergence on the species, subspecies, and clonal level,
which is a major challenge for the provision of adequate detection tools and prevention measures.

The discovery of pathogenic viruses in marine environments is a relatively recent event with the
first detection of Coxsackievirus in 1947 by Dalldorf and Sickles (for a review see Griffin et al.,
2003). The four major families of pathogenic viruses found are Adenoviridae, Caliciviridae,
Picornaviridae and Reoviridae (Brettar et al., this volume). These families comprise double
stranded (ds) DNA, single stranded (ss) RNA and ds RNA viruses. All known pathogenic viruses
that pose a significant health threat in the marine environment are transmitted via the fecal-oral
route (hence their name as “enteric viruses”) and are considered to be of allochthonous origin.

In addition to viruses, three genera of zoonotic protozoa, Giardia, Cryptosporidium and
Toxoplasma, are detected in coastal waters (Fayer et al., 2004), sediments and shellfish. The
origin of the protozoa is fecal matter of human or (mostly domestic) animals. Protozoa survive
well as cysts that are small, buoyant, and resistant to most environmental influences, even to
disinfectant, and remain infective in moist environments for long periods (up to a year); thus
protozoan cysts are much more resistant to environmental stress than viruses and bacteria (Nasser
et al., 2003). The occurrence of terrestrial protozoan species like Cryptosporidium parvum in
shellfish indicates their land origin. Infection by these protozoa in the marine environment is
observed for a large set of marine mammals.

Pathogens found in the marine environment are responsible for a broad spectrum of acute and
chronic human diseases such as gastroenteritis, ocular and respiratory infections, hepatitis,
myocarditis, meningitis, and neural paralysis. The origin of most marine pathogens is feces, with
only a very few “autochthonous bacterial pathogens” (e.g., vibrios) able to grow in the marine
coastal environment.

3.2. Ecology of marine pathogens

Survival of human pathogens in the marine environment is controlled by ecological mechanisms
and environmental factors, such as grazing, solar radiation and temperature, organic matter
availability, and suspended particle load. Infectivity might also depend on the physiological state
and ecological fate of the pathogen and of the specific species that is infected. Concentrations of
pathogens are strongly influenced by sewage discharge, ship traffic, and meteorological events
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like heavy rainfall. At present, despite a growing body of work in the field, there is still an
inadequate understanding of the factors that affect the amount, survival, activity and infectivity
of pathogens in marine systems.

Viruses and parasitic protozoa (in cyst form) are not considered capable of physiological
responses to environmental stresses and can be regarded as almost inert biological particles in
this respect. In contrast, bacteria are capable of activating different mechanisms to respond to
such stresses and to survive in sub-optimal environmental conditions; a good example would be
endospore formation by some gram-positive bacteria (e.g., Clostridium). In non-sporulating
bacteria, cells arriving at the stationary phase of growth activate genetic cascades that enable an
increased resistance to a number of stresses such as high or low temperature, increased salinity,
osmotic shock and other environmental stressors (Jenkins et al., 1990; Ostling et al., 1993).
Another adaptation mechanism more recently discovered to hostile environmental conditions is
known as the Viable But Non Culturable (VBNC) state (Colwell and Huq, 1994; Lipp et al.,
2002; Xu et al., 1982). A stressed bacterial cell that grows normally on culture media loses this
capacity by entering the VBNC state, but can stay physiologically active and retain its virulence.
The VBNC state was described for numerous allochthonous and autochthonous pathogenic
bacteria. For autochtonous bacteria, such as Vibrio, the response would be an adaptation of the
cell, for example in cold winter conditions. However, for an allochtonous pathogen such as
Salmonella, the VBNC state can be considered an artifact of cellular degradation caused by
environmental stresses that may lead to cellular lysis (Monfort and Baleux, 1994).

3.3. Ecological mechanisms supporting survival of pathogens in the marine environment

Organic nutrients improve the survival and growth conditions of bacteria in coastal waters. They
can derive from algal growth or the land, introduced by river discharge, sewage, and runoff. The
highest concentrations of organic nutrients are often found on the surface of organisms like algae
or copepods. Attachment to these surfaces therefore provides a favorable environment for
bacteria, including pathogenic bacteria like members of Vibrio genus (Lipp et al., 2002).

Attachment of microorganisms to particles in general increases survival and infectivity of
bacteria and viruses (Brettar and Hofle, 1992; Griffin er al., 2003; Maugeri et al., 2004). For
bacteria, improved nutrient conditions, shelter from grazing and UV irradiation improve the
survival or growth conditions. For viruses, shelter from UV irradiation supports survival and
infectivity. For protozoa, particle attachment seems to have little effect on survival in water. For
all microorganisms, particles may serve as a vehicle for transfer to the sediment.

Attachment to plankton is of special relevance for the survival and growth of pathogenic bacteria
in the marine environment. Attachment can occur to zooplankton and phytoplankton that both
provide increased availability of organic nutrients and shelter from UV and grazing. For vibrios
and other bacteria including fecal indicators, attachment to zooplankton increases survival,
growth and distribution (via transport by the animal host and/or its feces) (Baffone et al., 2006;
Maugeri et al., 2004; Signoretto et al., 2004).

Interactions with bivalves and other invertebrates provide protective and growth-promoting
conditions for some pathogenic marine bacteria (e.g., vibrios) similar to attachment to plankton
(Cavallo and Stabili, 2002). The resistance of some pathogenic bacteria and viruses to depuration
procedures of edible bivalves is a further reason for the world-wide incidence of seafood borne
diseases. Factors such as bacterial surface ligands, soluble hemolymph components, and the
ability of some bacteria to activate distinct stress-signalling pathways involved in the hemocyte
response are important in determining the bacterial fate within a bivalve host (Canesi et al., 2005;
Pruzzo et al., 2005a). Interestingly, recent evidence shows that colonization ligands used by V.
cholerae to interact with chitin-containing surfaces can be the same as those required for
intestinal colonization (Kirn et al., 2005; Zampini et al., 2003). This observation points to a
common link between the persistence of some potentially pathogenic bacteria in the environment
and infection of the human host and suggests that virulence mechanisms of bacteria having
environmental reservoirs may reflect adaptive mechanisms to the environment.
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All pathogenic microorganisms show increased concentrations, prolonged survival and
infectivity in sediments, especially surficial sediment (Fayer et al., 2004; Griffin et al., 2003;
Brettar and Hofle, 1992). Thus, sediments that are resuspended by storms and ship traffic may
introduce pathogens into the water column, particularly in lagoons and harbors. Reduced grazing
and protection from UV irradiation could be important for the improved survival conditions of
microorganisms, but further studies of the environmental factors that affect the survival and
activity of pathogens in sediments are clearly needed.

3.4. Mechanisms reducing survival of pathogens in the marine environment

All pathogenic microorganisms are subject to grazing in the marine environment to some extent.
Most relevant grazers are flagellates, ciliates, zooplankton such as cladocerans, filter-feeding
bivalve molluscs, ascidians, polychaetes, and sponges. Grazing involves ingestion and digestion
of the microorganisms. Bacteria are to some extent eliminated by grazing. Viruses are the least
affected by grazing due to their small size.

Bivalves often exhibit a strong enrichment of pathogenic bacteria and viruses relative to the
surrounding seawater (Miossec et al., 2000; Muniain-Mujika et al., 2003). Most gram-negative
marine bacteria are considered to be well digested by bivalves (Birkbeck and McHenery, 1982),
but many pathogenic bacteria, especially vibrios, are able to survive and even multiply within the
bivalve gut (Charles et al., 1992; Pruzzo et al., 2005a).

UV radiation is able to destroy viruses and bacteria. Since UV radiation decreases with water
depth and turbidity, bacteria and viruses in deeper water layers and/or particle-rich water are less
stressed by UV radiation than in clear surface water. As well most pathogenic bacteria are more
abundant at higher water temperature which promotes faster growth. With decreasing
temperature, an increased fraction turns into a VBNC state (Huq et al., 2000) and the infectivity
and survival rate may decrease. By contrast, viruses survive longer and display a higher rate of
infectivity at lower temperature. Protozoa survive for a long time (as cysts up to a year or even
longer) regardless of temperature (Fayer et al., 2004).

Bacteriophages can infect bacteria and lead ultimately to lysis and thus elimination of the
bacterial cells. Bacteria occurring in the marine environment can either be infected before they
enter the marine environment (e.g. in the intestine of a land animal, or in the sewage treatment
facility) or be infected in the marine environment. Due to their specificity, the host spectrum of
a specific phage is very restricted, usually to a specific bacterial species. Since the probability to
be infected by a virus of the right specificity is dependent on the abundance/density of a bacterial
host, bacteria with a high abundance in the coastal environment - such as vibrios or Aeromonas
sp. - are much more likely to be infected and killed by viruses in the marine environment (Jiang
et al., 2003). For bacteria unable to grow in the marine environment, infection by viruses of
marine origin is unlikely; by contrast the presence of bacteriophages specific for enterobacteria
can be used as a tracer for fecal contamination in shellfish or in coastal water (Dore et al., 2000).

3.5. Current hygienic problems in coastal environments

The main sources and transmission mechanisms of microbial contamination in coastal marine
environments are sewage, run-off, floods, groundwater seepage, and river discharge. In specific
areas, ship traffic, ballast water, and bathing represent additional sources. Well-treated sewage is
intended to contain low numbers of bacteria, viruses and protozoa and the load of pathogenic
microorganisms increases with decreasing treatment procedures/quality. Major problems arise
during heavy rainfalls, storm events or floods that flush untreated or improperly treated sewage
into rivers and coastal water, often leading to increased load of pathogens in coastal waters and
increased incidence of disease (Miossec ef al., 2000). It is noteworthy that treated and disinfected
wastewater may still have a high load of pathogenic organisms, averaging 30 - 80% of that in
untreated sewage (the lowest values for bacterial pathogens, the highest for protozoan cysts)
(Harwood et al.,2005). Disposal of sewage sludge in agricultural areas, rivers and coastal regions
can be another important source of pathogenic microorganisms.

Run-off carries pathogenic microorganisms from soils and urban surfaces and, depending on the
strength of the rainfall, overloaded sewers, rain water collectors and sewage treatment facilities
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to rivers and coastal water. Depending on the season, this might be a threat to human health via
contaminated seafood or seawater. Microbiologically contaminated groundwater may seep
directly into coastal water or be transferred via river water. For viruses high transfer rates from
groundwater aquifers, especially in limestone, to coastal water have been observed. Major
contaminators of groundwater are households with septic tanks, livestock, and leaking sewage
pipes. Rivers often carry high loads of pathogenic microorganisms, especially following rainfall
events, to coastal waters.

In summary, feces of humans and domestic animals are major sources of pathogenic
microorganisms entering coastal marine environments. The complete transport of feces to
sewage treatment plants is difficult to achieve, especially during periods of heavy rain.
Additionally, pathogenic bacteria, viruses and protozoa are somewhat reduced but not eliminated
in sewage treatment plants (Harwood et al., 2005); those deposited in the sewage sludge are
another source of contamination unless effective further treatment was achieved.

Furthermore, man-made eutrophication of coastal waters due to the addition of inorganic
nutrients increases the production of algal biomass which in turn improves the survival of
pathogenic bacteria by increasing the availability of organic nutrients and particles; the
increasing particle load can also enhance the survival of pathogenic viruses. Global warming
results in increased temperature of coastal waters, and this would also enhance survival of
pathogenic bacteria but may diminish survival of viruses.

3.6. Emerging threats and potential mechanisms to increase virulence of microorganisms

Highly pathogenic microorganisms can either be directly introduced into the marine
environment, or increase their pathogenicity in the marine environment. Major sources for
introduction are sewage, with sewage derived from hospitals, and inadequately treated sewage
especially from large urban areas representing a great threat. Additionally, ballast water has to be
taken into account - not only for toxic algal blooms but also for the transfer of highly pathogenic
microorganisms (Peperzak, 2005).

Mechanisms for increasing the pathogenicity for bacteria are 1) horizontal gene transfer in aquatic
breeding grounds, such as fish farms and overloaded sewage treatment plants, that allows
acquisition of genes responsible for virulence or antibiotic resistance from other (usually related)
bacteria or via bacteriophages, or - as recently shown - ii) formation of a hybrid highly
pathogenic organism generated from two genomes of non-pathogenic bacterial strains (Bisharat
et al., 2005). Horizontal gene transfer is more likely with increasing density of a specific
pathogenic bacterial species or genus, e.g. more likely for vibrios than for enterobacteria and for
sites of high concentration, such as gills of bivalves (Miller, 2001). Bacteriophages can serve as
vehicles for nucleic acids of bacterial origin (genomic or plasmid DNA) that can lead to
transduction of bacteria. A good example is the cholera toxin that is encoded by a lysogenic
bacteriophage (Faruque et al., 1998). Chitinous surfaces are ubiquitous in marine environments
on living crustaceans or their cast exoskeletons; it has been recently shown that V. cholerae
interactions with such surfaces induce regulatory circuits that control transformation, thus
providing bacteria another genetic mechanism to acquire new virulence or antibiotic resistance
genes (Meibon et al., 2005).

The potential for contracting an infectious disease depends on different factors, including host
susceptibility, the degree of exposure to the pathogens and the virulence of the agent. The
increasing number of both aging and immunocompromised individuals, who are most susceptible
to infections, emphasize the need for setting up control measures that are directed towards
microorganisms with low virulence potential, such as Aeromonas spp.

It is now recognized that health issues, including those related to water borne diseases, are no
longer simply a local problem but encompass global issues (Colwell, 2004). Natural events,
which are now known to occur on a global scale, the worldwide moving of people (e.g., business,
tourism) and goods, and human activities are largely responsible for the greatly enhanced global
transport of microorganisms, including well known pathogens and novel pathogens such as
SARS and extremely drug-resistant strains like Mycobacterium tuberculosis type XDR.
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3.7. Possible solutions to improve the hygienic conditions of coastal seawater

Currently, hygienic quality and potential health risk from exposure to seawater and consumption
of contaminated seafood are assessed by culturing indicator bacteria. This classical
microbiological methodology relies on such methods as plate counts (CFU) of coliforms or
plaque forming units (PFU). There are some serious deficiencies with these measurements there
is no significant correlation between their outcome and the abundance of many microbial
pathogens of non-fecal origin, nor do they provide valid identification of the pathogen. For this
objective state-of-the-art molecular detection methodology has to be considered. Advanced
methodology for environmental detection of microorganisms depends on: i) the type of
microorganism, ii) the level of taxonomic resolution to be achieved, iii) the detection limit to be
reached, and iv) the cost and time necessary to analyze samples. The approach now used widely
is to analyze nucleic acids, extracted directly out of seawater, with a suite of molecular methods
ranging from PCR and DNA array-based techniques to immuno-capturing and fluorescence in
situ hybridization (FISH). Applying quantitative PCR techniques such as real-time PCR has
enabled quantifying the pathogenic microorganisms in seawater without culturing them (Fey et
al., 2004; Gonzalez-Escalona et al., 2006). These advanced methods require considerable
expertise and facilities and as yet are not routinely used for seawater analysis. There is clearly
room for technological improvement, standardization, validation and automation of the
molecular detection technology, particularly as it relates to pathogen detection in coastal waters.
Validation of molecular detection methods for the environmental detection of microorganisms is
also recommended for quality control of drinking water (OECD, 2003).

3.8. Interrupting the fecal-oral infection route by integrated coastal management

Transfer or storage of pathogens in sewage effluent seems to be a task that cannot be done
without occasional high contamination of surface, ground water and coastal water. A solution to
the risk of storage and transport would be a rapid on site extinction of these pathogens. Efficient
procedures to reduce the load of pathogens (bacteria, viruses, protozoa, helminths) in human and
animal waste in a short period of time (one to a few days) are those that include a step with
heating of the waste, such as composting (>60°C, due to microbial heating) and the thermophilic
production of biogas by methanogenesis (> 50°C). Critical to these procedures is that they reach
high temperatures (above 50°C) for a sustained period (one to a few days). These hygienic
measures for waste treatment are well established and could contribute to a healthier coastline;
they are also profitable if the production of biogas is included in the treatment (Verstraete et al.,
2002; Erickson et al., 2004).

A reduction of the transmission of zoonotic protozoa from pastures to river and coastal water can
be most effectively achieved by “landscape solutions”, i.e. riparian buffer strips and reforestation,
measures that reduce erosion and rapid run off, and improve the “filtering capacity” of the
landscape. These measures will counteract in the same way non-point nutrient sources such as
the transfer of nutrients (especially N and P) from the land to the ocean and thus reduce
eutrophication of coastal water.

Generally, steps taken to reduce coastal eutrophication from point sources and non-point sources
will likely reduce autochthonous pathogenic bacteria, such as vibrios, by removing a major
source of organic nutrients for these bacteria (Mourino-Perez er al., 2003). Additionally,
phytoplankton is the food for zooplankton - another major site for vibrio growth and dispersal.
Thus, the hygienic treatment of waste and waste water, together with measures to reduce transfer
of pathogens and nutrients from point and non-point sources, could provide the basis for an
integrated coastal management scheme that could greatly reduce the occurrence and growth of
pathogens in coastal environments and ensure safe bathing and seafood consumption.

3.9. Surveillance, epidemiology and integrated monitoring of marine-borne infectious diseases

Epidemiological studies of marine infectious diseases are lacking for almost all important aspects
including the etiological agent, transmission routes, links between virulence properties and
illness severity, number of cases and size of population exposed, etc. Therefore, a critical need
and priority in the study and control of seawater-borne diseases is an epidemiologically
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structured network of surveillance based on contributions by public and private institutions,
physicians and international health organizations.

Current monitoring of water quality in terms of pathogens is generally performed on a regular
basis, mostly due to legal obligations. For example, at shellfish farming sites, monitoring of fecal
indicators is usually done weekly. At bathing sites, this monitoring is often done weekly or bi-
weekly during summer. However, the dynamics of pathogens in seawater, while still not well
understood, suggests that marine bacterioplankton can rapidly respond to environmental changes
within hours. Therefore, current sampling schemes are probably inadequate to predict human
health threats originating from pathogens. An integrated monitoring approach appears to be the
most promising solution to effectively protect human health considering all the parameters and
forces influencing the presence, survival, activity and the actual infective dose of pathogens in
seawater.

Integrated monitoring should combine all information available for a specific region, including
GIS-based landscape data of the physical shape of the coastline and the underlying water body,
physical, chemical and biological parameters (e.g., temperature, salinity, chlorophyll) integrated
with dynamic hydrographical and meteorological data. To address public health issues, current
and archived hygienic water quality data, such as indicator counts for E. coli and/or other
indicator organisms, should be integrated and modeled in a dynamic way to understand the
occurrence and spread of seawater-borne pathogens along the coast. More refined molecular data
sets on the direct assessment of abundances of specific pathogenic viruses, bacteria and protozoa,
should be added and, if their seasonal and spatial behavior has been assessed, can be modeled
and integrated for the dynamic forecasting of health threats due to seafood consumption or
bathing. Some particular sites (polluted or non polluted, closed or open bay) could then be used
as test sites to validate dynamic monitoring models and their utility as early warning tool to
prevent human infections. Other sites could be chosen for monitoring some pathogens in a
continuous and long-term manner, to generate a sentinel network for the prevention of outbreaks
of infectious diseases. These data should be integrated with environmental data specific to
climate change so as to develop a long-term baseline for the assessment of health effects due to
climate change.

An integrated monitoring approach could provide the basis for an early warning system capable
of alerts regarding public health emergencies. Towards this end, remote sensing technologies
with satellites could provide an important contribution with their dual capability of performing
continuous environmental monitoring with coverage of large areas and acquiring/ transmitting
data in real time. The establishment of possible correlations between specific parameters and the
quantity and distribution of pathogens would be the basis for an early warning system on water-
related health risks.

3.10. General conclusions and future research needs regarding pathogens

There is a rather limited knowledge on the microbiological principles governing the prevalence
and pathogenesis of human microbial pathogens in the marine environment. The reasons for this
lack of knowledge are that: i) the precise detection, identification and quantification of
microorganisms in water are difficult and only possible with a combination of classical and
molecular methods; ii) the virulence of waterborne pathogens varies with environmental
conditions and the type of pathogen; and iii) the transmission of waterborne infections to humans
via seawater is a complex process depending on the type of pathogen, infectious dose, immune
status of the human and a multitude of other factors.

We foresee the following future research needs:

- development, validation and standardization of rapid detection methods for the most relevant
pathogenic viruses and bacteria in seawater and seafood;

- abundance studies of major pathogens in the marine environment to elucidate their
biogeography and their environmental control factors;

- thorough investigation of emerging marine pathogens including genomics, ecophysiology and
host-pathogen-interaction;
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- studies on the survival of pathogenic microorganisms in marine environments;

- studies on sanitation and sewage treatment conditions with respect to elimination / inactivation
of pathogenic bacteria, viruses and protozoa;

- study of the epidemiology of seawater-borne and seafood-borne diseases originating from
human pathogens of the marine environment.

4. CONTRIBUTION OF MARINE MONITORING PROGRAMS TO HUMAN HEALTH ISSUES

In order to protect the health of seafood consumers, many countries and international regulatory
bodies have set guidelines for the maximum permissible levels of some well-known toxic
contaminants (metals, chlorinated hydrocarbons, PAHs, etc.), bio-toxins and pathogens in
seafood (e.g., European Commision, 2001). It is particularly important to monitor levels of key
contaminants and pathogens in the coastal zone, where most fishery and farming activities are
carried out and where contamination is most acute. Shellfish may harbor elevated contaminant
and pathogen levels and serve as conduits for their passage to human consumers; they are
therefore commonly monitored, as are coastal bathing waters during summer months for fecal
indicator bacteria.

Monitoring contaminant levels in seafood is presently the only way to comply with seafood
safety guidelines established by regulatory bodies. These measurements are also used to evaluate
the extent to which remediation activities or pollutant reduction activities are effective.
Monitoring can also reveal information for better understanding processes relating to the
bioaccumulation and effects of contaminants in ecosystems (CIESM, 2002a,c). This has long
been recognized, and research over the past two decades has attempted to combine field
monitoring efforts with lab and field experimentation to provide explanations of field
observations.

Biological indicators, or “sentinel species”, have been analyzed in monitoring program to
determine baseline levels of key contaminants and assess their spatial and temporal trends in
coastal regions. The choice of such indicator organisms is driven by two main constraints:
relevance and feasibility. Probably the most widely applied bioindicator organism in the world is
the mussel Mytilus edulis, or in the Mediterranean Mytilus galloprovincialis. This mussel has
many attributes that make it suitable for assessing contaminant levels in coastal waters: it is
sedentary, fairly ubiquitous, generally resistant to high levels of most commonly occurring
contaminants (enabling it to inhabit heavily contaminated regions), and it accumulates
contaminants from both the aqueous phase and from food such that tissue concentrations of
contaminants reflect an integrated history of what the mussel experienced over extended periods
of time. Perhaps most important, tissue concentrations of contaminants in the mussel clearly
reflect the biologically available fraction of that contaminant. However, interpretation of mussel
tissue data can be more complicated than that of plant material, since mussels eat food and can
obtain some of their contaminants very appreciably from their diet (Wang and Fisher, 1997) in
addition to the aqueous phase, which is the only source for such bioindicators as macroalgae. The
advantages and limitations of using different biological indicators have been reviewed (Phillips,
1980). Regardless of which species are used, our understanding of the factors governing
biological concentrations of contaminants often evolves over time, and so monitoring strategies
must incorporate relevant experimental research to keep pace.

To ensure that meaningful spatial and temporal trends in contamination can be discerned using
bioindicator organisms, every attempt should be made to use a single indicator species, since
significant differences in contaminant bioaccumulation or degradation commonly exist between
species. When the desired sentinel species is not naturally present in some regions, as is the case
for the Mediterranean mussel (Mytilus galloprovincialis), it is possible to transplant bio-indicator
organisms in caged devices, which is now a standard procedure (Andral et al., 2004). The
transplantation/caging technique also helps minimize biological variability as it relies on the use
of a calibrated batch of mussels from one single population deployed and then sampled at the
same time in the different monitoring stations.
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Passive samplers may hold promise to help understand the availability of dissolved, but not
dietary, contaminants for marine organisms; they might therefore be useful for those
contaminants for which diet is a relatively unimportant source term. Most use specific ligands
and membranes with high affinities for certain classes of contaminants. These devices include the
Semi-Permeable Membrane Device (SPMD) for hydrophobic compounds, the Polar Organic
Compounds Integrative Sampler (POCIS system) for hydrophilic compounds, and Diffusion
Gradient Thin Film (DGT) for metals. Once calibrated and validated, these tools could simplify
logistics and sampling effort over time.

In addition to the problems associated with monitoring for xenobiotic organic compounds about
whose environmental fate and bioaccumulation we still know relatively little, there are further
complications involving the transformation of parent compounds to various degradation
products, some of which are more toxic than the parent, such as some of the polycyclic aromatic
hydrocarbons. Given the complications associated with monitoring for numerous contaminants,
often co-occurring and often poorly understood, one approach that is increasingly adopted is to
develop screening protocols that link chemical analyses with toxicity bioassays. The new
possibilities provided by recent developments in bioassay technology lead to the availability of a
battery of specific bioassays able to determine the in vitro CMR (carcinogenic, mutagenic,
reprotoxic) potency of chemical mixtures. By developing a “Toxicity Identification Evaluation”
(TIE) type approach combining fractionation of total extracts, bioassays and chemical
characterization of the toxic fraction, it could be possible to identify the toxic compounds present
in coastal regions and seafood.

As noted above, monitoring coastal regions should also consider discerning distributions of
pathogenic microorganisms as well as chemical contaminants. In this context, different
preservation procedures, such as deep freezing, can help archive samples in an appropriate
format; given the uncertainties in this field at present and the current limitations of current
methodologies, archiving samples for future analysis will likely prove to be of great importance.
Archive samples accompanying current monitoring efforts would enable the establishment of an
appropriate baseline for marine ecosystems, provide the possibility of tracking major
contamination accidents or outbreaks of seawater-borne infections, and allow for future analyses
of samples with new methods, new standardization or validation procedures. Ideally such an
archiving program would be done on a large regional scale that would harmonize national efforts
and establish common rules and procedures.

Satellite images are now broadly available to the scientific community: altimetry data, sea
surface temperature and sea color (from which chlorophyll and suspended matter contents can be
derived) are regularly provided with high resolution at the regional scale. Although satellite
sensors can not measure dissolved contaminants or pathogens, these large-scale, high-frequency
oceanographic data sets, coupled with circulation modeling, could guide monitoring strategies
with regard to selecting sampling stations on appropriate spatial and temporal scales. Satellite
surveys have already begun to evaluate water management strategies in France and are generally
well suited for detecting plumes of visible contamination, such as oil spills and sewage treatment
effluent, as well as chlorophyll levels in surface waters. The latter can provide evidence for the
evolution of algal blooms following eutrophication, and all the attendant issues associated with
these blooms. In time, it is expected that additional photosynthetic pigments can be detected,
which may help identify blooms of potentially toxic phytoplankton (e.g., some dinoflagellates)
that can impact the health and harvestability of some marine animals, including fish and shellfish.
Satellites can also provide synoptic assessments of land use patterns in watersheds that may
affect coastal ecosystems.

Such data should be stored in databases that are accessible by scientists and governmental
agencies involved in monitoring efforts. These developments shall be considered in the European
program GMES (Global Monitoring for Environment and Security). GMES is a joint initiative
from the European Commission and the European Space Agency for the purpose of providing,
on a sustained basis, reliable and timely services related to environmental and security issues in
support of public policy makers’ needs. It will cover global, national and regional issues relating
to climate, environment management and civil security. GMES aims to coordinate existing
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systems, produce services of guaranteed validity, and ensure their future continuity. It will

‘4

stimulate capacity growth through the creation of new observation sensors and a wide variety of

added-value services. GMES will be based on a comprehensive earth observing system,
including different types of data (space, airborne, in situ), efficient data management and

information sharing, and organized services deployable on a European scale.

The first operational services will deploy in 2008. GMES has been declared as the main European
contribution to the GEOSS (Global Earth Observation System of Systems) whose
implementation plan was signed in February 2005 in Brussels by 60 countries and 40
Organizations. Initial services were defined to establish the foundations of GMES and include the

marine and coastal environment (including pollution, oil spills, water quality).

The workshop allowed a first attempt for scientists to identify specific needs for a reference data

base on coastal areas (Table 2).

Table 2. Specific needs for satellite data for understanding coastal contamination.

Application Spatial Time Accuracy |Need and priority
resolution | frequency
Sea Data
Coastline 10m Once a year 3m High
May be more for
change detection
Bottom color 10 m Once a year low High
or on request Sediment accurate location
Algae location
Need of separation between mineral
and vegetation
Classification of Once a month High importance just to separate
mineral/biological matter or on request biological from mineral matter
Water color 5-10m During summer High for particular phenomenon
White phenomenon
Green
Red
Chlorophyll 10-30 m Once a month mg/m’ Only if there is a continuous spectrum
measurements or on request from blue to NIR (1.2 pm)
Useful obviously for microbiologist
Suspended matter 10-30 m Once a month mg/m’ High
or on request Particles distribution
Turbidity 10-30 m Once a month Important regarding the illumination
or on request of the bottom by the sun
Location of sand bank | 10-30 m No
Trace Metals OK for Mo, Mn, Fe
Coastal currents 50m Once a month Highly important
or on request
Local pollution (e.g, oil 10-30 m On request Important
pil)
Sewage
Floods events
Meteorological events
River plumes
Water temperature 50 m Once a month One degree | High
or on request resolution at
least
0.1 be better
Aerosols concentration 50 m High
from sea level up to 500 m.
Land Data
Land use 10-30m Once a year High
Catchments area (basin versant) of the
Mediterranean Sea
Location of 5-10m Once a year High
ports, dikes, towns
sewage, farms,
pipelines, industries
3D Data
Bathymetry 10-30m Once a year No need of a | Low
high
accuracy
DEM 10-30m Once a year High
Connection 10-30m High
Bathymetry-DEM
Hydrographic network High to Low, depending on the
activity
Temporal survey
For pollution detection | Every 6 hours
and survey Daily data
Weekly data
‘What geographical surface? | 10km from the coast offshore
What kind of phenomenon? | Pollution
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5. SPECIFIC MEDITERRANEAN ISSUES

The Mediterranean Sea represents a unique marine environment as it is a large semi-enclosed
oligotrophic system with its own unique oceanographic properties, including a water temperature
that remains > 12°C, a fact that will affect growth and survival of pathogens, degradation of
organic compounds, etc. It is surrounded by countries with greatly varying degrees of
industrialization and agricultural development. A key feature of the Mediterranean region is the
uneven distribution of expertise in the fields of environment and human health. The emergence
of new threats and new technologies to monitor and mitigate impacts highlight the need for
building human capacity in these areas, especially in countries where economic challenges are
greatest, notably along the southern Mediterranean coast. Areas in which training programs are
urgently needed include environmental informatics, integrated environment and human health
risk assessment, detection and monitoring of infectious diseases, and in the use of new tools.
Training should involve exchange visits among riparian states. A positive outcome would be a
transfer of knowledge and increased understanding and effective working relationships among
scientists in the region.

There is no doubt that the amount of information available regarding the environment and human
health in the Mediterranean region is increasing exponentially, although considerable gaps in our
knowledge on a wide range of topics still remain. It is timely to consider synthesizing data around
certain themes like contaminant distribution, exposure to infectious diseases, disease outbreaks,
etc. It would then be possible to investigate the relationships among a wide range of phenomena
and develop integrated strategies to protect environment and human health. There is a need for a
new Mediterranean bioinformatics program consisting of databases integrating data from diverse
studies in common formats that can be analyzed in a multi-variate manner. Such integration will
also require new analytical tools including complex modeling and systems biology approaches
that will be useful to other similar large system studies.

Social patterns may also influence the extent to which health-threatening contaminants enter the
Mediterranean Sea and affect public health. There are striking increases in local populations
during the summer tourist season, for example, during which time more contaminants enter
coastal systems through sewage (treated and untreated) and more seafood is consumed. Because
there are substantial cultural differences among the human populations surrounding the
Mediterranean, different lifestyles and food habits must be carefully examined when addressing
public health issues related to seafood consumption. For example, religious restrictions forbid
some populations from eating shellfish and almost all harvested or cultivated production is
exported to EU countries. Hence, while no direct health concerns may exist for local populations,
seafood safety must comply with EU guidelines and regulations. Even desalinated Mediterranean
water can serve as a source of drinking water (and associated contaminants) in some areas, and
again variations among cultures are pronounced. It is therefore appropriate to use critical
pathway analysis, first established for radioactive wastes, to determine the health risks related to
specific types of chemical contaminants and pathogens for the most vulnerable groups in the
Mediterranean.
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I - EXECUTIVE SUMMARY

This synthesis was written by all participants of the workshop under the coordination of Nicholas
Fisher. Frédéric Briand, the Monograph Series Editor, reviewed and edited this chapter along
with the entire volume.

ABSTRACT

CIESM convened in late September 2006 a workshop to review the state of knowledge relating
contamination of the marine environment with public health. This opening chapter summarizes
the participants’ recommendations for future research so as to further consolidate our
understanding of these complex issues and to improve mitigation strategies. Contaminants
covered by the discussion included metals and metalloids, radioactive wastes, persistent organic
compounds, new “emerging” organic compounds, and pathogenic microorganisms. Many of
these contaminants enter coastal ecosystems through sewage treatment plants; some of them are
known to affect not only the marine organisms that concentrate them but also human soncumers
of seafood. Discussions also covered traditional and novel ways of monitoring, with particular
attention to the Mediterranean Sea.

1. INTRODUCTION

There is ample evidence that toxic substances build up in marine food chains and are consumed
in seafood, which is the principal pathway to humans for many of these contaminants. It is
therefore critical to evaluate the bioconcentration of toxic chemicals in relation to human
consumption and public health effects. These toxic substances include metals and metalloids,
organic contaminants such as chlorinated hydrocarbons, polynuclear aromatic hydrocarbons, and
pharmaceutical wastes, marine toxins largely associated with blooms of select algal species, and
to a lesser extent radioactive wastes emanating from the nuclear fuel cycle. In addition,
pathogenic microorganisms enter coastal waters via sewage disposal and many are known to
have important public health consequences.

Metals and metalloids (e.g., mercury, lead, selenium, others) have been shown to reach
concentrations in some harvested species that can result in impairment of nerve function in
humans, cancer, and even death. Chlorinated hydrocarbons (e.g., DDT, PCBs, dioxins) are highly
resistant to microbial and photochemical degradation and build up in marine food chains. Their
consumption by humans can result in endocrine disruption, neurobehavioral, reproductive and
developmental effects, and cancer. Polynuclear aromatic hydrocarbons can also build up in
marine food chains and have carcinogenic effects in humans. Pharmaceutical wastes enter coastal
waters in large quantities but their persistence in the environment, and bioaccumulation in marine
organisms, are still largely unknown. In addition, human consumption of seafood containing
toxins produced by harmful algal species can be subjected to severe neurobehavioral, respiratory,
and gastrointestinal effects. Pathogens entering coastal waters largely through sewage treatment
plant effluents and aquaculture operations can build up in marine bivalve molluscs as well as
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other shellfish and finfish, and can lead to gastrointestinal disorders, respiratory effects, various
infections, and sometimes death.

Risks to human populations and to coastal ecosystems are increasing (1) with the advent of new
technologies that result in enhanced discharges of increasingly complex (and poorly studied)
chemicals into marine receiving waters; (2) as a result of increasing human population densities
situated along coastlines worldwide; and (3) due to changing patterns of land use, including
altered flow of rivers. Although global climate change is now well recognized, far less attention
has been paid to the profound though gradual changes that are occurring in our oceans and coastal
seas. Sea level rise, warming, altered ocean currents and ocean acidification will probably impact
the bioavailability of contaminants, the occurrence and spread of infectious diseases and the
biodiversity, structure and sustainability of marine ecosystems.

Given the increasing recognition of marine environmental contamination and their likely ties to
public health, CIESM convened a workshop in Geneva, Switzerland, in September 2006 to
discuss related issues, with special emphasis on the Mediterranean region where possible. Fifteen
scientists from eight countries participated. The meeting was opened by Prof. Frédéric Briand,
CIESM Director General, who presented the context of this brainstorming seminar, and
gratefully acknowledged the local support of Prof. Daniel Ariztegui from the University of
Geneva for his gracious hosting. He then invited Prof. Nicholas Fisher, Chair of CIESM
Committee on Marine Biogeochemistry and workshop coordinator, to present the scientific
objectives of the meeting.

2. TOXIC CHEMICALS AND THE RISK ASSESSMENT PROCESS

The influx, concentrations, speciation, and biological interactions of metals, radionuclides, and
diverse organic contaminants in the Mediterranean and other marine ecosystems have been
reviewed in recent CIESM workshops (CIESM, 2002c; 2004) and the reader is referred to those
monographs for appropriate background information. Here we consider the potential toxic effects of
these substances and how to evaluate risks to marine organisms and to human consumers of seafood.

One of the difficulties in forming balanced judgements of the impacts of marine pollution on
human and other species is that human and ecological risk assessments are usually conducted
separately. Although both human and ecological risk assessment protocols have a common goal,
“to provide a quantitative estimate of the probability of an adverse effect occurring as a
consequence of a contaminant release” (Newman, 1998), there are differences in regulatory
practice, emphasis and technical feasibility that lead to differences in the endpoints commonly
considered (Suter et al., 2004). Human health risk assessment is focused solely on the protection
of human health and considers the effects on the individual, whereas ecological risk assessment
also considers the consequences for populations, communities and ecosystems, giving less
emphasis to the impact at the individual level.

There is an increasing recognition that risk assessments that fail to consider the interdependency
of humans with their environment are unlikely to offer full protection to either human health or
to nonhuman organisms, populations and ecosystems. Therefore, frameworks have been
proposed to allow science-based approaches that combine the process of risk estimation for
humans, biota and natural resources in one assessment (Suter et al., 2004). Guidelines for
achieving this aim have been proposed by WHO in conjunction with OECD and the US EPA;
they are listed in Table 1.

Table 1. WHO/IPCS guidelines for the integration of human and ecological risk assessment: priority research
areas identified by Munns et al. (2003).

. Improved communication between health and ecological disciplines;

. Harmonization of exposure characterization and surveillance methods and models;

. Development of methods to facilitate comparison of risks among endpoints;

. Development of common endpoints across taxa;

. Improved understanding of mechanisms of effect at multiple scales of biological
organization.
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Current risk assessment models for carcinogens and many other potentially toxic chemicals are
based on a default assumption of a linear, low-dose relationship such that even the smallest
detectable levels represent a theoretical risk that is directly proportional to risks observed at
higher doses experimentally or based on ecological or epidemiological studies. It is now possible
to detect many contaminants at the part per trillion level or lower, more than six orders of
magnitude lower concentrations than was possible only two decades ago. Yet it is still not
possible to measure very small risks even in large populations, thus it is not possible to prove or
disprove whether low doses carry a health risk or what the shape of the dose-response curve is in
this very low dose region. However, recent studies of actual low-dose effects using new, highly
sensitive techniques, such as gene expression changes, indicate that the dose-response for most
chemicals is highly complex, multi-phasic, and clearly non-linear. Many of these studies also
imply an absolute or practical threshold, below which there are no detectable biological effects,
which is not reflected in the current default risk assessment models. It will be important, both
from a health protective standpoint and from the pragmatic standpoint of resource allocation and
prioritization that scientists and regulators begin to harmonize current scientific knowledge with
the risk assessment process, since current models which are designed to be health protective can
either over- or under-estimate risk of non-linear responses. The interaction of human activities
with the Mediterranean marine environment represents an excellent model for incorporating
scientific knowledge with science-based policy that is protective of human health, the
environment, and important economic resources on the one hand, while balancing the wise and
judicious use of resources based on knowledge and prioritization on the other.

Further complicating risk assessments is the observation that many contaminants elicit effects in
which hormesis (or positive stimulation of biological events) is evident, particularly at low tissue
concentrations of contaminants (see Pagano, this volume). These responses include increased
growth rate, fertilization success, or enzyme activity. An unexplored, yet challenging subject in
ecological and public health risk assessment may be ascribed to the impact of aquatic
contaminants at subtoxic concentration ranges (Chapman, 2001). Given the non-linearity of
biological responses to low concentrations of toxicants, observed for radiation and a wide variety
of chemical stressors (Calabrese and Blain, 2005) to marine organisms (Stebbing, 1987; De
Nicola et al., 2004; in press), risks assessments need to consider these phenomena before realistic
appraisals can be made for public health following exposure to seafood with low contaminant
levels. To better incorporate hormesis into guiding such risk assessments, further research is
warranted in which bioassays consider a wide range of toxicant concentrations, including
concentrations below the classical “no-effect-level” that may conceal the onset of hormetic
effects. It becomes evident that careful consideration must be given to selecting appropriate
controls, whose suboptimal quality should be compatible with the detection of either inhibitory
or hormetic effect. Moreover, the assumption of “perfect” controls, i.e., lacking any adverse
effect, may rarely exist in natural ecosystems or in humans.

2.1. Common end points and the application of biomarkers for evaluating toxicants

As we learn more about the molecular and cellular mechanisms that form the basis of biological
processes, the sheer scale on which humans and other species, as diverse as fish, algae, and
several invertebrates, share genes and cellular mechanisms in common becomes apparent. A
further consequence of this is that they may be equally susceptible to the common mechanisms
of action of toxic chemicals. Toxicological damage at the level of molecules (DNA, protein and
lipid), cells (integrity of membranes, function of subcellular organelles) and tissues (necrotic or
apoptotic lesions, structural changes) may be remarkably similar between quite diverse species.
The limitations of biomonitoring are that it is impractical to keep measuring more and more
chemical residues in the tissues of marine organisms. Often one chemical will influence the
uptake of another and since exposure to pollutants usually occurs through complex mixtures, the
interpretation of findings may be difficult, especially in relation to pollutant bioavailability.
Perhaps the greatest limitation of biomonitoring is that it provides little insight into the adverse
effects of pollutants on ecosystems and their components. There is a growing consensus that
biomarker approaches offer greater potential in this regard. While consideration must always be
given to exposure scenarios and to species differences in the patterns of uptake, metabolism and
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excretion, biomarkers (defined here as functional measures of exposure to stressors at the
molecular, cellular or physiological level) can provide common, measurable endpoints to enable
human and ecological risk assessments to be considered in a more integrated way.

Biomarkers are generally classified into four major categories: (a) internal dose, (b) biologically
effective dose, (c) early biological effects and (d) susceptibility. This describes a continuum from
exposure to disease, although different classifications may of course overlap. For example, blood
or tissue contaminant concentrations, or metabolites, may be used to estimate exposure, altered
enzyme activities may indicate biologically effective doses, susceptibility of pre-clinical effects,
while pathological lesions provide evidence of adverse consequences (Galloway, in press).

Recent advances in molecular biology, diagnostic and analytical technologies mean that these
techniques are increasingly becoming available for use with wildlife species, including
mammals, fish and shellfish, with the promise of providing a more detailed insight into their
toxicological and environmental responses to stressors. This has the potential to be very
beneficial to the risk assessment process, particularly of marine contaminated areas, as it
addresses the lack of mechanistic detail and genetic sequence data which have previously been
available for the most popular invertebrate species used in aquatic ecotoxicology, such as the
freshwater invertebrates Chironomus riparius or Daphnia magna, and the common marine
mussel Mytilus edulis. Improved methods for determining exposure levels are also of particular
relevance for assessing human exposure through contaminated food.

Key aspects of the biomarker approach that require attention are:

- that it is not sufficient to use a single biomarker as a surrogate for a specific pollutant.
Experience has demonstrated that the use of suites of biomarkers to develop a weight of evidence
approach is the most effective way to use biomarkers;

- biomarkers provide a means of assessing the integrated impact of pollutants and natural biotic
and environmental stresses;

- biomarkers, used together with rapid chemical assessment methods, can provide an easy to use,
rapid, inexpensive means of prioritizing among potential study sites. The utility of this approach
has been demonstrated by the RAMP programs (Rapid Assessment of Marine Pollution)
endorsed by UNEP, IOC and IMO. RAMP is a pilot program of the Global Oceans Observing
System (GOOS);

- experience with the application of biomarkers has highlighted the need to validate methods with
a broader range of species occupying different locations in food webs and reflecting a wide range
of lifecycles and feeding mechanisms;

- the advent of genomic and proteomic approaches now presents the possibility of identifying
changing patterns of gene and protein expression that may allow more effective identification of
specific pollutant threats. Furthermore, such studies provide mechanistic insights that have
relevance to the ontogeny of disease in humans;

- the global spread of infectious diseases, and the increasing recognition of the presence of
bacteria, fungi and viruses in the marine environment clearly point to the value of biomarker
approaches for assessing exposure to microbial threats and in the provision of early warning of
the risk of the disease in biota and humans;

- many of the biomarkers used in environmental risk assessments are identical to those used in
human risk assessment. This provides a potential means of linking environmental conditions with
human health and well-being.

Further, there is a need in environmental studies to use multiple biomarkers in multiple species
that are considered key components of marine ecosystems. To accomplish this, it will be
important for scientists and other stakeholders to collectively choose model organisms that are
good sentinel species, good keystone species, occupy key environmental niches that represent
different trophic levels and different types of environments (estuarian, benthic, etc.) and which
ideally are also amenable to genetic, physiological and other studies. Developing consensus on
such model organisms would be a stepping stone to many different types of studies that could
then link with each other to more effectively share information. Such common model species
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could be the basis of integrated monitoring programs, development and application of genomics
tools and biomarkers, and development and application of these species as mechanistic models.

An example of a good model species currently under development is the killifish (Fundulus
heteroclitus), which is a marine estuarian euryhaline teleost fish. It occupies a key position in the
estuarian food web, and its health status at the individual and population level is highly
representative of the condition of its food web and ecological niche. Thus it serves as both a
keystone species and a sentinel species. Interestingly, its ability to rapidly adapt to changes in
salinity is a result of complex physiological processes that are highly representative of several
human physiological processes. Thus, it also serves as an excellent model for studying the human
disease cystic fibrosis, for example, since both the human disease and killifish salt regulation are
dependent on the same protein, CFTR. Genomics tools are now being developed (sequencing of
the genome and expressed mRNA genome, development of DNA microarrays, proteomics
analyses, etc.) for killifish that will make this an excellent model for environmental monitoring,
physiological processes, and responses to multiple stressors. Careful selection of other key
species using similar criteria would coalesce the scientific community around common models
that could then be developed more rapidly and effectively than an ad hoc selection by individuals.
Moreover, this would allow a single database to integrate many different layers of information
from a wide variety of studies, as well as providing more robust spatial and temporal analyses.

2.2. Naturally occurring toxins

In addition to synthesized organic compounds, such as chlorinated hydrocarbon pesticides,
PCBs, PAHs, and pharmaceutical wastes, potentially toxic metals that are greatly mobilized by
man through mining and industrial activities, and radionuclides emanating from the nuclear fuel
cycle and from weapons testing, there are other naturally occurring compounds that are highly
toxic and that can affect both resident marine animals and human consumers of seafood. These
include a broad array of toxins produced by marine organisms, but by far the compounds that
have elicited the greatest public health consequences are those produced by harmful algal blooms
(Landsberg, 2002). Compounds produced by a diverse microflora, but most particularly
involving certain species of dinoflagellates and diatoms, can be accumulated by herbivores (e.g.,
shellfish) or fish and passed on to man. Massive fish kills have occasionally resulted, in addition
to sick humans. Reported incidents of harmful algal blooms have increased markedly in recent
years, and this is not simply due to increased vigilance of coastal waters (Smayda, 1990;
Hallegraeff, 1993). The eutrophication caused by excessive nutrients introduced into coastal
waters, frequently attributable to sewage treatment plant effluent as well as riverine input from
increasingly fertilized watersheds, has greatly increased worldwide and has probably contributed
to more frequent and prolonged harmful algal blooms (Anderson et al., 2002). Some
environmental factors have been identified that can trigger certain species to produce toxins, but
there is still considerable uncertainty regarding this issue and no generalizations appear possible
at this time. Reducing the magnitude of these harmful algal blooms and their toxicological
consequences would appear to be tied to reducing nutrient discharge into coastal ecosystems,
particularly in poorly flushed bodies of water.

2.3. Complex toxicant problems and possible resolution

A significant issue for all environmental and human health studies is the problem of multiple
stressors. One example of this is the complex mixture of environmental contaminants that most
ecosystems and most humans encounter. Most studies focus on a single stressor such as a
chemical contaminant, pathogen or natural toxin. However, many recent studies using binary
combinations of agents have demonstrated that they can interact additively, synergistically or
antagonistically. We currently have little knowledge or predictive power to determine how two
or more environmental agents may interact to lead to environmental or human health impacts.
Yet there are examples where such interactions can lead to “tipping points” where significant
effects occur that are poorly predicted by information of each agent in isolation. New studies
should focus on those complex interactions that are either most likely to occur and/or have the
greatest potential, based on current knowledge, to lead to non-additive interactions. Important
mechanistic studies need to be conducted that will evaluate how, and to what extent, whole
classes of chemicals are likely to interact with each other in order to develop a greater predictive
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capability for evaluating risks of organisms, including humans, to environmental contaminants.
This will be even more important as emerging contaminants begin to build up in coastal waters,
including new synthetic chemicals from industry, pharmaceuticals, etc., and emerging pathogens
of concern.

There is a well-recognized continuous and increasing introduction of new contaminants into
marine ecosystems, contaminants for which we often have no information on structure,
persistence in the environment, reactivity for different environmental matrices, or biological
effects (CIESM, 2004). While chemical analyses can help determine the exposure concentrations
of xenobiotics, this type of analysis is limited because only known substances are analyzed, the
interaction of mixtures of compounds is not taken into account, and currently the biological
effects of these mixtures cannot be predicted. Moreover numerous organic contaminants can be
metabolized and transformed into other compounds that can sometimes be more toxic than parent
compounds (Schwarzenbach et al., 2003). The multi-contaminant (multi-sources, multi-classes)
character combined with the temporal and spatial variability of their abundance, as well as
complicating natural interactive forces (varying salinity, temperature, sunlight, etc.) makes more
and more complex the evaluation of the contamination of environmental systems and the risk
assessment procedure for the marine environment and for human health. In some cases, there
may also be significant toxicological interactions between co-occurring toxins produced by
blooms of some algae and these synthetic organic compounds or metals, but this is largely a
matter of speculation at this time. Some progress may come with the development of screening
methodology with no a priori selection of chemicals linking toxicity bioassays and chemical
analyses. The new possibilities provided by the recent development in bioassay technology lead
to the availability of a battery of specific bioassays able to determine the in vitro CMR
(carcinogenic, mutagenic, reprotoxic) potency of chemical mixtures. By developing a “Toxicity
Identification Evaluation” (TIE) type approach combining fractionation of total extracts,
bioassays and chemical characterization of the toxic fraction, it may be possible to identify the
toxic compounds present in the natural environment and in products related to human
consumption.

Many of the new “emerging” contaminants are associated with discarded pharmaceutical
chemicals, many of which enter coastal water through sewage treatment plants. Measured
concentrations fluctuate between low ng 1! to tens of wg 1! levels, depending on the compound,
location, and season. Most studies have assessed concentrations in the dissolved phase, but the
particulate phase (phytoplankton, suspended abiotic particles) may also be important and may
serve to introduce these substances into marine animals even more effectively than the aqueous
phase (Fisher and Reinfelder, 1995). The bioaccumulation of most of these compounds in aquatic
organisms, biological and abiotic breakdown products, and toxicity are just starting to be
examined and need to be explored much more fully, as these could influence their impact on
human health as well as the health of resident marine animals. Regarding antibiotics,
bioaccumulation properties of some are known (e.g., in relation with their use in aquaculture) and
there are EU norms fixing their maximum levels for products consumed by humans.

Genomics and proteomics represent two new experimental tools that can provide powerful
information about the biological and toxicological responses of organisms, including humans, to
environmental factors including chemicals of concern, pathogens, and other factors. Genomics
provides the most sensitive tool for investigating very low level biological responses, and its
ability to “fingerprint” unique responses to individual factors provides a means of both
investigating a mechanism of action and using these tools for environmental monitoring and
toxicant detection. Genomics can also be used to investigate complex and poorly understood
phenomena such as non-monotonic dose responses including hormetic effects, potentially non-
additive interactions of multiple stressors, and population shifts in response that are not obvious
on the individual level. Proteomics provides a means of developing and validating powerful
protein level biomarkers of exposure, susceptibility and effect that, in combination, can be used
to assess complex environmental responses including changes in human response that presage
subsequent health impacts. Collectively these tools rely on genomics information about the
individual species under investigation. Thus, to most effectively apply genomics and proteomics
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to the marine environment it will be necessary to develop appropriate genomic information about
model species under investigation.

3. MICROBIAL PATHOGENS IN COASTAL MARINE ENVIRONMENTS

The contributions of Ingrid Brettar and Carlos A. Guzman to this section are gratefully
acknowledged.

3.1. Pathogenic microorganisms of relevance to human health in the marine environment

Most human pathogens are found in coastal marine environments and not in open ocean habitats.
This is commonly attributed to human activities on the coastline. Bacteria are the best studied of
all known pathogens of marine origin (Belkin and Colwell, 2006). We know that only a very
limited number of bacterial taxa contain pathogenic species (Gammaproteobacteria,
Epsilonproteobacteria, Firmicutes and Actinobacteria, Brettar et al., this volume). Some of these
bacteria are well known as indigenous marine bacteria, e.g., the Vibrio species, or freshwater
bacteria from continental inputs, e.g., Aeromonas species (Monfort and Baleux, 1991), whereas
others like Salmonella sp. and Helicobacter pylori are of allochthonous origin (Carbone et al.,
2005). In addition to the well known pathogenic species or strains, “new species or strains” have
to be considered as potential health threats when cases of infections start increasing (e.g.,
infections by Mycobacterium marinum, Erysipelothrix rhusiopathiae; Oliver, 2005) or when
potentially pathogenic bacteria are detected in high numbers in marine coastal waters (e.g.,
Arcobacter spp.; Maugeri et al., 2004). Furthermore, the occurrence of pathogenic bacteria
equipped with new virulence or antibiotic resistance genes through horizontal gene transfer (e.g.,
by bacteriophage transduction), or hybrid organisms generated from two genomes of non-
pathogenic bacterial strains (Bisharat et al., 2005) can result in highly virulent bacteria
representing a sudden and unexpected threat for human health. Thus, we have to take into
account the threat by emergence and re-emergence on the species, subspecies, and clonal level,
which is a major challenge for the provision of adequate detection tools and prevention measures.

The discovery of pathogenic viruses in marine environments is a relatively recent event with the
first detection of Coxsackievirus in 1947 by Dalldorf and Sickles (for a review see Griffin et al.,
2003). The four major families of pathogenic viruses found are Adenoviridae, Caliciviridae,
Picornaviridae and Reoviridae (Brettar et al., this volume). These families comprise double
stranded (ds) DNA, single stranded (ss) RNA and ds RNA viruses. All known pathogenic viruses
that pose a significant health threat in the marine environment are transmitted via the fecal-oral
route (hence their name as “enteric viruses”) and are considered to be of allochthonous origin.

In addition to viruses, three genera of zoonotic protozoa, Giardia, Cryptosporidium and
Toxoplasma, are detected in coastal waters (Fayer et al., 2004), sediments and shellfish. The
origin of the protozoa is fecal matter of human or (mostly domestic) animals. Protozoa survive
well as cysts that are small, buoyant, and resistant to most environmental influences, even to
disinfectant, and remain infective in moist environments for long periods (up to a year); thus
protozoan cysts are much more resistant to environmental stress than viruses and bacteria (Nasser
et al., 2003). The occurrence of terrestrial protozoan species like Cryprosporidium parvum in
shellfish indicates their land origin. Infection by these protozoa in the marine environment is
observed for a large set of marine mammals.

Pathogens found in the marine environment are responsible for a broad spectrum of acute and
chronic human diseases such as gastroenteritis, ocular and respiratory infections, hepatitis,
myocarditis, meningitis, and neural paralysis. The origin of most marine pathogens is feces, with
only a very few “autochthonous bacterial pathogens” (e.g., vibrios) able to grow in the marine
coastal environment.

3.2. Ecology of marine pathogens

Survival of human pathogens in the marine environment is controlled by ecological mechanisms
and environmental factors, such as grazing, solar radiation and temperature, organic matter
availability, and suspended particle load. Infectivity might also depend on the physiological state
and ecological fate of the pathogen and of the specific species that is infected. Concentrations of
pathogens are strongly influenced by sewage discharge, ship traffic, and meteorological events
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like heavy rainfall. At present, despite a growing body of work in the field, there is still an
inadequate understanding of the factors that affect the amount, survival, activity and infectivity
of pathogens in marine systems.

Viruses and parasitic protozoa (in cyst form) are not considered capable of physiological
responses to environmental stresses and can be regarded as almost inert biological particles in
this respect. In contrast, bacteria are capable of activating different mechanisms to respond to
such stresses and to survive in sub-optimal environmental conditions; a good example would be
endospore formation by some gram-positive bacteria (e.g., Clostridium). In non-sporulating
bacteria, cells arriving at the stationary phase of growth activate genetic cascades that enable an
increased resistance to a number of stresses such as high or low temperature, increased salinity,
osmotic shock and other environmental stressors (Jenkins et al., 1990; Ostling et al., 1993).
Another adaptation mechanism more recently discovered to hostile environmental conditions is
known as the Viable But Non Culturable (VBNC) state (Colwell and Huq, 1994; Lipp et al.,
2002; Xu et al., 1982). A stressed bacterial cell that grows normally on culture media loses this
capacity by entering the VBNC state, but can stay physiologically active and retain its virulence.
The VBNC state was described for numerous allochthonous and autochthonous pathogenic
bacteria. For autochtonous bacteria, such as Vibrio, the response would be an adaptation of the
cell, for example in cold winter conditions. However, for an allochtonous pathogen such as
Salmonella, the VBNC state can be considered an artifact of cellular degradation caused by
environmental stresses that may lead to cellular lysis (Monfort and Baleux, 1994).

3.3. Ecological mechanisms supporting survival of pathogens in the marine environment

Organic nutrients improve the survival and growth conditions of bacteria in coastal waters. They
can derive from algal growth or the land, introduced by river discharge, sewage, and runoff. The
highest concentrations of organic nutrients are often found on the surface of organisms like algae
or copepods. Attachment to these surfaces therefore provides a favorable environment for
bacteria, including pathogenic bacteria like members of Vibrio genus (Lipp et al., 2002).

Attachment of microorganisms to particles in general increases survival and infectivity of
bacteria and viruses (Brettar and Hofle, 1992; Griffin et al., 2003; Maugeri et al., 2004). For
bacteria, improved nutrient conditions, shelter from grazing and UV irradiation improve the
survival or growth conditions. For viruses, shelter from UV irradiation supports survival and
infectivity. For protozoa, particle attachment seems to have little effect on survival in water. For
all microorganisms, particles may serve as a vehicle for transfer to the sediment.

Attachment to plankton is of special relevance for the survival and growth of pathogenic bacteria
in the marine environment. Attachment can occur to zooplankton and phytoplankton that both
provide increased availability of organic nutrients and shelter from UV and grazing. For vibrios
and other bacteria including fecal indicators, attachment to zooplankton increases survival,
growth and distribution (via transport by the animal host and/or its feces) (Baffone et al., 2006;
Maugeri et al., 2004; Signoretto et al., 2004).

Interactions with bivalves and other invertebrates provide protective and growth-promoting
conditions for some pathogenic marine bacteria (e.g., vibrios) similar to attachment to plankton
(Cavallo and Stabili, 2002). The resistance of some pathogenic bacteria and viruses to depuration
procedures of edible bivalves is a further reason for the world-wide incidence of seafood borne
diseases. Factors such as bacterial surface ligands, soluble hemolymph components, and the
ability of some bacteria to activate distinct stress-signalling pathways involved in the hemocyte
response are important in determining the bacterial fate within a bivalve host (Canesi et al., 2005;
Pruzzo et al., 2005a). Interestingly, recent evidence shows that colonization ligands used by V.
cholerae to interact with chitin-containing surfaces can be the same as those required for
intestinal colonization (Kirn et al., 2005; Zampini et al., 2003). This observation points to a
common link between the persistence of some potentially pathogenic bacteria in the environment
and infection of the human host and suggests that virulence mechanisms of bacteria having
environmental reservoirs may reflect adaptive mechanisms to the environment.
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All pathogenic microorganisms show increased concentrations, prolonged survival and
infectivity in sediments, especially surficial sediment (Fayer et al., 2004; Griffin et al., 2003;
Brettar and Hofle, 1992). Thus, sediments that are resuspended by storms and ship traffic may
introduce pathogens into the water column, particularly in lagoons and harbors. Reduced grazing
and protection from UV irradiation could be important for the improved survival conditions of
microorganisms, but further studies of the environmental factors that affect the survival and
activity of pathogens in sediments are clearly needed.

3.4. Mechanisms reducing survival of pathogens in the marine environment

All pathogenic microorganisms are subject to grazing in the marine environment to some extent.
Most relevant grazers are flagellates, ciliates, zooplankton such as cladocerans, filter-feeding
bivalve molluscs, ascidians, polychaetes, and sponges. Grazing involves ingestion and digestion
of the microorganisms. Bacteria are to some extent eliminated by grazing. Viruses are the least
affected by grazing due to their small size.

Bivalves often exhibit a strong enrichment of pathogenic bacteria and viruses relative to the
surrounding seawater (Miossec et al., 2000; Muniain-Mujika et al., 2003). Most gram-negative
marine bacteria are considered to be well digested by bivalves (Birkbeck and McHenery, 1982),
but many pathogenic bacteria, especially vibrios, are able to survive and even multiply within the
bivalve gut (Charles et al., 1992; Pruzzo et al., 2005a).

UV radiation is able to destroy viruses and bacteria. Since UV radiation decreases with water
depth and turbidity, bacteria and viruses in deeper water layers and/or particle-rich water are less
stressed by UV radiation than in clear surface water. As well most pathogenic bacteria are more
abundant at higher water temperature which promotes faster growth. With decreasing
temperature, an increased fraction turns into a VBNC state (Huq et al., 2000) and the infectivity
and survival rate may decrease. By contrast, viruses survive longer and display a higher rate of
infectivity at lower temperature. Protozoa survive for a long time (as cysts up to a year or even
longer) regardless of temperature (Fayer et al., 2004).

Bacteriophages can infect bacteria and lead ultimately to lysis and thus elimination of the
bacterial cells. Bacteria occurring in the marine environment can either be infected before they
enter the marine environment (e.g. in the intestine of a land animal, or in the sewage treatment
facility) or be infected in the marine environment. Due to their specificity, the host spectrum of
a specific phage is very restricted, usually to a specific bacterial species. Since the probability to
be infected by a virus of the right specificity is dependent on the abundance/density of a bacterial
host, bacteria with a high abundance in the coastal environment - such as vibrios or Aeromonas
sp. - are much more likely to be infected and killed by viruses in the marine environment (Jiang
et al., 2003). For bacteria unable to grow in the marine environment, infection by viruses of
marine origin is unlikely; by contrast the presence of bacteriophages specific for enterobacteria
can be used as a tracer for fecal contamination in shellfish or in coastal water (Dore et al., 2000).

3.5. Current hygienic problems in coastal environments

The main sources and transmission mechanisms of microbial contamination in coastal marine
environments are sewage, run-off, floods, groundwater seepage, and river discharge. In specific
areas, ship traffic, ballast water, and bathing represent additional sources. Well-treated sewage is
intended to contain low numbers of bacteria, viruses and protozoa and the load of pathogenic
microorganisms increases with decreasing treatment procedures/quality. Major problems arise
during heavy rainfalls, storm events or floods that flush untreated or improperly treated sewage
into rivers and coastal water, often leading to increased load of pathogens in coastal waters and
increased incidence of disease (Miossec et al., 2000). It is noteworthy that treated and disinfected
wastewater may still have a high load of pathogenic organisms, averaging 30 - 80% of that in
untreated sewage (the lowest values for bacterial pathogens, the highest for protozoan cysts)
(Harwood et al., 2005). Disposal of sewage sludge in agricultural areas, rivers and coastal regions
can be another important source of pathogenic microorganisms.

Run-off carries pathogenic microorganisms from soils and urban surfaces and, depending on the
strength of the rainfall, overloaded sewers, rain water collectors and sewage treatment facilities
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to rivers and coastal water. Depending on the season, this might be a threat to human health via
contaminated seafood or seawater. Microbiologically contaminated groundwater may seep
directly into coastal water or be transferred via river water. For viruses high transfer rates from
groundwater aquifers, especially in limestone, to coastal water have been observed. Major
contaminators of groundwater are households with septic tanks, livestock, and leaking sewage
pipes. Rivers often carry high loads of pathogenic microorganisms, especially following rainfall
events, to coastal waters.

In summary, feces of humans and domestic animals are major sources of pathogenic
microorganisms entering coastal marine environments. The complete transport of feces to
sewage treatment plants is difficult to achieve, especially during periods of heavy rain.
Additionally, pathogenic bacteria, viruses and protozoa are somewhat reduced but not eliminated
in sewage treatment plants (Harwood et al., 2005); those deposited in the sewage sludge are
another source of contamination unless effective further treatment was achieved.

Furthermore, man-made eutrophication of coastal waters due to the addition of inorganic
nutrients increases the production of algal biomass which in turn improves the survival of
pathogenic bacteria by increasing the availability of organic nutrients and particles; the
increasing particle load can also enhance the survival of pathogenic viruses. Global warming
results in increased temperature of coastal waters, and this would also enhance survival of
pathogenic bacteria but may diminish survival of viruses.

3.6. Emerging threats and potential mechanisms to increase virulence of microorganisms

Highly pathogenic microorganisms can either be directly introduced into the marine
environment, or increase their pathogenicity in the marine environment. Major sources for
introduction are sewage, with sewage derived from hospitals, and inadequately treated sewage
especially from large urban areas representing a great threat. Additionally, ballast water has to be
taken into account - not only for toxic algal blooms but also for the transfer of highly pathogenic
microorganisms (Peperzak, 2005).

Mechanisms for increasing the pathogenicity for bacteria are i) horizontal gene transfer in aquatic
breeding grounds, such as fish farms and overloaded sewage treatment plants, that allows
acquisition of genes responsible for virulence or antibiotic resistance from other (usually related)
bacteria or via bacteriophages, or - as recently shown - ii) formation of a hybrid highly
pathogenic organism generated from two genomes of non-pathogenic bacterial strains (Bisharat
et al., 2005). Horizontal gene transfer is more likely with increasing density of a specific
pathogenic bacterial species or genus, e.g. more likely for vibrios than for enterobacteria and for
sites of high concentration, such as gills of bivalves (Miller, 2001). Bacteriophages can serve as
vehicles for nucleic acids of bacterial origin (genomic or plasmid DNA) that can lead to
transduction of bacteria. A good example is the cholera toxin that is encoded by a lysogenic
bacteriophage (Faruque et al., 1998). Chitinous surfaces are ubiquitous in marine environments
on living crustaceans or their cast exoskeletons; it has been recently shown that V. cholerae
interactions with such surfaces induce regulatory circuits that control transformation, thus
providing bacteria another genetic mechanism to acquire new virulence or antibiotic resistance
genes (Meibon et al., 2005).

The potential for contracting an infectious disease depends on different factors, including host
susceptibility, the degree of exposure to the pathogens and the virulence of the agent. The
increasing number of both aging and immunocompromised individuals, who are most susceptible
to infections, emphasize the need for setting up control measures that are directed towards
microorganisms with low virulence potential, such as Aeromonas spp.

It is now recognized that health issues, including those related to water borne diseases, are no
longer simply a local problem but encompass global issues (Colwell, 2004). Natural events,
which are now known to occur on a global scale, the worldwide moving of people (e.g., business,
tourism) and goods, and human activities are largely responsible for the greatly enhanced global
transport of microorganisms, including well known pathogens and novel pathogens such as
SARS and extremely drug-resistant strains like Mycobacterium tuberculosis type XDR.
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3.7. Possible solutions to improve the hygienic conditions of coastal seawater

Currently, hygienic quality and potential health risk from exposure to seawater and consumption
of contaminated seafood are assessed by culturing indicator bacteria. This classical
microbiological methodology relies on such methods as plate counts (CFU) of coliforms or
plaque forming units (PFU). There are some serious deficiencies with these measurements there
is no significant correlation between their outcome and the abundance of many microbial
pathogens of non-fecal origin, nor do they provide valid identification of the pathogen. For this
objective state-of-the-art molecular detection methodology has to be considered. Advanced
methodology for environmental detection of microorganisms depends on: i) the type of
microorganism, ii) the level of taxonomic resolution to be achieved, iii) the detection limit to be
reached, and iv) the cost and time necessary to analyze samples. The approach now used widely
is to analyze nucleic acids, extracted directly out of seawater, with a suite of molecular methods
ranging from PCR and DNA array-based techniques to immuno-capturing and fluorescence in
situ hybridization (FISH). Applying quantitative PCR techniques such as real-time PCR has
enabled quantifying the pathogenic microorganisms in seawater without culturing them (Fey et
al., 2004; Gonzdilez-Escalona et al., 2006). These advanced methods require considerable
expertise and facilities and as yet are not routinely used for seawater analysis. There is clearly
room for technological improvement, standardization, validation and automation of the
molecular detection technology, particularly as it relates to pathogen detection in coastal waters.
Validation of molecular detection methods for the environmental detection of microorganisms is
also recommended for quality control of drinking water (OECD, 2003).

3.8. Interrupting the fecal-oral infection route by integrated coastal management

Transfer or storage of pathogens in sewage effluent seems to be a task that cannot be done
without occasional high contamination of surface, ground water and coastal water. A solution to
the risk of storage and transport would be a rapid on site extinction of these pathogens. Efficient
procedures to reduce the load of pathogens (bacteria, viruses, protozoa, helminths) in human and
animal waste in a short period of time (one to a few days) are those that include a step with
heating of the waste, such as composting (>60°C, due to microbial heating) and the thermophilic
production of biogas by methanogenesis (> 50°C). Critical to these procedures is that they reach
high temperatures (above 50°C) for a sustained period (one to a few days). These hygienic
measures for waste treatment are well established and could contribute to a healthier coastline;
they are also profitable if the production of biogas is included in the treatment (Verstraete et al.,
2002; Erickson et al., 2004).

A reduction of the transmission of zoonotic protozoa from pastures to river and coastal water can
be most effectively achieved by “landscape solutions”, i.e. riparian buffer strips and reforestation,
measures that reduce erosion and rapid run off, and improve the “filtering capacity” of the
landscape. These measures will counteract in the same way non-point nutrient sources such as
the transfer of nutrients (especially N and P) from the land to the ocean and thus reduce
eutrophication of coastal water.

Generally, steps taken to reduce coastal eutrophication from point sources and non-point sources
will likely reduce autochthonous pathogenic bacteria, such as vibrios, by removing a major
source of organic nutrients for these bacteria (Mourino-Perez er al., 2003). Additionally,
phytoplankton is the food for zooplankton - another major site for vibrio growth and dispersal.
Thus, the hygienic treatment of waste and waste water, together with measures to reduce transfer
of pathogens and nutrients from point and non-point sources, could provide the basis for an
integrated coastal management scheme that could greatly reduce the occurrence and growth of
pathogens in coastal environments and ensure safe bathing and seafood consumption.

3.9. Surveillance, epidemiology and integrated monitoring of marine-borne infectious diseases

Epidemiological studies of marine infectious diseases are lacking for almost all important aspects
including the etiological agent, transmission routes, links between virulence properties and
illness severity, number of cases and size of population exposed, etc. Therefore, a critical need
and priority in the study and control of seawater-borne diseases is an epidemiologically
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structured network of surveillance based on contributions by public and private institutions,
physicians and international health organizations.

Current monitoring of water quality in terms of pathogens is generally performed on a regular
basis, mostly due to legal obligations. For example, at shellfish farming sites, monitoring of fecal
indicators is usually done weekly. At bathing sites, this monitoring is often done weekly or bi-
weekly during summer. However, the dynamics of pathogens in seawater, while still not well
understood, suggests that marine bacterioplankton can rapidly respond to environmental changes
within hours. Therefore, current sampling schemes are probably inadequate to predict human
health threats originating from pathogens. An integrated monitoring approach appears to be the
most promising solution to effectively protect human health considering all the parameters and
forces influencing the presence, survival, activity and the actual infective dose of pathogens in
seawater.

Integrated monitoring should combine all information available for a specific region, including
GIS-based landscape data of the physical shape of the coastline and the underlying water body,
physical, chemical and biological parameters (e.g., temperature, salinity, chlorophyll) integrated
with dynamic hydrographical and meteorological data. To address public health issues, current
and archived hygienic water quality data, such as indicator counts for E. coli and/or other
indicator organisms, should be integrated and modeled in a dynamic way to understand the
occurrence and spread of seawater-borne pathogens along the coast. More refined molecular data
sets on the direct assessment of abundances of specific pathogenic viruses, bacteria and protozoa,
should be added and, if their seasonal and spatial behavior has been assessed, can be modeled
and integrated for the dynamic forecasting of health threats due to seafood consumption or
bathing. Some particular sites (polluted or non polluted, closed or open bay) could then be used
as test sites to validate dynamic monitoring models and their utility as early warning tool to
prevent human infections. Other sites could be chosen for monitoring some pathogens in a
continuous and long-term manner, to generate a sentinel network for the prevention of outbreaks
of infectious diseases. These data should be integrated with environmental data specific to
climate change so as to develop a long-term baseline for the assessment of health effects due to
climate change.

An integrated monitoring approach could provide the basis for an early warning system capable
of alerts regarding public health emergencies. Towards this end, remote sensing technologies
with satellites could provide an important contribution with their dual capability of performing
continuous environmental monitoring with coverage of large areas and acquiring/ transmitting
data in real time. The establishment of possible correlations between specific parameters and the
quantity and distribution of pathogens would be the basis for an early warning system on water-
related health risks.

3.10. General conclusions and future research needs regarding pathogens

There is a rather limited knowledge on the microbiological principles governing the prevalence
and pathogenesis of human microbial pathogens in the marine environment. The reasons for this
lack of knowledge are that: i) the precise detection, identification and quantification of
microorganisms in water are difficult and only possible with a combination of classical and
molecular methods; ii) the virulence of waterborne pathogens varies with environmental
conditions and the type of pathogen; and iii) the transmission of waterborne infections to humans
via seawater is a complex process depending on the type of pathogen, infectious dose, immune
status of the human and a multitude of other factors.

We foresee the following future research needs:

- development, validation and standardization of rapid detection methods for the most relevant
pathogenic viruses and bacteria in seawater and seafood;

- abundance studies of major pathogens in the marine environment to elucidate their
biogeography and their environmental control factors;

- thorough investigation of emerging marine pathogens including genomics, ecophysiology and
host-pathogen-interaction;
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- studies on the survival of pathogenic microorganisms in marine environments;

- studies on sanitation and sewage treatment conditions with respect to elimination / inactivation
of pathogenic bacteria, viruses and protozoa;

- study of the epidemiology of seawater-borne and seafood-borne diseases originating from
human pathogens of the marine environment.

4. CONTRIBUTION OF MARINE MONITORING PROGRAMS TO HUMAN HEALTH ISSUES

In order to protect the health of seafood consumers, many countries and international regulatory
bodies have set guidelines for the maximum permissible levels of some well-known toxic
contaminants (metals, chlorinated hydrocarbons, PAHs, etc.), bio-toxins and pathogens in
seafood (e.g., European Commision, 2001). It is particularly important to monitor levels of key
contaminants and pathogens in the coastal zone, where most fishery and farming activities are
carried out and where contamination is most acute. Shellfish may harbor elevated contaminant
and pathogen levels and serve as conduits for their passage to human consumers; they are
therefore commonly monitored, as are coastal bathing waters during summer months for fecal
indicator bacteria.

Monitoring contaminant levels in seafood is presently the only way to comply with seafood
safety guidelines established by regulatory bodies. These measurements are also used to evaluate
the extent to which remediation activities or pollutant reduction activities are effective.
Monitoring can also reveal information for better understanding processes relating to the
bioaccumulation and effects of contaminants in ecosystems (CIESM, 2002a,c). This has long
been recognized, and research over the past two decades has attempted to combine field
monitoring efforts with lab and field experimentation to provide explanations of fiel