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Introduction : "The occurrence of pathogenic microorganisms in seawater or in shellfish could exist
anytime sewage from human or animal origin would be discharged to the coast" (Metcalf, 1982).
According to the diseases occurring in the human population or in animals, pathogens might be
present in recreational waters or in shellfish. Thus, the presence of human enteric viruses (norovirus,
astrovirus, rotavirus, hepatitisAvirus (HAV)) and pathogenic bacteria (Salmonella, Listeria
monocytogenes, Shiga-toxin-producing Escherichia coli (STEC), Vibrio cholerae, Vibrio
parahaemolyticus, etc.) has been reported in coastal areas for a long time (Colwell, 1978; Metcalf,
1978; Melnick et al., 1979; Grimes, 1991; Bosch et al., 2001;Kong et al., 2002). These microorganisms
have been implicated in gastrointestinal and respiratory illnesses and other infections (skin, eyes,
etc.), (Griffin et al., 2003). Using risk-assessment models for viruses, maximum risks were estimated
to be 1.3 infections per 100 swimmers (Colwell et al., 1996). To evaluate the risk due to the presence
of these pathogens in the environment, certain criteria have to be determined. Among them, the
infectious dosewould be of a greatest importance (Table 14.1). Even if the infectious dose vary with
the strains, the age of the patient, or other parameters, some pathogens are highly dangerous for men
even at low concentrations (HAV, E. coli O157:H7, V. cholerae), whereas others have to be ingested
in high concentrations to be harmful (V. parahaemolyticus) or are highly infectious but not very
dangerous (norovirus). Thus, for some pathogens, a low contamination in seafood, for example, is not
acceptable, based on risk-assessment models (Colwell et al., 1996).
Among bacteria, the Vibrio family plays an important role in infections, waterborne or seafood
diseases, especially in countries surrounded by warm marine waters. Toxigenic V. cholerae O1 and
O139 are the causative agents of cholera in developing countries, whereas, non-O1 and non-O139
strains may also be pathogenic but are rarely associated with epidemics (Anonymous, 2002). V.
parahaemolyticus has been recognized as a major cause of foodborne gastroenteritis in Japan and
Eastern countries and has been linked to seafood consumption. In the United States, more than 700
cases of illness due to V. parahaemolyticus and associated to raw oyster consumption were reported
between 1997 and 1998. However, only a few outbreaks have been reported in Australia (1990-1992)
and France (2001). The difference between the countries could be attributed to the ecology of this
bacteria that requires elevated temperature to grow (>18?C). Vibrio vulnificus associated with primary
septicemia, has also been detected in a variety of raw seafood products in Korea and Japan
(Anonymous, 2002). Concerning enteric bacteria discharged into marine waters, bacterial control of
seafood lowered the risk of Salmonella outbreaks. The occurrence of other bacteria such as
Campylobacter jejuni and L. monocytogenes has rarely been reported in shellfish (Feldhusen, 2000;
Montfort et al., 1998; Dupray et al., 1999; Federighi et al., 1998). However, L. monocytogenes have
been implicated with smoked fish consumption (Rocourt et al., 2000). Human enteric viruses are
involved in more than 30% of the outbreaks linked to oyster consumption. Despite the variety of
viruses that can communicate shellfish only, HAV and norovirus have been epidemiologically linked to
disease (Lees, 2000; Le Guyader et al., 2003). The objective of this review is to gather information on
the input and behavior of the main enteric microorganisms-Vibrio family excepted-via the water route
and the factors able to affect the seawater and seafood quality.
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14.1. INTRODUCTION
“The occurrence of pathogenic microorganisms in seawater or in shellfish could exist anytime
sewage from human or animal origin would be discharged to the coast” (Metcalf, 1982).
According to the diseases occurring in the human population or in animals, pathogens might
be present in recreational waters or in shellfish. Thus, the presence of human enteric viruses
(norovirus, astrovirus, rotavirus, hepatitis A virus (HAV)) and pathogenic bacteria (Salmonella,
Listeria monocytogenes, Shiga-toxin-producing Escherichia coli (STEC), Vibrio cholerae,
Vibrio parahaemolyticus, etc.) has been reported in coastal areas for a long time (Colwell, 1978;
Metcalf, 1978; Melnick et al., 1979; Grimes, 1991; Bosch et al., 2001; Kong et al., 2002). These
microorganisms have been implicated in gastrointestinal and respiratory illnesses and other
infections (skin, eyes, etc.), (Griffin et al., 2003). Using risk-assessment models for viruses,
maximum risks were estimated to be 1.3 infections per 100 swimmers (Colwell et al., 1996).
To evaluate the risk due to the presence of these pathogens in the environment, certain criteria have to be determined. Among them, the infectious dose would be of a greatest importance
(Table 14.1). Even if the infectious dose vary with the strains, the age of the patient, or other
parameters, some pathogens are highly dangerous for men even at low concentrations (HAV,
E. coli O157:H7, V. cholerae), whereas others have to be ingested in high concentrations to
be harmful (V. parahaemolyticus) or are highly infectious but not very dangerous (norovirus).
Thus, for some pathogens, a low contamination in seafood, for example, is not acceptable,
based on risk-assessment models (Colwell et al., 1996).
Among bacteria, the Vibrio family plays an important role in infections, waterborne
or seafood diseases, especially in countries surrounded by warm marine waters. Toxigenic
V. cholerae O1 and O139 are the causative agents of cholera in developing countries, whereas,
non-O1 and non-O139 strains may also be pathogenic but are rarely associated with epidemics
(Anonymous, 2002). V. parahaemolyticus has been recognized as a major cause of foodborne
gastroenteritis in Japan and Eastern countries and has been linked to seafood consumption. In
the United States, more than 700 cases of illness due to V. parahaemolyticus and associated to
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Oceans and Health: Pathogens in the Marine Environment.
Edited by Belkin and Colwell, Springer, New York, 2005.

•

Ifremer, Centre

331

P1: FCG/FCG
SVNY049-Belkin

P2: FCG
August 6, 2005

4:20

332

M. Pommepuy et al.

Table 14.1. Microbial reported infection doses.
Microorganism
Salmonella spp.
Vibrio parahaemolyticus
Campylobacter jejuni
Listeria monocytogenes
Vibrio cholerae
Escherichia coli O157:H7
Hepatitis A
Norovirus
a

Estimated minimum infectious dose
104 –1010
106 –109
102 –109a
102 –106
103
10–102
<10
<10

Reference
Forsythe (2000)
Forsythe (2000)
Black et al. (1988)
Anonymous (2000)
Forsythe (2000)
Forsythe (2000)
Forsythe (2000)
Moe (2002)

Could be dose independent.

raw oyster consumption were reported between 1997 and 1998. However, only a few outbreaks
have been reported in Australia (1990–1992) and France (2001). The difference between the
countries could be attributed to the ecology of this bacteria that requires elevated temperature
to grow (>18◦ C). Vibrio vulnificus associated with primary septicemia, has also been detected
in a variety of raw seafood products in Korea and Japan (Anonymous, 2002).
Concerning enteric bacteria discharged into marine waters, bacterial control of seafood
lowered the risk of Salmonella outbreaks. The occurrence of other bacteria such as Campylobacter jejuni and L. monocytogenes has rarely been reported in shellfish (Feldhusen, 2000;
Montfort et al., 1998; Dupray et al., 1999; Federighi et al., 1998). However, L. monocytogenes
have been implicated with smoked fish consumption (Rocourt et al., 2000).
Human enteric viruses are involved in more than 30% of the outbreaks linked to oyster
consumption. Despite the variety of viruses that can communicate shellfish only, HAV and
norovirus have been epidemiologically linked to disease (Lees, 2000; Le Guyader et al., 2003).
The objective of this review is to gather information on the input and behavior of the main
enteric microorganisms—Vibrio family excepted—via the water route and the factors able to
affect the seawater and seafood quality.

14.2. WHY COULD FECAL MICROORGANISMS BE PRESENT
IN COASTAL AREAS?
The presence of enteric microorganisms in marine environments is the product of interactions between physical, biological, and biochemical processes. Although some of the
microorganisms have a limited survival time outside their host, viruses are resistant and some
bacteria have developed means to survive in the environment for days or months. Engineering
studies to reduce and manage the fecal pollution could answer the following questions: Where
are the fecal microorganisms coming from? How can they be introduced and settle in coastal
ecosystem? How can they survive in the seawater? How can the risk be assessed?
Unfortunately, even if scientific knowledge is increasing and informatic or statistic tools
are already available, the complexity of the phenomena remains a major obstacle to explain
the occurrence of pathogens in the environment. Coastal areas and especially bays or estuaries are the interface of three quite separated and contrasted environments: land, freshwater,
and seawater. Processes occurring within these areas are dependent on fluctuations in the

P1: FCG/FCG
SVNY049-Belkin

P2: FCG
August 6, 2005

4:20

Fecal Contamination in Coastal Areas: An Engineering Approach

333

Table 14.2. Main parameters influencing the presence of pathogens in the sea.
Land and freshwater interface
Microbial species
Fecal flora or pathogens (bacteria, virus)
Microbial status
Size, density, “free” or bound onto OM or SMa , etc.
Coastal population
Outbreaks, pandemic, animal carrier
Fluxes
Intermittent, permanent, rainfall effect, etc.
Freshwater and marine interface
Mixing
Open coast, estuary, bay, etc.
Sedimentation
Presence of mud, fine sediment
Ecosystem characteristics
Sunlight, salinity, temperature, predation, oligotrophy
Resistance
Inert (virus), sporulated bacteria, weak, resistant, or adapted bacteria
a

OM, organic matter; SM, suspended matter.

magnitude of the marine and terrestrial influences. Concerning fecal flora, intense human activities produce continuous inputs in located areas either directly (from sewage treatment plant
(STP), rivers, etc.) or indirectly (wastes spreading from agriculture). With the rapid growth
of population and its activities, the fecal contamination dramatically increased in the past
decades.
The presence of fecal contamination in the environment is the result of flux mixing,
accumulation in sediment and shellfish, and microbial persistence. The main parameters that
contribute to the presence of pathogens in the sea are reported in Table 14.2. It is of greatest
importance to take the complexity of the coastal environment into account, to better understand
the behavior of microorganisms in the sea and the occurrence of pathogens in water, sediment,
or shellfish.
The first group of parameters is dependent on the land and freshwater interface:
activities—determining the microorganisms that could be discharged—and climate occurring
with outbreaks increase the microbial flux intensity. Among this group, the microbial species
play an important role because some species are more resistant in the environment than others.
While viruses are inert and resistant particles, bacteria are physiologically active and thus able
to more or less survive depending on the physical and chemical conditions. Free or bound fecal
microorganisms are discharged into the sea; their adsorption onto organic or suspended mater
contribute to their persistence in the environment.
The presence of pathogens in the environment mainly depends on the density of the coastal
urban and animal populations. Seasonal outbreaks occurrence or rainfall input also contributes
in modifying the load of discharged pathogens. Fecal fluxes are continuous, while pathogen
fluxes are intermittent. The presence of pathogen carrier animals could also contribute to local
bacterial contamination.
The second group of parameters concerns the fresh and marine water interface. Physical
and chemical parameters play a major role in the occurrence of fecal flora and pathogens in
the marine environment. Hydrography, tide, and atmospheric pressure determine the mixing of
fresh- and seawater, and thus associated contaminants. Microorganism dispersion is dependent
on the hyaline stratification or sedimentation. Dilution factors occurring in coastal areas and
estuaries are at the origin of settlement or dispersion of fecal material. Free organisms, mostly
with a small size (<1 µm), assimilated to “dissolved” material could follow the dispersion law.
On the other hand, the bound organisms will be more submitted to sedimentation. Moreover, in
this environment, the intensity of sunlight, salinity, and temperature, etc. are factors implicated
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on rapid die-off or persistence of enteric viruses or bacteria in fresh and marine waters (Rozen &
Belkin, 2001). In sediment, viruses will be aggressed by chemical component, while fecal
bacterial behavior and their presence in the sediment will also be dependent on their adaptation
and competition with the autochthonous flora.

14.3. WHERE ARE THE FECAL MICROORGANISMS COMING FROM?
STPs continuously discharge fecal microorganisms in the sea via rivers. Among diluted intestinal flora (heterotrophic bacteria, fecal coliforms (FCs), fecal streptococci, etc.), pathogenic
microorganisms are often present. While the fecal input is more or less constant, the amount
of pathogens discharged into coastal areas depends on a diversity of factors such as the epidemiological status of human and/or animal population and the subsequent pathogens that
would be excreted by human and/or animal: norovirus, HAV, hepatitis E virus (HEV), STEC,
L. monocytogenes, Salmonella, and C. jejuni.
Rivers are the major routes, from the land to the sea, for the natural products of weathering
and many man-made materials, and they play a general role of pathways of materials from the
land to the ocean. Fecal material held in suspension enters river as a result of human activities.
The characteristics of individual river basins, such as climate, vegetation, and geomorphology,
constitute the background conditions that determine the composition and quantity of freshwater
and fecal load.
Three different types of fecal fluxes exist and are presented below (Fig. 14.1): permanent fecal fluxes from intestinal flora (estimated with E. coli and Enterococcus), epidemic
pathogenic fluxes resulting from human or animal outbreaks (e.g. viruses), and endemic fluxes
(e.g. bacteria from animal origin).

14.3.1. Permanent Fecal Fluxes
It is difficult to calculate fecal and especially pathogenic fluxes that are discharged into
the sea. Few quantitative data are available on pathogen water concentrations. Furthermore,
different sources can be implicated from one microorganism to another.
Despite the efforts addressed to decrease fecal contamination, fluxes are discharged by
STP in the environment. The fecal flux is dependent upon the density of the population and
the animal species growing in coastal areas.
The concentrations in thermotolerant coliforms and fecal streptococci present in human
and animal stools were evaluated and reported by different authors (Ashbott et al., 2002;
Pourcher, 1991; Geldreich, 1966).
14.3.1.1. Domestic Fluxes
Geildreich (1966a) calculated that the average flux from one person was about 2.14 ×
109 thermotolerant coliforms per day. In coastal areas, wastewaters are collected and treatment
plants are used to limit the bacterial load: physical or biological treatments decrease the fecal
flux by 1 or 2log. Chemical treatments are also used to disinfect wastewaters with UV, ozone,
chlorine, and peracetic acid (Lazarova et al., 1998; Abbaszadegan et al., 1997). Despite these
treatments, the FC load directly discharged into the sea is still a function of the size of the town

P1: FCG/FCG
SVNY049-Belkin

P2: FCG
August 6, 2005

4:20

Fecal Contamination in Coastal Areas: An Engineering Approach

335

Figure 14.1. Main potential origins of the main microorganisms detected in water.

and the applied sewage treatment. For example, raw sewage discharge from San Francisco
(1 million inhabitants) represent a flux of 1012 –9.8 × 1012 FC/s (Roberts & Williams, 1992),
while a flux, after a biological treatment, calculated for 30,000 inhabitants is about 1.6 ×
108 FC/s (Salomon & Pommepuy, 1990). The data from the other studies report same orders
of magnitude for fecal load discharged from domestic sewage (Table 14.3).
14.3.1.2. Non-Point Input, Runoff Discharges
In some locations, the river flow could represent more than 60% of the total fecal load
(Kashefipour et al., 2002). The runoff from pastured land can be a significant source of fecal
organisms. Application of slurry, farmyard manure, sewage sludge, and septic tank waste on
the pastures, contribute to the contamination of the point-source inputs (Crowther et al., 2002).
Even if the regulation lay down to store the manure several months in tanks before spreading
on pasture, failures are currently observed in coastal areas where intensive livestock farming
is practiced (Dupray et al., 1999). The role of large rural catchments on water beach quality
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Table 14.3. Microorganisms excreted in the feces of animal and human and corresponding fluxes.
Species

Thermotolerant coliforms/ga

Cow
Pig
Human
Sheep
Dog
Duck
Chicken

2×
×
106 –5 × 108
105 –4 × 108
2 × 105 –2 × 106
2 × 107
3 × 107
6 × 107 –3 × 108

a

105 –7

107

Fecal streptococci/ga
7×
2 × 106 –8 × 107
9.104 –2 × 108
2 × 103 –3 × 104
2.5 × 108
5 × 107
7 × 105 –2 × 108
103 –105

Excretion (g/day)
23,600
2700
150
448
413
336
182

References
Pourcher (1991)
Pourcher (1991)
Pourcher (1991)
Pourcher (1991)
Geldreich (1966b)
Geldreich (1966b)
Pourcher (1991)

Per gram of wet weight.

has already been implicated. There is significant positive correlation between land use and
management variables associated with intensive livestock farming (Crowther et al., 2002).
The presence of runoff outlet close to the harvesting area could be at the origin of water
quality degradation (Ackerman & Weisberg, 2003; Crowther et al., 2003). Moreover, this flux
is a function of rainfall and especially storm events (Baudart et al., 2000). The length of dry
period before rain could be an important factor, because of contaminants accumulated in the
soil (Bertrand-Krajewski et al., 1998). Viruses are also present in the surface waters. In the
Netherlands, reported enteroviruses concentrations in rivers range from 0.002 to 1 per 100 ml
(Schijven et al., 2003).
Among other sources of contamination, boats or vessels could also have a significant
impact on water and sediment contamination (Seyfried et al., 1997). Sobsey et al. (2003)
reported that the FC concentration in marine water increased with the rates of presence and boat
occupancy during the weekend holidays. Moreover, Dowell et al. (1995) clearly demonstrated
that overboard disposal of sewage, currently practiced on harvesting areas could be at the
origin of fecal oyster contamination. To conclude on the possible origin of contamination,
interestingly, Gerba (2000) investigated the impact of bathers on the pathogen concentration
in water. This author estimated that the fecal load sheds by bathers ranged from 1011 to 1016
viruses for 7185 bathers, during the weekends (normal and worst case conditions).

14.3.2. Pathogenic Microorganism Fluxes Resulting from Human Epidemics
Outbreak of gastroenteritis, i.e. pathogen excretion, is one of the major sources of viruses
and bacteria in the environment (Payment & Hunter, 2001; Mead et al., 1999). Unfortunately,
few data exist on the number of cases occurring in different countries. This number is highly
variable and depends on the season and latitudes, health status of population, epidemic strains,
etc. One estimates that approximately every single resident of developed countries is expected
to become ill from an enteric infection at least once in the next 18–24 months, while residents
of developing nations may experience between 5 and 10 episodes per year (Payment & Riley,
2002). Children who are more sensitive to infection in developing countries suffer from an
average 2.2–3.9 episodes of gastroenteritis per year (Bern & Glass, 1994). But the number
of cases is generally largely underestimated. In developed nations, for example, over 98% of
gastroenteritis are never reported to a physician (Dowell, 2001). Table 14.4 reports the published
incidence rates of notified diseases observed in developed countries. The importance of viral
outbreaks in comparison to other pathogen outbreaks has to be highlighted (Koopmans &
Duizer, 2003).
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Table 14.4. Incidence rate of notified diseases in developed countries
(100,000 of human population).
Notified disease

Incidence rate/100,000 pop/year

Viral gastroenteritis
Gastroenteritis (norovirus)
Campylobacteriosis
Salmonellosis
Hepatitis A
Shigellosis
Vibriosis
Yersiniosis
Typhoid fever
Listeriosis
a

28,000.0
14,000.0
100.4
31.8
11.7
5.6
2.5a
2.2
0.5
0.4

References
Dowell (2001)
DeWitt et al. (2001)
FDWP (1997)
FDWP (1997)
FDWP (1997)
FDWP (1997)
Anonymous (2002)
FDWP (1997)
FDWP (1997)
Anonymous (2002)

Estimation from US data.

Data from US indicated that, during seasonal epidemic, the main pathogen fluxes are
those from viruses and are higher than those from bacteria (E. coli O157—20,000 cases/year
reported in US population; or Listeria—100 cases/year/US population) (Anonymous, 2002).
In developed countries, outbreaks in the human population generally follow a seasonal pattern (Fig. 14.2). The data from the French Network Survey (Reseau sentinelle:
wwwb3e.jussieu.fr) indicate that a peak of acute diarrhea is observed every winter from
November to January. However, the incidence rate could be different from one year to another. Epidemiological and clinical investigations suggest a viral etiology for these winter
epidemics. Norovirus would represent more than 30% of the implicated viruses (ChikhiBrachet et al., 2002). The same results showing regular pattern of seasonal outbreaks were also
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reported in other European countries and in the US (Lopman et al., 2002, 2003a,b; Dowell,
2001).
After multiplying in the gastrointestinal tract of man or animals, enteric viruses excreted
in the feces are introduced into the environment (Gerba, 2000): viral concentration in stool
could vary from 104 to 1010 /g for norovirus (Yuen et al., 2001; Kageyama et al., 2003; Atmar
et al., 1995), be of 1010 /g for rotavirus (Griffin et al., 2003), 105 to 106 /g for enterovirus (Hovi
et al., 2001; Gerba, 2000), and 108 /g for HAV (Hollinger & Ticehurst, 1996). Asymptomatic
excretion or infected persons shed persists for prolonged periods of time (2–3 months) (Gerba,
2000). With a winter attack rate of 3% in the population, a norovirus concentration in stool of
106 /g and 3 stools/day/patient, the flux could be estimated at 3 × 107 virus per minute, for a
population of 60,000 inhabitants (Pommepuy et al., 2004). Kohn et al. (1995) estimated that
one person, with a viral diarrhea, may produce 109 viral particles per liter of feces. This would
be sufficient to contaminate 2 × 108 l of seawater, i.e. the equivalent of the volume of an oyster
harvesting area, that was lately found implicated in outbreaks.
Griffin et al. (2003) estimated a viral concentration in wastewater (measured by cell
culture), ranging from 1.82 × 101 to 9.2 × 103 /100 ml in untreated sewage and of less than
10/100 ml in treated sewage. Using molecular detection, the viral concentration in sewage was
found to be higher than the one detected by cell culture assay: astrovirus concentrations ranged
from 2.6 × 102 to 3.6 × 104 RT-PCR copies/100 ml (Le Cann et al., 2003) and adenovirus
concentrations were 8.8 × 102 to 7.5 × 103 /100 ml in a treated domestic effluent (Jiang et al.,
2001). Enterovirus concentration was estimated to be 3.8 × 107 RNA copies/100 ml in raw
sewage, 5.4 × 107 in sewage outfall, 2.3 × 107 in sludge, and 3.7 × 104 –7 × 106 in river
(Schvoerer et al., 2001).

14.3.3. Endemic Input: Example of STEC, Listeria spp. and Campylobacter
According to the socio-economic development, the bearing by healthy population can
also be at the origin of weak and continuous contributions to the sea. Some rare information
exists on the role of animals or humans as pathogen carriers. Animals carry a large population
of microbes in their intestinal tract, and contamination of environment (water, soil, dust, etc.)
as well as of foods and food products are largely reported (FDWP, 1997; Craun et al., 2004).
Many microorganisms causing disease in humans are present in infected livestoke: Salmonella,
C. jejuni, L. monocytogenes, enterotoxigenic E. coli, rotavirus, etc. They occasionally produce
symptoms of animal disease, but frequently colonize the intestinal tract. In intensive livestock
catchments, the presence of pathogens in the animal, could be at the origin of environmental
contamination.
E. coli commonly inhabits the intestine of human and animals; among the different types,
several pathogenic strains are at the origin of human diseases. Currently, more than 150 different serotypes are known to be associated with the production of verotoxins. The clinical
features of STEC infection include diarrhea, which is often bloody, and may progress to severe
hemolitic ureamic syndrome. Geographic differences of the incidence of animal infections vary
in Europe from 0.7/100,000 to 5.7/100,000 (Duffy et al., 2001). Healthy cattle typically carry
STEC as a commensal in the gastrointestinal tract. Monthly excretion rates in cattle vary from
2.7% to 23.7% with summer peaks (Conedera et al., 2001). Reported prevalence of carriage
(presence/excretion) of STEC in the absence of clinical symptoms varies from 2% to 24%
(Duffy et al., 2001; Chapman et al., 1997; Bonardi et al., 2001; Vernozy-Rozand et al., 2002).
This bacteria is able to colonize cattle for a long time (days/weeks). VTEC is also present in
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environmental samples from slaughterhouses (Bouvet et al., 2002), clarifiers of lagoons and
wastewater treatment plants (Chapman et al., 1997; Vernozy-Rozand et al., 2002). In a review,
Hancock et al. (2001), underline the role of water as the environment niche, because this bacteria
has been found to persist and remain infective for at least 6 months in water through sediments.
They can survive, even replicate during the warm season, for extended periods, 2–8 weeks, on
grassland and pasture (Ogden et al., 2001; Fukushima et al., 1999; Kudva et al., 1998).
L. monocytogenes infects men as well as animals and particularly the ovine races. It prevails in a sporadic or endemic way according to the techniques of breeding (Farber & Peterkin,
1991). The contamination could be contracted while ingesting plants; thus, the herbivores are
mainly affected. The bacterial multiplication in silos has been demonstrated, and high concentrations were observed (102 –106 CFU) when the anaerobic conditions and pH were not
observed during the storage (Al-Ghazali & Al-Azawi, 1990; Stahl et al., 1996). For bovines,
sheeps, and carnivores, an enteritidis can occur before any other clinical signs. Healthy carriers
are frequently observed and can affect 20% of the cattle depending on the nature of feeding and
on the seasons. High concentrations can be found in spreading and effluents: 105 –107 CFU/100
ml (Al-Ghazali & Al-Azawi, 1986; Geuenich & Muller, 1984; Watkins & Sleath, 1981). L.
monocytogenes are able to colonize most environments because of its potential to grow in a
very wide range of temperatures (5–42◦ C), and with moderate nutritional requirements. Thus,
commonly found in the grounds, water, and plants, this bacteria can quickly grow in wet environments where it persists for a long time in adverse conditions (Rocourt et al., 1997; Fenlon,
1999). Thus, water of the lakes and rivers can be contaminated (Fenlon, 1999).
Thermophylic Campylobacter and particularly C. jejuni and C. coli, are considered as
a leading cause of zoonoze enteric illness (Anonymous, 2003). Asymptomatic infection with
C. jejuni and C. coli is frequent in adults. The clinical manifestation differs between the regions
and strains, and includes fever, abdominal cramps, and bloody diarrhea (Jacobs-Reitsma et al.,
1995). These bacteria may be transferred to humans by direct contact with contaminated animals or ingestion of contaminated food or water. The principal reservoir of these bacteria is the
intestinal tract of wild or domestic animals and, especially, of wild birds and poultry (Nadeau
et al., 2001). However, it has also been isolated from cattle, sheep, goats, etc. (Anonymous,
1999, 2003). Seasonality seems to influence Campylobacter prevalence in retail chicken products in some countries where higher recovery rates were observed in contaminated food during
the warmer months. They grow at 37◦ C, but not below 32◦ C. Thus, as opposed to Listeria,
Campylobacter could not survive for a long time in the humid soil or multiply in slaughter.
However, this bacteria is able to evolve in a non-culturable but viable form and survive for a
long time in freshwater (Federighi et al., 1998). These viable but not culturable (VBNC) states
were shown to be able to colonize animals and then recover their culturability (Talibart et al.,
2000; Cappelier et al., 1999).

14.4. HOW ARE FECAL MICROORGANISMS INTRODUCED
INTO COASTAL ECOSYSTEMS?
As indicated above, despite the efforts to reduce the pollution, human activities produce wastes that are discharged into the sea. When entering into the sea, the free- or boundmicroorganisms are subjected to dilution and bio-sedimentological processes existing in estuaries and coastal zones.
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Figure 14.3. Main factors involved in microbial behavior.

When discharged into the sea, microorganisms are subjected to different factors
(Fig. 14.3):
r Physical dilution and dispersion: tide, atmospheric pressure variations, and wind govern the current pattern, the vertical mixing in the water column, and thus the water/
contamination stratification. Seasonal variation of freshwater discharge could also modify the water dynamic. Sedimentation is included in these factors that contribute to
decrease the fecal contamination in coastal areas.
r Physicochemical conditions, specific to marine water (sunlight radiation, salinity, temperature, pH) can introduce a bacterial stress or a viral degradation. Bacterial behavior is
also a function of nutrient competition. Furthermore, zooplankton grazing contributes
to the microbial decline in seawater (Barcina et al., 1991). Nevertheless, for a long
time, sunlight irradiation has been considered to be one of the most efficient parameters
affecting the biological behavior (Rozen & Belkin, 2001, a review). These biological
factors are gathered in a mathematical term, the decrease or decay rate, K (or T90, the
time for bacterial concentration to decrease by 1log).
Two pathways can be distinguished in the transfer of organisms to the coastal areas.
r The direct outfall or plume dispersion in the open coast or in a lake.
r The estuarine mixing, when the input are discharged into the river and then into the
estuary (seen as physicochemical interactions between fresh and saltwater, at the origin
of contaminants dispersion).
Moreover, when the conditions are favorable, the microorganisms settle in the shallow
beds of the estuary side. Coastal zone acts as a dispersion and sedimentation area, and thus
contribute to decrease the fecal impact (Dyer, 1981).

14.4.1. Direct Outfall or Plume Dispersion in the Lake or Open Coast
Statistical approach or models have been recently developed to predict water quality
conditions that result from bypassing of sewage (EPA, 1999, a review; Heads et al., 1992).
Some of them are based on regressive analyses that relate rainfall to fecal contamination and
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are site-specific. Their development required large monitoring data sets of both rainfall and
water quality. Examples concern the beaches on the Cities of Milwaukee and Delaware (USA).
Predictive tools were built on the basis of real-time monitoring and water quality data related
to rainfall event (EPA, 1999). Thus, alert curve models including different parameters (amount
of rainfall, storm duration, inter-event periods, season, etc.) were established. These different
parameters were found to be significantly related to fecal water contamination depending on
the areas. Relationships were demonstrated between pathogen concentration and the previoushour cumulative rainfall data. After these relationships were validated, guidelines and decision
rules for beach closure were established: for example, in Delaware, the alerts occur with 89 mm
rainfall during 24 h. Stamford beaches (USA) are closed when 12.7 mm rainfall occurs during
the dry season (EPA, 1999).
Artificial neural networks can be coupled with hydrodynamic models. They predict, for
example, the instantaneous salinity variations in response to forcing functions of water levels,
freshwater input, and wind (Huang & Foo, 2002).

14.4.2. Estuarine Mixing
The behavior of the fecal flux in coastal area is often more complex than in direct outfall,
especially when the river discharge occur in an estuary. Depending on the topography, the
salinity structure, and residual current change, an estuarine classification has been proposed
depending on tide, morphology, or salinity structure (Dyer, 1997; Allen, 1972; Pritchard, 1952).
Salinity classification, for fecal contamination purpose is of interest: salinity is a good tracer
for the pattern movement and an indicator of the intensity of the mixing processes. Moreover,
many substances can circulate and mix the same way as for fresh and saltwaters. Dyer (1986)
suggests to use salinity as a tracer and gave the following estuarine classification based on this
parameter.
r Salt wedge estuary (Fig. 14.4A). “The river discharges into an almost tideless sea. The
difference in salinity between the river and the sea is about 35‰, which creates vertical
density stratification” Dyer (1997). Freshwater tends to flow outwards over the surface
of the salty water that will rest on the bottom (motionless salt wedge). Associated
pollution to freshwater would more or less flow at the surface.
r Partially mixed estuary (Fig. 14.4B). “When they are any appreciable tidal movements,
the whole water mass moves backwards and forwards in the estuary. The turbulence
causes more effective mixing entrainment, mixing saltwater upwards into freshwater
i.e. contaminant as well as freshwater downwards. This also dilute the saltwater near
the bed and then the stratification tends to increase toward the head of the estuary” Dyer
(1997).
r Well-mixed estuaries (Fig. 14.4C). “As the strength of the tidal currents increases relative
to the river flow, the mixing becomes more and more intense until it is sufficiently
strong to effectively mix the water column completely. These estuaries are likely to be
shallow, with a high tidal range, and most of the time intertidal mud flat and banks”
Dyer (1997). This is of the greatest importance to fecal pollution that can be mixed in
the water column, could settle on the bottom, then be able to contaminate the estuarine
water during spring tide or rainfall again.
During the year, freshwater discharge, i.e. contaminant flux, varies around an annual mean.
When the discharge is low, for example in summer, the amount of river water accumulated in
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Figure 14.4. (A) Fecal input in a salt-wedge, (B) partially mixed, and (C) a well mixed estuary (modified from Dyer,
1986).

the estuary is relatively high, the salinity intrudes into the estuary, and the fecal contamination
is thus accumulated upstream.When river discharge increases, the saline water—and the
contaminants—are pushed seaward, the stratification is increased, and the river flows out
in a surface layer efficiently. A rapid exchange of water occurs with the sea, the fecal fluxes
can rapidly reach the harvesting areas, when located seaward.
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14.5. SURVIVAL OF FECAL MICROORGANISMS IN SEAWATER
The behavior of enteric microorganisms in the coastal environment depends on many factors that have been investigated for a long time by numerous authors (Pommepuy et al., 1987;
Chamberlin & Mitchell, 1978; Bellair et al., 1977; Gameson & Saxon, 1967). Recent reviews
or syntheses have been written in subsequent publications (Belkin et al., chapter x, Rozen &
Belkin, 2001; Troussellier et al., 1998). The main factors affecting the behavior of microorganisms are, despite the organism itself and its physiological state, the physical and chemical
characteristics of the marine environment (temperature, salinity, organic matter content, oxygenation, pH, etc.) and the atmospheric conditions (mainly sunlight radiation). Moreover, it was
shown that, by staying for a long time in wastewater, E. coli was able to modify its metabolism
and then better resist in the marine environment (Dupray & Derrien, 1995). Various approaches,
including settlement or in field studies have been adopted to understand the main factors involved in microbial behavior. Moreover, as application methods and experimental conditions
used in these experiments were most of the time different, the results obtained were various
and contradictory: from results obtained using clinical strain pooled in a synthetic marine water in laboratory, until those obtained from in situ experiments using wastewaters in diffusion
chambers.

14.5.1. Behavior in the Marine Water
Marine water offers hostile conditions for bacterial survival and virus integrity. Thus,
experiments demonstrate a loss of culturability or other physiological activities when enteric
bacteria are in contact with seawater (Guillaud et al, 1997). Models able to describe bacterial
behavior have been previously proposed in complete reviews by Crane and More (1986),
Grimes et al. (1986), Matsumoto and Omura (1980), and Chamberlin and Mitchell (1978).
More recently, models taking the adaptative response of enteric bacteria in seawater into
account have also been proposed (Martin et al., 1998). Subsequently, the changes in intracellular
metabolizable components have been introduced to modelize the effect of stress on bacterial
physiology for E. coli (Troussellier et al., 1998).
Different decay models are used to adjust results obtained in experiments. For marine
contamination purposes, they are mainly devoted to FC or E. coli. The simplest model that is
a first-order kinetic was proposed by Chick (1908). This model is frequently used to evaluate
the decay constant, because of the lack of precise data and is friendly use. The Chick’s law is
as follows:
 
 
Nt
Nt
Nt
= −kt or Ln
= k∗t
= 10 − kt or log
N0
N0
N0
where Nt is the number of bacteria (or viruses) at time t, N0 is number of bacteria (or viruses)
at time 0, and t is expressed in days; k is the first-order constant calculated by linear regression
techniques. k* can be converted to base 10 logarithmic by multiplying with 0.4343. Decay-rate
can also be expressed in T90 (T90 = 1/k), the time necessary for the bacteria counts to decrease
by 1log.
More complex models derived from the Chick’s laws have also been proposed to express
results obtained with bacterial population comprising separate subgroups, to describe nonconstant decrease rate, or the influence of temperature, solar radiation, salinity, etc. (Crane &
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Moore, 1986). When a lag period is observed at the beginning of logarithmic decay, modelization of the law is getting as follows:
Nt
= 10 − k(t − t1 )
N0
where t1 is the time at end of lag period; t is the time at any point after lag period t1 .
Log-linear and other non-linear models were compared (Gonzalez, 1995) demonstrating
that the non-linear model adequately models bacterial survival in the aquatic environment.
Regularly, different lag periods are observed and could be explained by the aggregation of
bacteria cells (Davies-Colley et al., 1994).
The major factor affecting bacterial decline in sea is sunlight irradiation. Bellair et al.
(1977), Chamberlin (1978), and Chamberlin and Mitchell (1978) demonstrated that the diurnal
variation in FC decay rates was due to exposure or not to sunlight irradiation (T90 was about
40 h during the night, versus 1.9 h during the day). Kinetic expression and coefficient, used to
simulate the FC decay in the environment, have been investigated (Canteras et al., 1995). In
situ studies record solar radiation at the surface and different depths, the results are expressed
in solar irradiance (W·m−2 ), illuminance (Lux·h−1 ), calories (Cal·cm−2 or J·m−2 ), or photon
flux (E·m−2 ),1 depending on the sensors. Even if it is well recognized that inactivation rate and
therefore persistence vary with solar irradiance, contradictory results are published. One major
reason for the divergent results obtained in the literature review could be due to the latitude
variations in sunlight radiation at the marine surface. Ultraviolet radiation, for example, is a
function of wavelength, latitude, and season (for clear sky) and seasonally and latitudinally
averaged ozone amounts (Johnson et al., 1976; Jerlov, 1976). Moreover, vertical attenuation of
light depends on turbidity, dissolved organic matter, and chlorophyll, which are responsible for
adsorption as well as scattering (McPherson & Miller, 1987). A high selective action of light,
with a greatest adsorption, occurs at the shorter wavelengths in the UV-B and UV-A range, 360
nm (Bell et al., 1992; Sinton et al., 1994; Sinton et al., 2002). In estuaries, the role of turbidity on
light penetration and thus T90s is important (Alkan et al., 1995). For high turbidity (100 mg/l),
sunlight penetration is dramatically stopped and E. coli T90s could reach 9 days (Pommepuy
et al., 1992). On the other hand, at summer midday irradiances of about 1.2 kW m−2 , T90 values
correspond to 35 min for FCs between 318 and 340 nm in the UV region and superior to 400 nm
in the visible one (Davies-Colley et al., 1994). These radiations lead to reactive oxygenic species
production and photo-sensibilization mechanisms acting against bacteria (Gourmelon et al.,
1997).
Thus, by addressing the scope of determining the decay rate in a specific area, it is advised
to measure in situ qualitative parameters of the light irradiance and the microbial behavior and
not to only consider the data from literature.
Most of the investigations were done on E. coli and FCs, but few authors also investigated
in situ the behavior of pathogens discharged into marine environment. As an example, some
T90s, mainly obtained from in situ experiments are presented in Table 14.5. As previously
discussed, different survival times were found according to the strains, the recovery methods,
and the field conditions (season, irradiance, temperature, depth, etc.) that were used. The
1

Conversion factors for radiation data: 1 J = 4.61 µE, with λ = 550 nm; 1 Cal = 19.23 µE, with λ = 550 nm;
1 Wm−2 = 0.217 1 µE m−2 s−1 (Guillaud, Personal communication). E = Enstein, W = Watt, J = Joule, Cal =
Calorie.
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Table 14.5. Examples of literature data on T90s in estuarine and marine waters. (Decimal reduction
time is expressed in hours: minimum-maximum) 1. Montfort et al. (2000); 2. Salomon and Pommepuy
(1990); 3. Troussellier et al. (1998); 4. Callahan et al. (1995); 5. Bosch et al. (1983); 6. Johnson et al.
(1996). 7. Arnal et al. (1999); 8. Wait and Sobsey (2001).

Listeria innocua
Listeria monocytogenes
Escherichia coli
Salmonella. tyohi
Salmonella panama
Poliovirus-1
F+RNA
Hepatitis A virus
Astrovirus

Seawater 18–22◦ C

Seawater 4–5◦ C

Estuarine
water 18–22◦ C

Estuarine
water 4–5◦ C

References

5–45
22–39
5–35
33–84
13–72
10–72
60–76
72–672
384–432

54–89
–
67–81
33–79
108–316
158–170
–
–
648–720

6–24
80
96–500
–
15–34
–
–
–
–

57–96
–
120–235
–
96–144
–
–
–
–

1
1
2, 3, 8
8
1
4, 6, 8
4
4, 5, 7
5

persistence of viruses in marine water or other environments (freshwater, soil, crops), compared
to the one of E. coli, has to be highlighted (Carr, 2002).

14.5.2. Behavior in Sediment
For a long time, Gameson and Gould (1975) pointed out that sedimentation was involved in
the decline of coliforms in the surface waters of the wastewater plume. Removal efficiencies of
STP indicate that generally 50–70% of coliforms in sewage are bound to particles. Furthermore,
flocculation by seawater and adsorption to marine sediments and estuarine silts are responsible
for a significant fraction of observed removal (Obiri-Dabso & Jones, 2000). Viruses are also
bound to small size sediment or silts (Rao et al., 1986; Melnick, 1984; Gerba et al., 1984).
Particle settlement has been investigated by Auer and Neihaus (1993), who demonstrated that
90.5% of FC were found to be associated with small particles (0.45–10 µm). Different settling
velocities were estimated, and average sediment velocities of particles were about 0.003 cm/s in
freshwater (Auer & Neihaus, 1993) and >0.05 cm/s in marine water. Enteric microorganisms
are mainly accumulated in the surface layers of sediments where the concentration is 100
times and higher than in supernatant water (Pommepuy et al., 1992). High concentrations
occurred in the surface layer in comparison to the underlying sediment (Le Guyader et al.,
1990). Salmonella, E. coli, V. vulnificus, V. parahemolyticus, enteric virus, and other fecal
microorganisms were detected in sediments (Hoi et al., 1998; Hielm et al., 1998; Hill et al.,
1996; Ferguson et al., 1996; Le Guyader et al., 1994; Martinez-Manzanares et al., 1992; Hood
& Ness, 1982).
Studies have been carried out for a long time on the means by which microorganisms
became established in the sediment and on their activities and mechanisms controlling their
bacterial survival (Crenn et al., 1999; Irving & Petibone, 1993; Nedwell & Gray, 1987; Landry
et al., 1983; LaBelle & Gerba, 1982). In the sediment, fecal bacteria are subjected to stress and
nutrient competition with autochthonous flora. In fact, in spite of its high concentrations of
organic matter, sediment is a limited energy and nutrient environment for microorganisms; a
large part of organic matter is refractory, and bacteria cannot always use the labile part. Great
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spatial and temporal variations are also observed in terms of nutrient element contributions.
To survive in sediment, fecal bacteria used different strategy. They could be minimally active,
adapted to low available nutrient concentrations, some are capable of very rapid organic matter
uptake during short periods of nutrient abundance, others are able to survive in inactive states
during the long intervening periods (Nedwell & Gray, 1987). When external conditions are
not lethal, bacteria are able to enter into VBNC state (Rozack & Colwell, 1987). Survival
in sediment also depends on the bacterial ability to store energy reserves. In the absence of
nutrients or during starvation, a rapid degradation of proteins is observed (Reeve et al., 1984).
The presence of osmoprotectors (glycine-betaine, trehalose, amino acids) may also help to
increase survival rates of fecal bacteria in salt environments. In muddy sediments, E. coli is able
to store oxygenous betaine and thus increases its salt-tolerance (Ghoul et al., 1990; Gauthier &
Le Rudullier, 1990). Thus, the sediment limits solar radiation for virus and bacteria, in addition
to procuring osmoprotectors and nutrient elements (Gerba & McLeod, 1976). Survival times
in sediment were found to be very long and vary from several days (E. coli) to several weeks
(fecal streptococci, Salmonella) or several months (viruses, Clostridium) (Le Guyader et al.,
1990; Rhodes & Kator, 1988).
Viruses adsorbed to sediment material remain infectious and survive for several months
(Melnick, 1984). The persistence of enteric viruses is due to the protected effect of marine
sediments in estuarine waters (Smith et al., 1978; Chung & Sobsey, 1993).

14.5.3. Applications of Models
Modeling fecal concentration from outfall is currently practiced from hydrodynamic
models for plume dispersion in open coast, lake, or estuaries (Scarlatos, 2001; Canale et al.,
1993; Roberts, 1999a; EPA, 1999, a review). The models are hardly solely devoted to FC or
E. coli simulation (Kashefipour et al., 2002; Roberts, 1999b; Falconer & Lin, 1997; Head
et al., 1992; Bell et al., 1992; Bosch et al., 1988; Davies et al., 1995). They were developed
and applied for bathing purposes for lake or marine water. Some applications were devoted
to shellfish harvesting area survey (Fiandrino et al., 2003; Pommepuy & Salomon, 1991;
Salomon & Pommepuy, 1990).
The technique of modeling is based on a set of several nested numerical models (grid
sizes vary from several kilometer down to local detailed models (dozens of meter) and takes
the local morphology (narrow channels, extensive tidal flats) into account. The models are
three- (3D) or two-dimensional ones in the horizontal plan (2DH) and solve the mathematical
equations that govern these physical phenomena for hydrodynamic (Saint-Venant). They describe a depth-averaged current at each point. Open boundary conditions required to run the
model are the tidal elevation (given for example by the world model FES 99) and the water
discharged from the main rivers and sewage. Nested models are widely developed: fine grid and
larger area models are currently coupled with buoyant diffuser plume models (Hogdins et al.,
1998).
Sub-models solve transport, dispersion, and sedimentation equations. They have also
been established for catchment’s input, providing runoff scenario and have been introduced in
hydrodynamic models: they allow predicting the water quality response to non-point source
pollutant loading in case of impact studies (Crowther et al., 2001; Bennett, 1989). Wind effects
can be introduced in the calculation to distinguish this parameter from the effect of short-term
changes in the input loads or tide (Fiandrino et al., 2003).
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14.5.4. Applications to Fecal Coliform Contamination
Equations describing the fate of bacteria or viruses are the same for any dissolved constituent except for the T90. The first microbial models integrated a term summarizing all
biological aspects of microorganisms. This parameter was described by a simple first-order
reaction, which could be efficient enough to obtain a reasonable level of accuracy (Salomon &
Pommepuy, 1990). Recently, further refinements were added. A time-dependant decay rate
for FCs using equation taking into account light, salinity, and temperature was introduced
in a 3D model (Hogdins et al., 1998). In this application, the light intensity was calculated
as a dependent function of diurnal varying radiation. The models could also calculate bacterial concentrations depending on wet and dry conditions (Garcia-Barcina et al., 2002) and
different decay rates for day- and night-time (Kashefipour et al., 2002; Roberts, 1999b).
When water temperature is of importance, different temperature scenario can serve as input to the water quality model (Roberts, 1999b). Calculated and observed concentrations
are generally compared to validate the models (Hogdins et al., 1998; Ribeiro & Araujo,
2002).
The purpose of these models is to better understand the mechanisms involved in the
microbial decrease. Roberts (1999a) demonstrated the efficiency of the dilution in the near
field close to the outfall (<1 km): initial dilution in this area varied widely and rapidly from
about 600–5000, when low effluent flow-rate coincided with strong current and weak water
stratification. The “flushing time”, also named the “residence time”—the time required to
replace the existing freshwater in the estuary as a rate equal to the river discharge (Dyer,
1997)—can be calculated. In estuaries, it varies as a function of the river flow, increasing when
the flow decreases. The residence time was compared to microbial decay rate for evaluating the
effect of physical dilution (Phy) versus decay rate (Bio) efficiency on bacterial decrease. For
E. coli, the ratio Phy/Bio was more than 500 in an estuary (Salomon & Pommepuy, 1990) and
range from 1 to 0.02 in a lagoon (Fiandrino et al., 2003). In estuaries, the physical mechanisms
are much more efficient for reducing sanitary risk than biological stress, because of high tidal
regime and currents and a great capacity of dispersion. In contrast, when the transit time is very
long, biological effect (stress due to light irradiation, for example) dramatically contributes to
water fecal quality. Nevertheless, this ratio varies depending on the environmental conditions
and the microorganisms.

14.5.5. Application to Viral Contamination
Very few model applications were devoted to microorganisms other than FCs. However,
recently, modelization was applied to viral contamination in a harvesting area (Pommepuy
et al., 2004). The simulations reproduced the effect of domestic discharge on water quality.
The average microbial flux was estimated to be 3.4 × 109 E. coli per second corresponding
to the fecal flux measured from the main contributors (STP). Viral input was estimated to
be of 106 /viruses/s according to the attack rate in the population (3%, 60,000 inhabitants).
The model calculated the maximal water concentrations corresponding to 20 days of domestic discharges in the sea. The T90s used for E. coli and norovirus were 1 and 30 days,
respectively. Figures 14.5 and 14.6 report the concentration obtained from these simulations.
Despite the viral T90, which is very long in comparison to the E. coli decay-rate, the viral
flux was not efficient enough to pollute the area. These calculations were in accordance with
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Figure 14.5. Simulation of E. coli input from a sewage treatment plant in marine water (Golfe du Morbihan, France):
maximal water concentration corresponding to 20 days of continuous discharges (concentration are expressed in
CFU/100 ml).

Figure 14.6. Simulation of Norovirus input from a sewage treatment plant in marine water (Golfe du Morbihan,
France): maximal water concentration corresponding to 20 days of continuous discharges (virus are expressed in
number of particles/100 ml).
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the results obtained on viral shellfish contamination (RT-PCR analyses). The model demonstrated that the physical dilution was sufficient to dilute the viral input and thus limit the
contamination.
In conclusion, these examples indicate that the models simulate different conditions at
the origin of water degradation quality (bypassing of untreated wastewater, bypass durations,
water temperature variation simulating the season). They give calculation of the probability
distribution, prediction on frequency of plume impactation, comparison of expected bacterial
impacts from the outfall with those from other sources. The effect of disinfection of sewage
effluent on water quality could also be simulated. Depending on the area, it could be a solution to
dramatically decrease the estuarine contamination (Garcia-Barcina et al., 2002) but when river
is the major contributor (Ribeiro & Araujo, 2002). For storm-water management, the modeling
applications evaluate the probability of compliance of bathing regulation standards (Head et al.,
1992) or standards for shellfish (Pommepuy et al., Submitted). These applications lead to
rational bases for the choice of treatment levels based on the results from screening purposes.
Even if these models still have major limitations (rapid changes in current velocity or direction,
for example, cannot be modelized; moreover, viral fluxes are not yet well determined), they
are useful to understand the dispersion and the behavior of fecal and pathogen contamination
in the receipt-water environment.

14.6. DISCUSSION AND CONCLUSIONS
Observations demonstrated that coastal areas could be contaminated by runoff water, river,
or sewage outfall. The complexity of the different parameters involved in the occurrence of fecal
microorganisms in the environment is reported in this review. Three major parameters need to
be considered: fluxes, residence time, and microbial resistance to hostile marine conditions. The
balance between these factors determines the presence or the absence of fecal contamination
or pathogens.
The following study illustrates results obtained in a shellfish harvesting area (Fig. 14.7).
The lagoon, located in the southern part of France, receives domestic input from 100,000
inhabitants and a 3-year study showed that shellfish in this area were impacted by sewage
contamination mainly during the winter season (Le Guyader et al., 2001).
The effect of cumulated events on viral contamination was observed (Miossec et al.,
1998). When rainfall and outbreak in the population were separated events, the viral contamination was weak. During winter season, viral contamination was important when rainfall and
outbreak occurred at the same time, i.e. salinity decreases while viral contamination increases.
It was shown that the viral contamination persisted several weeks after the input, when E. coli
contamination disappeared very fast (data not shown). Fiandrino et al. (2003) demonstrated
that the contamination was strongly linked to the river flow: as soon as fecal loads decreased,
biological die-off process became dominant.
A schematic illustration of the balance between microbial input, residence time, and
microbial persistence is presented in Figure 14.8: during rainfall events, freshwater, and contaminants discharged into coastal area tend to flow outwards, residence time decreases, and
fecal contamination is mainly the results of physical phenomena. Then, when the freshwater input decreases, the residence time increases and biological effect becomes predominant:
E. coli disappears faster than viral contamination.
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Figure 14.7. Effect of rainfall and outbreaks events on salinity and viral shellfish contamination (Etang de Thau,
France).
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Figure 14.8. Residence time, microbial input, and persistence of microbes in coastal areas: example of E. coli and
norovirus contamination.
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The release of fecal microorganisms and pathogens into the marine environment through
sewage outfall and polluted rivers is of concern from the recreational standpoint (and a threat
to important shellfish-growing areas).
During the last decade, the risk assessment for bathing areas has been investigated (Haas
et al., 1999; Fleisher et al., 1996; Ashboth et al., 1997; Kay et al., 1994; Cabelli, 1983). It was
mostly estimated from epidemiological data and indicator concentrations in surface waters.
More recently, Lopez-Pila and Szewzyk (2000) established the minimum risk the bathers are
exposed to, from a dose–response relationship for rotavirus and the ratio of FC/rotavirus in
water. Because the probability to become infected by a single infectious unit is relatively high,
these authors considered that the rotavirus model has been very sensitive to assess the illness
load. Assuming that a bather ingested 100 ml water, the risk was estimated to be of 1.6/1000,
if the mean value of lognormal distribution was 100 E. coli/100 ml (95% percentile value:
6300 E. coli/100 ml). From the same data, Haas (2001) estimated that the risk was lower
(2log lower). The risk assessment was also applied to viral contamination of shellfish (Lee &
Younger, 2002). An average virus exposure of 6 PFU per 60 g of shellfish would lead to a risk
estimated to be 31/1000 (Rose & Sobsey, 1993). For Bosch et al. (1994), the rotavirus risk
varied from 15/1000 to 540/1000 depending on whether the shellfish was depurated or not.
Since a few years, viral zoonozes became more evident. Unusual rotavirus strains in
humans suggested animal transmission, and co-infection of environmental samples by different
strains may enhance genome rearrangements and reassortment (Palombo, 2002). The recent
diagnosis of HEV infections in non-travelers in developed countries raised the question of the
source of infection (Halbur et al., 2001). Molecular studies demonstrating sequence similarities
among animal (swine, pigs, etc.) and human strains and the detection of HEV in sewage in
different countries suggest that humans may become infected by contact with effluent of animal
origin (Van der Poel et al., 2001; Clemente-Casares et al., 2003). The zoonoze risk can widely
be extended to other microorganisms. Thus, E. coli O157:H7 is a model of emerging pathogen.
Intensive livestoke agriculture and the selective pressure during survival in the environment
led to horizontal transmission and accumulation of virulent factors (Duffy et al., 2001).
Different strategies were proposed to manage the risk. The conventional approach is to
determine a better indicator than FC or E. coli for standards purposes. Thus, bacteriophages,
Clostridium, and enterococci are currently proposed (Lees, 2000; Griffin et al., 2001; ContrerasColl et al., 2002). However, the relationship between pathogen and any indicator are uncertain.
Other approaches directly addressing the presence of targeted pathogens in the environment
had to be proposed. Following are considerations that could be investigated.
r Risk assessment. Quantitative information on pathogen concentration in the environment allows to better evaluate the sanitary risk in coastal areas. Promising advances in
molecular detection point out the possibility to directly detect the presence of pathogens
in the environment. Real-time PCR, gene probes, or biosensors are already proposed
to detect the pathogens in food (Scott et al., 2002; Pommepuy & Le Guyader, 2000).
These methods applied to environmental samples and added to genetic information on
strains (genotyping, molecular characterization, etc.) would help to identify the danger
from pathogens among emerging pathogens.
r Reduction of fecal input in coastal areas. Microbial contamination in coastal areas
is not a fatality. Recent studies carried out on water quality demonstrated the possibility to determine the main sources and to list the critical points in the catchments.
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Hydrodynamical models when applied to these contaminants, even if they need further
development and have to be validated by databases, would lead to rational bases for
the choice of treatment levels based on the results from screening purposes. Thus, they
will contribute to make choices to limit the contamination.
r Implementation of warning systems. In the near future, as emphasized by Rose and
Grimes (2001), alert system based on gene chip technology will allow to directly detect
pathogens and prevent contaminated water or seafood to be consumed. Expert systems
for monitoring wastewater treatment plant are already available (Punal et al., 2002).
They could be associated with neural networks to predict the wastewater inflow from
STP or agriculture activities. These models calculate the hydraulic load and wastewater
inflow that are able to reach the river and the coast when rainfall events occurred (ElDin & Smith, 2002; Crowther et al., 2002). Neural network models are developed to
send data from different probes implemented in the environment and give real-time
monitoring on rainfall, STP failures, salinity decreases, and other parameters. This
information could be gathered and connected with an early alert system implemented
in catchments basin, bathing, or harvesting areas (Crowther et al., 2002; EPA, 1999).
Furthermore, in developed countries, information are already available on outbreaks
occurring in the population. Associated with forecast information, salinity, STP failure,
and others, a warning system could lead to currently assess the water quality in bathing
or harvesting areas.

ACKNOWLEDGMENTS
We are grateful for the contributions of other colleagues from Ifremer teams. The authors
thanks to F. Dumas for simulations of Norovirus input in the Golfe du Morbihan and P Bodennes
for illustrations. Acknowledgments to K. R. Dyer for providing useful suggestions on estuarine
mixing. This work was partially funded by the French Environment Ministry (Programme
Liteau I).

REFERENCES
Abbaszadegan, M., Hasean, M.N., Gerba, C.P., Roessler, P.F., Wilson, B.R., Kuennen, R., & Van Dellen, E. (1997). The
disinfection efficacy of a point-of-use water treatment system against bacterial, viral and protozoan waterborne
pathogens.Water Res 31, 574–582.
Ackerma, D., & Weisberg, S.B. (2003). Relationship between rainfall and beach bacterial concentrations on Santa
Monica Bay beaches. J Water Health 2, 85–89.
Al-Ghazali, M.R., & Al-Azawi, S.K. (1986). Detection and enumeration of Listeria monocytogenes in sewage treatment
plant in Irak. J Appl Bacteriol 60, 251–254.
Al-Ghazali, M.R., & Al-Azawi, S.K. (1990). Listeria monocytogenes contamination of crops grown on soil treated
with sewage sludge cake. J Appl Bacteriol 69, 642–647.
Alkan, U., Elliot, D.J., & Evison, L.M. (1995). Survival of enteric bacteria in relation to simulated solar radiation and
other environmental factors in marine waters. Water Res 29, 2071–2081.
Allen, G.P. (1972). Etude des processus sédimentaires dans l’estuaire de la Gironde. These. Université de Bordeaux,
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