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Beach closings and illness after exposure to
marine water may be increasing in frequency
(1,2). In the United States from 1988 to
1994, there were over 12,000 coastal beach
closings and advisories (an increase of 400%
over that period), with over 75% of the clos-
ings due to microbial contamination (3).
Although not all cases can be traced to
anthropogenic discharges, the belief that
marine pollution has no significant impact
on health must now be challenged (4–6).
Infectious diseases and toxin-related illness
may be caused by enteric pathogens or chem-
icals that enter the marine environment from
terrestrial ecosystems (e.g., through fecal con-
tamination from a number of point and dif-
fuse sources) (7). Alternatively, indigenous
organisms (and biotoxins) that may have
increased in number or virulence as a result
of ecologic imbalance (8,9) can cause nega-
tive health effects. Anthropogenic inputs to
the coastal environment may be contributing
to both terrestrial and marine stress (8).

Anthropogenic pressures on coastal envi-
ronments. Population growth in coastal areas
is increasing at a rate double that of popula-
tion growth worldwide. It is estimated that
billions of gallons of treated and untreated
wastewater are discharged daily into the
world’s coastal waters. In developing nations,
90% of untreated sewage from urban areas is
dumped into streams and oceans (10). In
addition, runoff from heavy rains can worsen
water quality. Increased bacterial, viral, and

toxin contamination may be associated with
watershed pollution, loss of wetlands (which
naturally filter out pollutants), and overfish-
ing (which decreases predation). Heavy load-
ings of organic and inorganic nutrients
change the ecologic balance, stimulating nui-
sance organisms (11) and in some cases affect-
ing the virulence of indigenous species (12). 

The literature suggests a global increase
in the frequency, magnitude, and geographic
extent of harmful algal blooms (HABs) over
the past two decades, leading to toxic and
anoxic conditions (13). A strong correlation
exists between HABs and the degree of
coastal pollution (14). Global factors also
affect the plankton; for example, warm sea
surface temperatures increase photosynthesis
and metabolism (15), and may contribute to
the growth of tropical and temperate species
in higher northern and southern latitudes.
Extreme conditions may spur blooms that
are extensive enough to cause anoxic zones
in shallow estuaries such as the Chesapeake
Bay. In the Laguna Madre in Texas, a bloom
persisted for over 8 years after an abnormally
cold period led to a fish kill that stimulated a
rare “brown tide” organism similar to the
Aureococcus anophagefferens, which is found
in the Northeastern United States (16).

In addition to the microenvironment cre-
ated by plankton, there is evidence that inert
material (e.g., bottles, tires, plastics) support-
ing biofilms may provide protective niches for
bacteria and viruses, prolonging their marine

survival (17). Sediments are also thought to be
reservoirs for certain pathogens. For example,
indicator bacteria (fecal coliforms and entero-
cocci) and Vibrio parahaemolyticus survive in
high numbers in sewage-polluted intertidal
sediments (18). Fecal coliforms have been
isolated from marine sediments beneath a
deep ocean dumpsite off New York (19).
Aeromonas hydrophila, with similar virulence
factors to isolates from human diarrhea cases,
has been isolated from marine sediments in
southern Italy (20). Where sediments can be
readily resuspended in high-energy coastal
environments, they may be a significant
source of pathogens to the water column
(7,18). Survival strategies of pathogens in
marine environments are discussed in more
detail in a recent review by Ford (21). 

Exposure scenarios. There is increasing
evidence that rates of marine-associated
infections are proportional to the duration of
exposure (22) and pollution level (22–25).
While submerged, swimmers are exposed to
pathogens, toxins, and irritants that can eas-
ily enter the ears, eyes, nose, and mouth, as
well as the anus and genitourinary tract. The
skin is directly exposed to infectious agents
and chemicals through swimming or work-
ing in polluted waters. This exposure can
lead to a variety of health problems, includ-
ing dermatitis and skin infections or deep
tissue and blood infection through open
cuts. In addition, there is strong evidence
that dermal sorption is an important route
of exposure to toxins (26,27). The health
significance of percutaneous absorption of
contaminants is unclear. It could, however,
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be highly significant over long exposure peri-
ods. Almost 100% of a swimmer’s body is
exposed to toxins in the water; therefore,
dermal sorption could result in rapid dissem-
ination of toxins through the systemic sys-
tem, with health consequences ranging from
immune suppression to acute toxicity (27).

Churning surf may aerosolize toxins or
pathogens, providing respiratory tract expo-
sure (28). Likelihood of infection also
depends on individual susceptibility; for
example, acquired immunity may protect an
individual from marine-associated infection.
Children appear to be at greater risk than
adults (29,30), and tourists without prior
immunity may be at particularly high risk per
exposure (2,31). However, among local pop-
ulations, the poor are at highest risk overall
because they tend to swim at periurban, pol-
luted beaches and may have both poorer diets
and weaker general health. As expected,
immunocompromised persons are also a
high-risk category for infectious disease (32).

Several studies have attempted to define
the levels of risk following exposure to differ-
ent concentrations of pathogens and indica-
tor organisms in recreational waters (22–24,
29,31,33–38). In this paper we focus on
marine-related infectious disease hazards,
explore the environmental factors that may
lead to illness, address the problems with
water quality standards, and discuss the envi-
ronmental policy implications.

Infectious Agents and
Mechanisms of Survival
Bacteria. It is becoming increasingly clear
that the concept that enteric pathogens die
quickly when exposed to sea water may not
be accurate (39). The determinants of bacte-
rial growth and survival in marine waters are
salinity, temperature, predation, sunlight
(ultraviolet), toxic chemicals, and nutrients
(40). The more favorable ranges of these
determinants for microbial growth can often
be found in estuaries (41). Indeed, the high
nutrient content found in some coastal
waters can override the stresses of subopti-
mal salinity and/or temperature, prolonging
bacterial survival (42).

Some gram-negative organisms adapt to
low-nutrient environments through reduc-
tive division; that is, with no change in total
biomass, more organisms develop, but at a
greatly reduced metabolic rate (43). Under
unfavorable conditions, bacteria can enter a
dormant state. In response to cold or
reduced nutrients, Vibrio cholerae can shrink
to 1/300th its size and persist in a dormant
form for extended periods, growing again
with conducive environmental conditions
(44,45). Colwell and colleagues showed that
V. cholerae could become nonculturable on
routine culture plates, but remain viable, and

could regrow under appropriate conditions
(45). Additionally, Escherichia spp. (46),
Salmonella spp. (47), Legionella spp. (48),
Campylobacter spp. (49), and Shigella spp.
(45) demonstrate “viable but nonculturable”
(VNC) states. Despite being undetectable by
conventional culture plate methods, VNC
organisms have been demonstrated to have
clinically virulent potential, and could be
present in marine systems (43).

Viruses. The work of Paul (49) and oth-
ers suggests that viruses are extremely abun-
dant in marine systems. Because the etiologic
agent is not identified in a high proportion of
gastrointestinal infections, viruses may be a
chief cause of swimming-associated diseases
(32). Several strains of morbilliviruses have
been associated with illness and death in
marine mammals (50). The potential for
human illness is evident; only 20 copies of
poliovirus or echovirus are required for infec-
tion to occur (51). Viruses survive longer in
sea water than do bacteria (52,53); they are
also more likely to survive sewage treatment
processes than are bacteria (54). Seyfried et
al. (55) found that, after sewage treatment,
40% of the chlorinated effluent samples con-
tained viruses. In addition, enteroviruses were
detected in over 40% of waters deemed safe
for recreational use by fecal coliform stan-
dards (56). Although consumption of raw
seafood is often implicated in cases of hepati-
tis A and Norwalk virus gastroenteritis (57),
infection with these viruses from direct expo-
sure to fecally contaminated water may also
be possible.

Protozoa. As with viruses, there is little
information on pathogenic protozoan sur-
vival in marine waters. Routes of exposure
are primarily through ingestion of seawater;
although the potential is there, few reports
associated gastrointestinal illness with expo-
sure to protozoa-contaminated sea water
(58). Viral and protozoal infections from
marine waters represent an area of research
that clearly requires further work, both in
terms of recognition of etiologic agents and
in providing a higher level of awareness
among health care providers. 

Plankton reservoir. Since 1960, researchers
in Bangladesh have noted an association
between seasonal blooms of freshwater algae
and plants and toxigenic V. cholerae (59–62).
More recently, an indirect link has been sug-
gested between coastal algal blooms and
cholera epidemics (63–65), although this link
is criticized as speculative (66). However,
researchers have shown a strong link between
plankton and aquatic bacteria, and a number
of planktonic species concentrate pathogens
within their mucilaginous sheaths and eggs
(43,67). During blooms, the number of
pathogens may be amplified to reach infec-
tious doses (43), and many planktonic species

themselves can persist for years as cysts at the
bottom of estuaries; survival of human
pathogens within these cysts is currently
unknown (21,68). Whether plankton serve as
a reservoir for viruses and protozoa remains
an open question.

Infections and Illness
Associated With Exposure to
Marine Waters
Gastrointestinal, respiratory, dermatologic,
and ear, nose, and throat infections are not
uncommon after recreational or occupational
uses of water, but clinicians seldom elicit infor-
mation regarding potential exposures when
interviewing patients with these complaints.

Prospective studies. The strongest evi-
dence linking infectious diseases to marine
water activities comes from prospective epi-
demiologic studies. The first prospective
study showed increased morbidity in swim-
mers compared to nonswimmers, particu-
larly in children under 10 years of age (29),
but sampling and reporting biases were pre-
sent in the study, and confounding factors
were inadequately addressed. 

In the late 1970s, Cabelli et al. (23), in a
landmark prospective cohort study, reported
a linear relationship between the incidence
of gastroenteritis among swimmers and
marine bacterial counts. Between 1973 and
1978, participants were recruited at beaches
from three U.S. locations—New York, Lake
Pontchartrain, Louisiana, and Boston,
Massachusetts—and were contacted by tele-
phone days after going to the beach.
Swimming status was self-selected, not ran-
domly assigned, and symptoms were self-
reported. The mean proportion of swimmers
with gastrointestinal symptoms was 6.8%
versus 4.6% in nonswimmers. When entero-
coccal concentrations were above 1/100 mL,
relative risk increased linearly, reaching 4.0
with concentrations of 1,000/100 mL (p <
0.001). The frequency of gastrointestinal
symptoms was inversely related to the dis-
tance from known sources of municipal
wastewater (23). 

Similar studies have been replicated in
Egypt, Israel, South Africa, France, the
United Kingdom, Australia, and Hong Kong
(22,24,38,68–71) (Table 1). In the study in
Sydney, Australia, Corbett et al. (22) found
that as many as one out of three swimmers
became ill within 10 days of swimming in
polluted waters [relative risk (RR) = 2.2, p <
0.001]. In addition to gastroenteritis, infec-
tions of the eye, ear, respiratory tract, or skin
have been associated with marine exposure
(note that all studies have relied on self-
reported symptoms) (22,24,29,37,70,71).

Kay et al. (25) conducted the only ran-
domized controlled swimming exposure trial,
involving over 1,200 adults at four sites
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around the UK coast between 1989 and
1992. Non-water–related confounding factors
(including high-risk food consumption) were
similar between swimmers and nonswimmers.
Gastroenteritis was reported in 14.8% of
swimmers (RR = 1.5, p = 0.01). The risk to
swimmers increased with fecal streptococci
levels, with gastroenteritis rates reaching
30.4% when the count was above 80/100
mL (RR = 3, p < 0.05). Interestingly, swim-
mers acquired symptoms on days when bacte-
rial indicator levels were acceptable,
supporting information that bacterial indica-
tors are inadequate surrogates for pathogens,
including viruses, protozoa, and even bacteria
(32,72–74). Attempts to determine the etio-
logic agents in symptomatic swimmers were
unsuccessful (75), and no attempts were made
to demonstrate viral pathogens in seawater.

Outbreaks and case reports. There are
numerous case reports of infectious diseases
acquired from recreational and occupational
use of marine waters (76–98) (Table 2), and
many of these are benign. We focused on the
more serious or unusual manifestations. 

A 1982 outbreak of gastrointestinal ill-
ness affected New York, New York, police
and fire department scuba divers who had
been diving in Manhattan’s sewage-contami-
nated Hudson and East Rivers. The Centers
for Disease Control and Prevention (CDC)
(58) reported that either Entamoeba histolyt-
ica or Giardia lamblia were isolated from the
water and from 60% of the symptomatic
divers. In the earlier part of this century,
typhoid was linked to swimming in New
York and New Haven harbors (94,95).

Marine vibrios are increasingly recognized
as human pathogens. Although cholera diar-
rhea has not been linked to swimming, a case
of V. cholerae non-01 cystitis associated with
swimming in Chesapeake Bay (USA) was
reported (99). Cases of central nervous system
and wound infections and osteomyelitis have
resulted from injuries exposed to Vibrio algi-
nolyticus in salt water (100,101). Roland (102)
attributed a case of leg gangrene with sepsis
necessitating above-the-knee amputation to V.
parahaemolyticus exposure in New England
coastal waters. Although disease from Vibrio
vulnificus is more commonly associated with
shellfish ingestion by individuals with hepatic

compromise (76,77), Tison and Kelly (103)
reported the case of a previously healthy
woman who developed V. vulnificus endo-
metritis secondary to sexual activities in sea
water. V. vulnificus also causes serious wound
infections and fatal septicemia (104).

Mycobacterium marinum, the “fish tank
granuloma” organism found in fresh and sea
water, primarily causes superficial wound
infections. However, cases of septic arthritis,
keratitis, and osteomyelitis (rarely) have been
reported in fishermen (105–107). One case
of tenosynovitis progressing to tendon rup-
ture and permanent loss of hand function
was reported by Hoyt et al. (108). 

Erysipelothrix rhusiopathiae, a gram-posi-
tive bacillus found in fresh and salt water,
causes erysipeloid, which is characterized by
well-demarcated skin plaques. Dissemination,
although unusual, has led to septic arthritis,
osteomyelitis, brain abscess, and endocarditis
(78,79).

Marine water-related disease is not always
infectious. Swimmer’s itch is a papulovesicu-
lar dermatitis acquired worldwide from the
cercaria of Microbilharzia variglandis and
other avian schistosomes. These free-swim-
ming cercaria penetrate human skin, causing
local eruptions. Outbreaks have been reported
from Delaware and Connecticut (80).
“Seabather’s eruption” or “sea lice” is a self-
limited dermatitis caused by Linuche unguicu-
lata (jellyfish) and Edwardsiella lineata (sea
anemone) larvae that become trapped under
bathing suits and secrete toxins causing a
maculopapular rash (81). Outbreaks have
been reported from the Caribbean, Florida,
and Long Island, New York (81–84). 

Many HAB biotoxins have known neu-
rotoxic effects. Examples include amnesic
shellfish poisoning, paralytic shellfish poi-
soning, and neurotoxic shellfish poisoning
(NSP) (1,2). The effects of these three on
humans are primarily associated with con-
sumption of contaminated shellfish. The
“red tide” toxin produced by Ptychodiscus
brevis, once aerosolized, induces cough, rhin-
orrhea, watery eyes, and sneezing in normal
hosts and wheezing and exacerbation in asth-
matics (109,110). NSP, an example of the
impact of biotoxins on humans, is caused by
Gymnodinium breve releasing brevetoxins that

can form toxic aerosols (by wave action) and
then produce respiratory asthma-like symp-
toms (13). Also, dermatitis caused by algal
toxin has been reported in Hawaii (85–87).

Recently a dinoflagellate (Pfiesteria pisci-
cida) has been implicated as a causative agent
in massive fish kills along the East Coast of
the United States, especially in the estuaries
and coastal zones of North Carolina (11).
The fish kills usually occur during periods of
warm temperatures and usually precede
unusually low levels of dissolved oxygen.
Human exposure to pathogen biotoxin leads
to a number of neurologic problems, includ-
ing memory loss and learning difficulty.
Changes to the environment may have
increased the toxicity of this predator toward
a wide variety of fish (2). 

Costs. Human exposure to biotoxins has
been linked to a number of neurologic prob-
lems, including memory loss and learning dif-
ficulty. Coastal contamination can be costly
not only to infected individuals but to entire
communities Direct costs include diagnosis,
treatment, investigation of outbreaks, and sub-
sequent monitoring. Indirect costs can include
lost wages and productivity, as well as losses to
seafood industries, recreational activities, and
tourism. For example, the oyster beds that
were the livelihood of a Florida town were
shut down because of harmful algal blooms,
Vibrio, and viral contamination (111). Direct
exposure to red tides (e.g., blooms of the toxic
phytoplankton Gymnodinium breve) can cause
eye and respiratory distress and skin irritation.
Massive fish kills also result, covering beaches
with rotting fish carcasses. In addition, toxins
produced by the organisms rapidly accumulate
in shellfish. For example, there was an esti-
mated $60 million in losses after a Pfiesteria
outbreak in 1997 (2).
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Table 1. Prospective coastal water exposure studies.

Author (Reference) Year published Location Symptoms

Stevenson (29) 1953 United States ENT, GI, Resp
Cabelli et al. (23) 1982 United States GI
El Sharkawi and Hassan (69) 1982 Egypt GI
Foulon (70) 1983 France Derm, eye, GI
Fattal et al. (68) 1987 Israel GI
Cheung et al. (24) 1990 Hong Kong Derm, GI
Balarajan et al. (71) 1991 United Kingdom GI
Corbett et al. (22) 1993 Australia GI, Resp, eye, ear
Kay et al. (25) 1994 United Kingdom GI

Abbreviations: ENT, ear, nose, and throat; GI, gastrointestinal; Resp, respiratory; Derm, dermatologic. 

Table 2. Infections associated with marine water
exposure.

Infection References

Dermatologic (76–93)
Vibrio cholerae non-01
Other vibrionaceae 
Mycobacterium marinum
Erysipelothrix rhusopathiae
Cercarial dermatitis
Sea lice
Algal dermatitis 

Gastrointestinal (32,58,76,88–90,94,95)
Vibrio cholerae
Other vibrionaceae
Salmonella typhi
Entamoeba histolytica
Giardia lamblia

Respiratory (88,89,96)
Other vibrionaceae
Francisella philomiragia

Sepsis (32,77,79,88–90,97,98)
Other vibrionaceae
Francisella philomiragia
Erysipelothrix rhusopathiae



Marine Water Quality
Monitoring
Recreational water quality standards are con-
troversial, variable by locale, and sometimes
even nonexistent (112,113). Even with mon-
itoring, reporting is often inadequate. Even
in the United States, municipalities do not
always close beaches when standards are vio-
lated. Worldwide, there is no agreement on
the best indicators of public health risks from
contaminated marine waters. For example,
the United States currently monitors entero-
coccus or coliforms, Hong Kong monitors
Escherichia coli, and the United Kingdom
monitors fecal streptococci. Of course, the
range of viral, bacterial, and protozoan
pathogens of anthropogenic origin is enor-
mous, and it would be impossible to identify
an indicator for all risks. Additionally, indica-
tors of fecal pollution cannot predict infec-
tious or noninfectious diseases caused by
indigenous organisms. 

Traditionally, total and thermotolerant
coliforms have been most widely used as indi-
cators of fecal contamination; however, they
have been shown to have shorter survival times
than certain pathogens (e.g., Salmonella
typhimurium and Yersinia enterocolitica in cold
waters) (114). In addition, they give no indica-
tion of health risks from protozoa and viruses.
For example, indicator bacteria seldom corre-
late with human enteric virus distribution in
seawater (115). E. coli has also been shown to
rapidly enter the VNC state in marine waters
(46). In an epidemiologic study, Cabelli et al.
(33) analyzed sea water for coliforms, entero-
cocci, Pseudomonas, and Clostridium as possi-
ble indicators. Excess gastrointestinal illness in
swimmers correlated with enterococci levels.
As a result, the U.S. Environmental Protection
Agency’s (U.S. EPA) 1986 ambient bacterio-
logical water quality report (116) suggested
that 35 enterococci/100 mL related to a risk
of 19 illnesses/1,000 swimmer days. Certain
U.S. states have subsequently adopted entero-
cocci monitoring of recreational waters.
However, very few other countries monitor
for enterococci. 

Bacteriophages are considered to be
potentially useful for predicting the likeli-
hood of human enteric viruses in recreational
water (117). The human specific Bacteroides
fragilis heat shock protein 40 (HSP40) bacte-
riophage has received some attention as a
potential water quality indicator (118); how-
ever, further research is necessary to correlate
presence of this virus in marine waters with
specific public health risks.

In addition to monitoring indicator
organism levels, environmental risk factors
may be useful in predicting disease events.
Algal blooms (and the environmental condi-
tions to which they are linked) may be a
potential example because they can reflect

anthropogenic activity (nutrient enrichment)
and they may also harbor pathogenic organ-
isms (1). It is also important to realize that
pathogens may be present in high numbers in
sediments, and they may be easily suspended
by activities of swimmers (21). To protect
public health, it may be necessary to begin
monitoring coastal sediments for pathogens.
This may become easier as advances in molec-
ular techniques continue to be made. 

Conclusions and
Recommendations
There are increasing reports of disease related
to exposure to the marine environment.
There is a clear need for increased surveillance
and monitoring of coastal ecosystem health.

Surveillance. Marine water quality stan-
dards based on culture techniques for bacter-
ial indicator organisms are considered poor
indicators of the risk from VNC bacteria,
protozoa, and viruses (72). Techniques have
been developed for the rapid enzymatic
detection of fecal pollution (119); however,
they currently target indicator organisms and
not the pathogens themselves, which may
therefore give false positive results due to
enzymes produced from plants and algae
(120). VNC pathogens can be detected by
alternative methods such as polymerase chain
reaction (PCR), fluorescent antibody tech-
niques (46,121,122), or a rapid monoclonal
antibody test. 

Immunofluorescence staining seems to be
the most efficient method for identifying
protozoan cysts (123). Viruses are particu-
larly difficult to detect because large quanti-
ties of water are usually necessary for
concentration of particles, although special-
ized filters are being developed to optimize
viral recovery. A reverse transcriptase PCR
has been used to detect poliovirus, rotavirus,
and hepatitis A virus in wastewater and ocean
water (124). However, further research is
necessary because inactivated virus can also
be detected with PCR (125).

Advances in both molecular and cell cul-
ture techniques now make it possible to
detect presence, viability, and infectivity of
certain pathogens, at least under controlled
conditions. Source tracking is also possible
through molecular fingerprinting. A relatively
recent beach closing that attracted consider-
able media attention occurred in the spring of
1999 at Huntington Beach, California, due to
elevated coliform levels (126). Authorities
were criticized for not taking advantage of
the new technologies that could have been
used to determine sources of contamination.
This highlights the need for a mechanism to
transfer developing technologies from the
research laboratory to state and local agencies.

Surrogate markers of pollution may also
be appropriate predictors of public health

risk from both pathogens and toxic species.
For example, satellite imaging has been used
to target areas for sampling to detect phyto-
plankton blooms related to paralytic shellfish
poisoning (127). Biomarkers in sentinel
organisms are beginning to be used in eco-
logic risk assessment. Many organisms pro-
duce chemical, physiologic, or behavioral
responses to chemical, microbiologic, and
physical stresses (128). These biomarker
responses are used as indicators of ecologic
health. Integration of this information with
more traditional measurements of nutrient
status and pathogen indicators may provide
overall prediction of public health risk. 

Further research is necessary to fully vali-
date the molecular methods and biomarker
approaches mentioned above. It is beyond the
scope of this review to discuss in detail the cur-
rent state of development of these techniques.
However, once optimized, they should pro-
vide the basis for a far more comprehensive
evaluation of human health risk than can cur-
rently be achieved by use of traditional indica-
tor approaches. An upcoming report of a
recent American Academy of Microbiology
Critical Issues Colloquium on “Re-evaluation
of Microbial Water Quality: Powerful New
Tools for Detection and Risk Assessment”
(129) will provide further information. 

Beyond these local measures, there is a
clear need for national and international
monitoring of marine disease events and
environmental conditions. For this to be
possible, a number of basic requirements
must be met. There must be a standardized
system (i.e., an online database) for global
collection and storage of information. This
information must then be organized and dis-
tributed; this database can then be used to
correlate disease events with environmental
conditions, allowing a quantitative study of
environmental risk factors for disease events,
estimates of the cost of environmental degra-
dation, and yearly global environmental
health assessments (2).

For complete information to be collected,
it is crucial that clinicians be educated to
increase awareness of marine-related illness, to
ask the appropriate questions of patients
related to routes of exposure, and to report
minor infectious disease of unknown etiology.
In addition, information about environmen-
tal health as it correlates with disease must be
included in traditional medical education.

Public health policy and regulations. To
treat, and eventually prevent, waterborne dis-
ease, both reporting and active surveillance
systems must be implemented. Uniformity on
a national and international scale is needed in
both standards and enforcement measures.
Marine water-related illness highlights the
interconnectedness of ecosystem health and
human health, and health surveillance needs
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to be integrated with marine ecosystem mon-
itoring. A number of research groups are
beginning to attempt to integrate ecologic
and human health. 

The importance of monitoring and
research on the health of the world’s oceans is
beginning to be recognized by the National
Oceanic and Atmospheric Administration
and the Global Environment Facility of the
World Bank, among other national and inter-
national agencies (130). As a result, there are
programs that are beginning to monitor
changing states of large marine ecosystems,
but the process is slow. 

The recently completed Health Ecological
and Economic Dimensions of Global Change
(HEED) Program identified policy initiatives
that attempt to alleviate current downward
trends in marine health (2). The report high-
lights the need for a reduction in the eutroph-
ication of the coastal environment. There is
evidence that an excess nutrient supply in
coastal systems is greatly reducing biodiversity
in marine ecosystems. For example, the main
sources of nitrogen, a key nutrient in eutroph-
ication, are sewage (point source), fertilizers
(nonpoint source), and aerosols (from fossil
fuel combustion). To deal with this problem,
a number of steps should be taken. There
should be an increase in acreage of buffer
zones to increase filtration of runoff water. An
increase in the efficiency of city disposal sys-
tems and a reduction in the use of fertilizers
can reduce nutrient loads. Finally, regulations
to reduce nitrogen oxides emissions from util-
ities and transport are also needed.

Environmental regulation cannot be
merely a local or even a national issue;
international, enforceable regulations are
needed. Current international agreements
on marine and coastal issues (e.g., the
United Nations Convention on the Law of
the Sea) must be strengthened and enforced
(130). International agreements must be
reached on critical issues, including fishing,
waste release, coastal degradation, and car-
bon dioxide release.

A number of success stories can serve as
models for the design of these reporting sys-
tems and programs. For example, remedia-
tion efforts following the Sydney study led to
improvements in water quality (131). These
efforts included the installation of extended
ocean outfalls for each of the three sewage
treatment plants in Sydney, releasing sewage
beyond the continental shelf and dramati-
cally cleaning up the beaches (132). 

Priorities and policies must be set at both
regional and international levels (32). A multi-
disciplinary approach is needed to integrate
medicine and public health concerns with
coastal zone management. For this approach
to be successful, local populations must be
involved in participatory management

schemes and educated to the importance of
preserving marine ecologic health. To pre-
serve public health, we must ultimately
address the policies that determine the
health of the environment and the preserva-
tion of living marine resources (64).

REFERENCES AND NOTES

1. Harvell CD, Kim L, Burkholder JM, Colwell RR, Epstein PR,
Grimes DJ, Hofmann EE, Lipp EK, Osterhaus AD, Overstreet
RM, et al. Emerging marine diseases—climate links and
anthropogenic factors. Science 285:1505–1510 (1999).

2. Health Ecological and Economic Dimensions of Global
Change Program. Marine Ecosystems: Emerging
Diseases as Indicators of Change. NOAA grant NA56GP
0623. Boston, MA:Center for Health and the Global
Environment, Harvard Medical School, 1998.

3. Barton K, Fuller D. Testing the Waters V: Politics and
Pollution at U.S. Beaches. New York:Natural Resources
Defense Council, 1995.

4. Carson RL. The Sea Around Us. New York:Oxford
University Press, 1951.

5. Moore B. Sewage contamination of coastal bathing
waters in England and Wales: a bacteriological and epi-
demiological study. J Hyg 57:435–472 (1959).

6. Sewage in the sea. Br Med J 4(629):466 (1968). 
7. Weiskel PK, Howes BL, Heufelder GR. Coliform contami-

nation of a coastal embayment: sources and transport
pathways. Environ Sci Technol 30:1872–1881 (1996).

8. Epstein PR, Ford TE, Colwell RR. Marine ecosystems.
Lancet 342:1216–2219 (1993). 

9. Smayda TJ, Shimizu Y. Toxic Phytoplankton Blooms in
the Sea. London:Elsevier 1993. 

10. Crossette B. Hope, and pragmatism, for U.N. cities con-
ferences. New York Times, 3 June 1996:A3.

11. Burkholder JM, Glasgow HB. Pfiesteria piscicida and
other Pfiesteria-like dinoflagellates: behavior, impacts,
and environmental controls. Limnol Oceanogr (5 Part 2)
42:1052–1075 (1997). 

12. Bates SS, de Frietas ASW, Pocklington R, Quilliam MA,
Smith JC, Worms J. Controls on domoic acid factors
influencing production by the diatom Nitzschia pungens
f. multiseries: nutrients and irradiance. J Fish Aquat Sci
48:1136–1144 (1991). 

13. Anderson DM. Bloom dynamics of toxic Alexandrium
species in the northeastern U.S. Limnol Oceanogr 42(5
Part 2):1009–1022 (1997). 

14. Anderson DM. Toxic algal blooms and red tides: a global
perspective. In: Red Tides: Biology, Environmental
Science, and Toxicology (Okaichi T, Anderson DM,
Nemoto T, eds). New York:Elsevier, 1989;11–16. 

15. Valiela I. Factors affecting primary production. In:
Marine Ecological Processes. New York:Springer-
Verlag, 1984;38–76. 

16. Buskey EJ, Montagna PA, Amos AF, Whitledge TE.
Disruption of grazer populations as a contributing factor
to the initiation of the Texas brown tide algal bloom.
Limnol Oceanogr 42 (5 part 2):1215–1222 (1997). 

17. Colwell RR, Spira W. The ecology of cholera. In: Cholera
(Barua D, Greenough WB III, eds). New York:Plenum
Medical Book Co., 1992;107–127.

18. Shiaris MP, Rex AC, Pettibone GW, Keay K, McManus P,
Rex MA, Ebersole J, Gallagher E. Distribution of indicator
bacteria and Vibrio parahaemolyticus in sewage-pol-
luted intertidal sediments. Appl Environ Microbiol
53:1756–1761 (1987).

19. Bothner MH, Takada H, Knight IT, Hill RT, Butman B,
Farrington JW, Colwell RR, Grassle JF. Sewage contami-
nation in sediments beneath a deep-ocean dumpsite off
New York. Mar Environ Res 38:43–59 (1994).

20. Krovacek K, Baloda SB, Dumontet S, Mansson I.
Detection of potential virulence markers of Vibrio vulnifi-
cus strains isolated from fish in Sweden. Comp Immunol
Microbiol Infect Dis 17:63–70 (1994).

21. Ford TE. Response of marine microbial communities to
anthropogenic stress. J Aquat Ecosyst Stress Recovery
7:75–89 (2000). 

22. Corbett SJ, Rubin GL, Curry GK, Kleinbaum DG. The
health effects of swimming at Sydney beaches. Am J
Public Health 83:1701–1706 (1993).

23. Cabelli VJ, Dufour AP, McCabe LJ, Levin MA. Swimming-
associated gastroenteritis and water quality. Am J
Epidemiol 115:606–616 (1982).

24. Cheung WH, Chang KC, Hung RP, Kleevens JW. Health
effects of beach-water pollution in Hong Kong. Epidemiol
Infect 105:139–162 (1990).

25. Kay D, Fleisher JM, Salmon RL, Jones F, Wyer MD,
Godfree AF, Zelenauch-Jacquotte Z, Shore R. Predicting
likelihood of gastroenteritis from sea bathing: results
from randomised exposure. Lancet 344:905–909 (1994).

26. Wester RC. In vivo and in vitro absorption and binding to
powdered stratum corneum as methods to evaluate skin
absorption of environmental chemicals from ground and
surface water. J Toxicol Environ Health 21:367–374 (1987).

27. Moody RP, Chu I. Dermal exposure to environmental
contaminants in the Great Lakes. Environ Health
Perspect 103(suppl 9):103–114 (1995).

28. Parker BC, Ford MA, Gruft H, Falkinham JO III.
Epidemiology of infection by nontuberculous mycobacte-
ria. IV. Preferential aerosolization of Mycobacterium
intracellulare from natural waters. Am Rev Respir Dis
128:652–656 (1983).

29. Stevenson AH. Studies of bathing water quality and
health. Am J Public Health 43:529–538 (1953). 

30. Coye MJ, Goldoft M. Microbiological contamination of
the ocean and human health. NJ Med 86:533–538 (1989).

31. Cabelli VJ, ed. Health Effects Criteria for Marine
Recreational Waters. EPA-600/1-80-031. Research Triangle
Park, NC:U.S. Environmental Protection Agency, 1983.

32. Ford TE, Colwell R. A Global Decline in Microbiological
Quality of Water: A Call for Action. Washington,
DC:American Academy of Microbiology, 1996. 

33. Cabelli VJ, Dufour AP, Levin MA, McCabe LJ, Haberman
PW. Relationship of microbial indicators to health effects
at marine bathing beaches. Am J Public Health 69:690–696
(1979).

34. Cabelli VJ, Dufour AP, McCabe LJ, Levin MA. A marine
recreational water quality criterion consistent with indi-
cator concepts and risk analysis. J Water Pollut Control
Fed 55:1306–1314 (1983). 

35. Cabelli VJ. Swimming-associated illness and recreational
water quality. Water Sci Technol 21:13–21 (1989).

36. Fleisher JM, Jones F, Kay D, Stanwell-Smith R, Wyer M,
Morano R. Water and non-water related risk factors for
gastroenteritis among bathers exposed to sewage-conta-
minated marine waters. Int J Epidemiol 22:698–708 (1993).

37. Cheung WHS, Chang KCK, Hung RPS. Variations in
microbial indicator densities in beach waters and health-
related assessment of bathing water quality. Epidemiol
Infect 106:329–344 (1991).

38. von Schirnding YE, Kfir R, Cabelli V, Franklin L, Joubert G.
Morbidity among bathers exposed to polluted sea water. A
prospective epidemiological study. S Afr Med J 81:543–546
(1992).

39. Charoenca N, Fujioka RS. Association of staphylococcal skin
infections and swimming. Water Sci Tech 31:11–17 (1995).

40. Maki JS. The air-water interface as an extreme environ-
ment. In: Aquatic Microbiology - An Ecological Approach
(Ford TE, ed). Boston:Blackwell Scientific Publications,
1993;409–440. 

41. Ducklow HW, Shiah F-K. Bacterial production in estuar-
ies. In: Aquatic Microbiology - an Ecological Approach
(Ford TE, ed). Boston:Blackwell Scientific Publications,
1993;261–287.

42. Singleton FL, Attwell RW, Jangi MS, Colwell RR. Influence
of salinity and nutrient concentration on survival and
growth of Vibrio cholerae in aquatic microcosms. Appl
Environ Microbiol 43:1080–1085 (1982).

43. Colwell RR, Spira W. The ecology of cholera. In: Cholera
(Barua D, Greenough WB III, eds). New York:Plenum
Medical Book Co., 1992;107–127.

44. Islam MS, Drasar BS, Bradley DJ. Long-term persistence
of toxigenic Vibrio cholerae 01 in the mucilaginous
sheath of a blue-green alga, Anabaena variabilis. J Trop
Med Hyg 93:133–139 (1990).

45. Colwell RR, Brayton PR, Grimes DJ, Roszak DB, Huq SA,
Palmer LM. Viable but non-culturable Vibrio cholerae
and related pathogens in the environment: implications
for release of genetically engineered microorganisms.
Biotechnology 3:817–820 (1985).

46. Xu H-S, Roberts N, Singleton FL, Atwell RW, Grimes DJ,
Colwell RR. Survival and viability of nonculturable
Escherichia coli and Vibrio cholerae in the estuarine and
marine environment. Microb Ecol 8:313–323 (1982).

Review • Marine swimming-related illness

Environmental Health Perspectives • VOLUME 109 | NUMBER 7 | July 2001 649



47. Roszak DB, Grimes DJ, Colwell RR. Viable but nonrecov-
erable stage of Salmonella enteritides in aquatic sys-
tems. Can J Microbiol 30:334–338 (1984).

48. Hussong D, Colwell RR, O’Brien M, Weiss E, Pearson AB,
Weiner RM, Burga WD. Viable Legionella pneumophilia
not detectable by culture on agar media. Biotechnology
5:947–950 (1987). 

49. Paul JH. The advances and limitations of methodology. In:
Aquatic Microbiology: An Ecological Approach (Ford TE,
ed). Boston:Blackwell Scientific Publications, 1993;483–511. 

50. Heide-Jorgensin MP, Harkonen T, Dietz R, Thompson PM.
Retrospective of the 1988 European seal epizootic. Dis
Aquat Org 13:37–62 (1992).

51. Dufour AP. Bacterial indicators of recreational water
quality. Can J Public Health 75:49–55 (1984).

52. Gerba CP, Goyal SM. Enteric virus: risk assessment of
ocean disposal of sewage sludge. Water Sci Technol
20:25–31 (1988).

53. Birch C, Gust I. Sewage pollution of marine waters: the
risks of viral infection. Med J Aust 151:609–611 (1989).

54. Feachem R, Garelick H, Slade J. Entero-viruses in the
environment. World Health Forum 3:170–180 (1982).

55. Seyfried PL, Brown NE, Cherwinski CL, Jenkins GD,
Cotter DA, Winner JM, Tobin RS. Impact of sewage
treatment plants on surface waters. Can J Public Health
75:25–31 (1984).

56. Gerba CP, Goyal SM, LaBelle RL, Cech I, Bodgan GF.
Failure of indicator bacteria to reflect the occurrence of
enteroviruses in marine waters. Am J Public Health
69:1116–1119 (1979).

57. Eastaugh J, Shepherd S. Infectious and toxic symptoms
from shellfish consumption. Arch Intern Med 149:1735–1740
(1989).

58. Centers for Disease Control and Prevention.
Gastrointestinal illness among Scuba Divers - New York
City. MMWR Morb Mortal Wkly Rep 32:576–577 (1983).

59. Islam MS, Miah MA, Hasan MK, Sack RB, Albert MJ.
Detection of non-culturable Vibrio cholerae 01 associated
with a cyanobacterium from an aquatic environment in
Bangladesh. Trans R Soc Trop Med Hyg 88:298–299 (1994).

60. Islam MS, Drasar BS, Bradley DJ. Survival of toxigenic
Vibrio cholerae 01 with a common duckweed, Lemna
minor, in artificial aquatic ecosystems. Trans R Soc Trop
Med Hyg 84:422–424 (1990).

61. Islam MS, Drasar BS, Bradley DJ. Attachment of toxi-
genic Vibrio cholerae 01 to various freshwater plants
and survival with a filamentous green alga, Rhizoclonium
fontanum. J Trop Med Hyg 92:396–440 (1989).

62. Islam MS, Drasar BS, Bradley DJ. Long-term persistence of
toxigenic Vibrio cholerae 01 intake muscilaginous sheath of
a blue-green alga. J Trop Med Hyg 93:133–139 (1990). 

63. Epstein PR. Algal blooms in the spread and persistence
of cholera. Biosystems 31:209–221 (1993).

64. Patz JA, Epstein PR, Burke TA, Balbus JM. Global cli-
mate change and emerging infectious diseases. JAMA
275:217–223 (1996).

65. Epstein PR, Ford TE, Colwell RR. Marine ecosystems.
Lancet 342:1216–1219 (1993).

66. Gray JS, Depledge M, Knap A. Global climate contro-
versy. JAMA 276:372–373 (1996).

67. Huq A, Colwell RR, Chowdhury MA, Xu B, Moniruzzaman
SM, Islam MS, Yunus M, Albert MJ. Coexistence of
Vibrio cholerae 01 and 0139 Bengal in plankton in
Bangladesh [Letter]. Lancet 345:1249 (1995). 

68. Fattal B, Pelegole E, Agursky T, Shuval HI. The associa-
tion between sea water pollution as measured by bacte-
rial indicators and morbidity of bathers at Mediterranean
beaches in Israel. Chemosphere 16:565–570 (1987).

69. El Sharkawi FM, Hassan MNER. The relation between
the state of pollution in Alexandria swimming beaches
and the occurrence of typhoid among bathers. Bull High
Inst Public Health 12:337–351 (1982).

70. Foulon G. Etude de la morbidite humaine en relation avec
la pollution bacteriologique des eaux de baignade en mer.
Revue Francaise des Sciences de L’eau 2:127–143 (1983).

71. Balarajan R, Soni Raleigh V, Yuen P, Wheeler D, Machin
D, Cartwright R. Health risks associated with bathing in
sea water. Br Med J 303:1444–1445 (1991). 

72. Kueh CSW. Epidemiological study of swimming-related
illnesses relating to bathing-beach water quality. Water
Sci Tech 31:1–4 (1995). 

73. Blostein J. Shigellosis from swimming in a park pond in
Michigan. Public Health Rep 108:317–322 (1991).

74. Keene WE, McAnulty JM, Hoesly FC, Williams LP Jr,

Hedberg K, Oxman GL, Barrett TJ, Pfaller MA, Fleming
DW. A swimming-associated outbreak of hemorrhagic
colitis caused by Escherichia coli 0157:H7 and Shigella
sonnei. N Engl J Med 331:579–584 (1994). 

75. Jones F, Kay D, Stanwellsmith R, Wyer M. Results of the
1st pilot-scale controlled cohort epidemiologic investiga-
tion into the possible health-effects of bathing in sea
water at Langland Bay, Swansea. J Inst Water Environ
Manage 5:91–98 (1991).

76. Klontz KC, Lieb S, Schreiber M, Janowski HT, Baldy LM,
Gunn RA. Syndromes of Vibrio vulnificus infections.
Clinical and epidemiologic features in Florida cases,
1981–1987. Ann Intern Med 109:318–323 (1988).

77. Johnston JM, Becker SF, McFarland LM. Vibrio
vulnificus: man and the sea. JAMA 253:2850–2853 (1985).

78. Burke WA, Jones BE. Cutaneous infections of the coast.
NC Med J 48:421–424 (1987).

79. Erlich JC. Erysipelothris rhusiopathiae infection in man.
Arch Intern Med 78:565–577 (1946).

80. Centers for Disease Control and Prevention. Cercarial
dermatitis outbreak at a State Park - Delaware, 1991.
MMWR Morb Mortal Wkly Rep 41:225–229 (1992).

81. Freudenthal AR, Joseph PR. Seabather’s eruption. N
Engl J Med 329:542–554 (1993).

82. Tomchik RS, Russell MT, Szmant AM, Black NA. Clinical
perspectives on seabather’s eruption, also known as sea
lice. JAMA 269:1669–1672 (1993).

83. Ubillos SS, Vuong D, Sinnott JT, Sakalosky PE.
Seabather’s eruption. S Med J 88:1163–1165 (1995).

84. Izumi AK, Moore RE. Seaweed (Lyngbya majuscula) der-
matitis. Clin Dermatol 5:92–100 (1987).

85. Grauer FH, Arnold HLJ. Seaweed dermatitis. Arch Derm
84:62–74 (1961).

86. Sims JK, Brock JA, Fujioka R, Killion L, Nakagawa L,
Greco S. Vibrio in stinging seaweed: potential infection.
Hawaii Med J 52:274–275 (1993).

87. Solomon AE, Stoughton RB. Dermatitis from purified sea
algae toxin. Arch Derm 114:1333–1335 (1978).

88. Morris JGJ, Black RE. Cholera and other vibrioses in the
United States. N Engl J Med 312:343–350 (1985).

89. Losonsky G. Infections associated with swimming and
diving. Undersea Biomed Res 18:181–185 (1991).

90. Kelly MT. Pathogenic Vibrionaceae in patients and the
environment. Undersea Biomed Res 18:193–196 (1991).

91. Klontz KC. Fatalities associated with Vibrio para-
haemolyticus and Vibrio cholerae non-01 infections in
Florida (1981–1988). South Med J 83:500–503 (1990).

92. Joseph SW, Daily OP, Hunt WS, Seidler RJ, Allen DA,
Colwell RR. Aeromonas primary wound infection of a diver
in polluted waters. J Clin Microbiology 10:46–49 (1979).

93. Tacket CO, Hickman F, Pierce GV, Mendoza LF. Diarrhea
associated with Vibrio fluvialis in the United States. J
Clin Microbiol 16:991–922 (1982).

94. Winslow CEA, Moxon D. Bacterial pollution of bathing beach
waters in New Haven Harbor. Am J Hyg 8:299–310 (1928).

95. Typhoid fever from bathing in polluted waters. Wkly Bull
NY Health Depart 21:257–260 (1932). 

96. Pavia AT, Bryan JA, Maher KL, Hester TR Jr, Farmer JJ
III. Vibrio carchariae infection after a shark bite. Ann
Intern Med 111:85–86 (1989).

97. Wenger JD, Hollis DG, Weaver RE, Baker CN, Brown GR,
Brenner DJ, Broome CV. Infection caused by Francisella
philomiragia (formerly Yersinia philomiragia). Ann Intern
Med 110:888–892 (1989). 

98. Fonde EC, Britton J, Pollock H. Marine Vibrio sepsis mani-
festing as necrotizing fasciitis. S Med J 77:933–934 (1984).

99. Dumler JS, Osterhout GJ, Spangler JG, Dick JD. Vibrio
cholerae non-serogroup 01 cystitis. J Clin Microbiol
27:1898–1899 (1989).

100. Opal SM, Saxon JR. Intracranial infection of Vibrio algi-
nolyticus following injury in salt water. J Clin Microbiol
23:373–374 (1986).

101. Matsiota-Bernard P, Nauciel C. Vibrio alginolyticus
wound infection after exposure to sea water in an air
crash. Eur J Clin Microbiol Infect Dis 12:474–475 (1993).

102. Roland FP. Leg gangrene and endotoxin shock due to Vibrio
parahaemolyticus - an infection acquired in New England
coastal waters. N Engl J Med 282:1306–1307 (1970).

103. Tison DL, Kelly MT. Vibrio vulnificus endometritis. J Clin
Microbiology 20:185–186 (1984).

104. Tacket CO, Brenner F, Blake PA. Clinical features and an
epidemiological study of Vibrio vulnificus infections. J
Infect Dis 149:558–561 (1984).

105. Clark RB, Spector H. Osteomyelitis and synovitis produced

by Mycobacterium marinum in a fisherman. J Clin
Microbiol 28:2570–2572 (1990).

106. Jolly HW, Seabury JH. Infections with Mycobacterium
marinum. Arch Dermatol 106:32–36 (1972).

107. Schonherr U, Naumann GO, Lang GK, Bialasiewicz AA.
Sclerokeratitis caused by Mycobacterium marinum. Am
J Ophthalmol 108:607–608 (1989).

108. Hoyt RE, Bryant JE, Glessner SF. M. marinum infections in
a Chesapeake Bay community. VA Med 116:467–470 (1989).

109. Asai S, Krzanowski JJ, Anderson WH. Effects of toxin of
red tide, Ptychodiscus brevis, on canine tracheal smooth
muscle: a possible new asthma-triggering mechanism. J
Allergy Clin Immunol 69:418–428 (1982).

110. Burkholder JM. New “phantom” dinoflagellate is the
causative agent of major estuarine fish kills. Nature
358:407–410 (1992).

111. Navarro M. Hard times afflict an oyster capital. New
York Times, 3 January 1996:A10.

112. Saliba LL, Helmer R. Health risks associated with pollu-
tion of coastal bathing waters. World Health Stat Q
43:177–187 (1990).

113. Fleisher JM. A re-analysis of the data supporting US fed-
eral bacteriological water quality criteria governing
marine recreational waters. Res J Water Pollut Control
Fed 63:259–265 (1991).

114. Smith JJ, Howington JP, McFeters GA. Survival, physio-
logical response and recovery of enteric bacteria
exposed to a polar marine environment. Appl Environ
Microbiol 60:2977–2984 (1994).

115. Jiang S, Noble R, Chui WP. Human adenoviruses and
coliphages in urban runoff-impacted coastal waters of
Southern California. Appl Environ Microbiol 67(1):179–184
(2001).

116 U.S. EPA. Ambient Water Quality Criteria for Bacteria - 1986.
EPA 440/5-84-002. Washington, DC:U.S. Environmental
Protection Agency, 1986.

117. Havelaar AH, Vanolphen M, Drost YC. F-Specific RNA
bacteriophages are adequate model organisms for
enteric viruses in fresh-water. Appl Environ Microbiol
59:2956–2962 (1993).

118. Tartera C, Jofre J, Lucena F. Relationship between num-
bers of enteroviruses and bacteriophages infecting
Bacteroides fragilis in different environmental samples.
Environ Tech Lett 9:407–410 (1988).

119. Cowburn JK, Goodall T, Fricker EJ, Walter KS, Fricker
CR. A preliminary-study of the use of colilert for water-
quality monitoring. Lett Appl Microbiol 19:50–52 (1994).

120. Davies CM, Apte SC, Peterson SM, Stauber JL. Plant and
algal interference in bacterial beta-D-galactosidase and
beta-D-glucuronidase assays. Appl Environ Microbiol
60:3959–3964 (1994). 

121. Byrd JJ, Xu H, Colwell RR. Viable but nonculturable bacteria
in drinking water. Appl Environ Microbiol 57:875–878 (1991).

122. Colwell RR. Microbiological hazards: background and cur-
rent perspectives. Undersea Biomed Res 18:177–179 (1991).

123. Grimason AM, Smith HV, Parker JFW, Bukhari Z,
Campbell AT, Robertson LJ. Application of DAPI and
immunofluoresence for enhanced identification of
Cryptosporidium spp oocysts in water samples. Water
Res 28:733–736 (1994).

124. Tsai YL, Tran B, Sangermano LR, Palmer CJ. Detection of
poliovirus, hepatitis-a virus, and rotavirus from sewage
and ocean water by triplex reverse-transcriptase PCR.
Appl Environ Microbiol 60:2400–2407 (1994).

125. Ma JF, Straub TM, Pepper IL, Gerba CP. Cell-culture and
PCR determination of poliovirus inactivation by disinfec-
tants. Appl Environ Microbiol 60:4203–4206 (1994). 

126. Dorfman M, Chasis S. Testing the Waters–1999: A Guide
to Water Quality at Vacation Beaches, 1999. New
York:Natural Resources Defense Council, 1999. 

127. Anderson DM. Personal communication, 1995. 
128. Anderson S, Sadinski W, Shugart L, Brussard P,

Depledge M, Ford T, Hose J, Stegeman J, Suk W, Wirgin
I, Wogan G. Genetic and molecular ecotoxicology: a
research framework. Environ Health Perspect 102(suppl
12):3–8 (1994). 

129. Rose JB, Grimes DJ. Re-evaluation of Microbial Water
Quality: Powerful New Tools for Detection and Risk
Assessment. Washingtron, DC:American Academy of
Microbiology, 2001. 

130. Sherman K. Where have all the fish gone? Nor’easter
4(2):14–19 (1992).

131. Corbett SJ. Personal communication, 1996.
132. Corbett SJ. Personal communication, 1999.

Review • Henrickson et al.

650 VOLUME 109 | NUMBER 7 | July 2001 • Environmental Health Perspectives


