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ABSTRACT

Vibrio cholerae, the causative agent of cholera, is naturally present in
the environment and autochthonous to coastal and estuarine ecosystems.
V. cholerae is associated with copepods for its survival and multiplication
in the natural environment. Changes in the density of its reservoir may
result in modification of the bacterial population size in the environment.
In this context, climate and/or environmental changes will influence the
emergence of cholera in human populations. Several human pathogens are
naturally occurring in the aquatic environment and can pose a threat to
public health, including V. cholerae. We present results of a project, the
goal of which was to improve the understanding of environmental factors
associated with occurrence and distribution of the causative agent of
cholera in time and space. The system that was developed provides real-
time as well as short-term to seasonal forecasts of the likelihood of occur-
rence of V. cholerae in the Chesapeake Bay. The system, and potential
future improved versions of it, may be useful to public health officials
concerned with environmental factors influencing human health.

HOW CLIMATE INFLUENCES CHOLERA

Cholera is an ancient disease that during the last fifty years, has
disappeared from most developed countries, but is reemerging in many
parts of the world in epidemic form, especially in tropical areas. This
highly contagious, dose-dependent disease is caused by the bacterium
Vibrio cholerae when ingested via contaminated water or food and,
most frequently, seafood.

V. cholerae is naturally present in the environment and is autoch-
thonous in riverine, coastal, and estuarine ecosystems (1–3). The bac-
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terium is strongly associated with plankton, forming commensal or
symbiotic relationships, mainly with copepods (4–6). In the aquatic
ecosystem, chitin is the most abundant polysaccharide and the princi-
pal component of the zooplankton exoskeleton. Chitinous organisms
(for example, copepods, amphipods, and other crustaceans) are domi-
nant among zooplankton populations. The copepod exoskeleton has
been shown to support large populations of vibrios, including the
pathogenic species, V. cholerae (7–10). Without bacterial activity that
returns insoluble polysaccharide to the ecosystem in a biologically
useful form, seawater would become depleted of carbon and nitrogen in
a relatively short time (11). Therefore, the commensal relationship
between vibrios and copepods has important consequences, as was
demonstrated in studies done in the early 1980s (8, 12). Bacteria bound
to plankton metabolize chitin more efficiently than free-living bacteria,
thus increasing the rate of chitin mineralization in the natural envi-
ronment. Attachment to copepods and, in particular, to the eggs that
are dispersed in the water, provides a mechanism for extended geo-
graphic distribution of bacteria, including V. cholerae (3, 13). Based on
the earlier pioneering work, plankton are now recognized as a res-
ervoir of V. cholerae. This bacterial species, as other gram-negative
bacteria, has a selective advantage in their ability to enter a dor-
mant stage, termed the variable but nonculturable (VBNC) state,
when environmental conditions are unfavorable for active growth
and cell division (14–16). That also includes fully virulent strains of V.
cholerae (17).

Interactions between vibrios and copepods are affected by environ-
mental variables (16, 17). Salinity of 15‰ and temperatures ranging
from 25° to 30°C have been shown to be important in influencing the
attachment of V. cholerae to copepods (13). There is likely a synergistic
effect between phytoplankton and zooplankton in the colonization of
chitin by V. cholerae, since an alkaline pH of 8.5 is often associated
with algal blooms and also has a positive effect on attachment of V.
cholerae to copepods (18). Living copepods in microcosms are able to
protect those bacteria that are sensitive to lower salinity (�0.5‰) and
pH (13). Moreover, it has been demonstrated that V. cholerae attached
to copepods, both on the surface and in their gut, survive exposure to
acid pH better than unattached, free swimming bacteria, suggesting
that adherence to chitin provides not only a substrate for Vibrio mul-
tiplication, but also protection from gastric acid during transit through
the stomach (19).

A hierarchical model has recently been proposed, which defines the
role of environmental, weather, and climate-related variables in out-
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breaks of cholera (20, 21) (Figure 1). At present, the main geographical
regions of cholera endemicity include coastal areas surrounding the
Bay of Bengal, Bangladesh, the Indian subcontinent, Africa, and
coastal Latin America. In these regions, the same physical or environ-
mental drivers most likely explain the patterns of disease. Sunlight,
temperature and nutrients, in addition to affecting growth of V. chol-
erae, influence growth of phytoplankton and aquatic plants; these, in
turn, alter the dissolved O2 and CO2 content of water and, therefore,
the pH of the surrounding water. Results obtained from studies per-
formed in a region of cholera endemicity (22) support the original
hypothesis of Kaneko and Colwell (23) and Huq et al. (9) that copepods
play an important role in the survival, multiplication, and transmis-
sion of V. cholerae and related vibrios in the natural aquatic environ-
ment. It is clear that V. cholerae has a close association with copepods
for persistence and multiplication in the natural environment, specif-
ically with the calanoid copepods Acartia tonsa and Eurytemora affi-
nis, as observed recently by Rawlings et al. (24).

Some investigators doubted the importance of copepods in cholera
transmission when the relationship was first discovered, but the cor-
relation was conclusively demonstrated in a study in which the num-
ber of cholera cases in Bangladesh villages was reduced significantly
when copepods were removed from drinking water (25). The method
used was simple but ingenious: the water was filtered through

FIG. 1. Hierarchical model for environmental cholera transmission. Copyright ©
American Society for Microbiology, Lipp et al., Clinical Microbiology Reviews, Vol. 15,
No. 4, p. 757–770, Oct. 2002.
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several layers of the sheer but finely woven cloth of the traditional
sari clothing worn by women of the region and cholera was reduced
by about half (25).

The relationship between human health and climate is not a new
concept, but in the existing context of global change, when most sci-
entists now agree that our climate is changing, there is an increasing
need to understand the potential outcome of such changes on human
health. This can be achieved by considering how systems interact.
With few exceptions, zoonotic and vector-borne diseases are readily
understood as having links with the natural environment, and cholera
is one of the best examples to illustrate this biocomplexity (Figure 2).
Current scientific understanding of these diseases provides a basis for
what is today the most complete human/natural systems model of
emerging infectious diseases (26). The connection between epidemiol-
ogy and ecosystem dynamics or processes is only now beginning to be
appreciated.

The Chesapeake Bay, the largest estuarine ecosystem in North
America, has been, and continues to be, the subject of interdisciplinary
research on the ecology of V. cholerae that incorporates the fields of
microbiology, ecology, physiology, physics and engineering. The Ches-
apeake Bay watershed, comprising eight river basins, is already show-
ing the effects of an increase in annual mean temperature (27). The
projected sea level rise in the Chesapeake region due to global warm-

FIG. 2. The biocomplexity spiral is a representation of the study of complex struc-
tures and behaviors that arise from nonlinear interactions of active biological agents
with their environment, which may range in scale from molecules to cells to organisms
and to global scale. (Source: Rita R. Colwell)
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ing is close to 10 inches by 2030 and up to 25 inches by 2100 (27). In
addition, the human population in the Chesapeake Bay watershed will
continue to increase significantly. With this background, we developed
a tool for predicting the presence of V. cholerae in the Chesapeake Bay.

Cholera is no longer a threatening disease for the American popu-
lation, although V. cholerae can still pose public health risks, ranging
from limited outbreaks to epidemics, when it is ingested via untreated
water or contaminated shellfish. But cholera was once considered
“America’s greatest scourge” (28), after its widespread ravages from
New York to New Orleans in 1849. The disease occurred in many parts
of the United States and Canada (29). Daly recently published a review
of what happened when cholera came to small Midwestern towns in
the United States during the “black cholera” episodes of the 19th

century and later (30). In the review, he describes how populations
suffered from cholera epidemics and their perceptions about and reac-
tions to the disease, which was believed at that time to be unprevent-
able and incurable. However, with improvement in sanitation and
public health, by the early 1900s, cholera gradually disappeared, with
its first reappearance in the twentieth century reported in 1973 in
Texas (31). Since then, sporadic cases are reported each year in the
United States, some of which have been confirmed as indigenous in
origin (32).

Because of the risk and the fact that cholera is a good model for
studying water-borne diseases, it is of interest to understand the
mechanisms that affect the natural populations of V. cholerae in the
environment and to anticipate the potential impact of extreme climate
events such as abnormally hot temperatures or floods on cholera.
Changes in the number of V. cholerae reservoirs could lead to changes
in the number of bacteria in the environment. Thus, climatic and/or
environmental changes can potentially be responsible for the emer-
gence of cholera in human populations (33, 34).

The Chesapeake Bay and Vibrio cholerae, a long story

In 1977, V. cholerae was isolated for the first time from water
samples collected in the Chesapeake Bay (35). Pathogenic strains of V.
cholerae, serotype O1, are now routinely detected in the Bay, first
reported in 1981 (8). Almost 20 years later, environmental conditions
have been shown to influence the appearance of V. cholerae during the
warmer months of the year (36, 37). Other environmental variables,
such as pH and salinity, have also been found to affect survival and
multiplication of V. cholerae (18, 36, 38).
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As a consequence, developing and implementing a system for pre-
dicting V. cholerae and other vibrios would be advantageous for both
the prevention of this infectious disease and the mitigation of its effects
in a region on both short- and long-term time scales. Short-term
predictions can be employed to enhance first responder capabilities,
while longer-term forecasts can be used to simulate potential conse-
quences of climate change on this bacterium in the Bay. More gener-
ally, such a system would enhance our understanding of the connec-
tions between the oceans and human health that is crucial in
addressing issues related to emerging and re-emerging diseases in the
U.S. and globally.

Despite the fact that some of its general habitat preferences are
known, and statistically significant empirical relationships have been
established between the presence of V. cholerae and environmental
factors, notably temperature and salinity affecting the growth rates of
V. cholerae (36, 39), the exact mechanisms and environmental interac-
tions giving rise to proliferation of V. cholerae are poorly understood. It
is not currently possible to construct mechanistic models to predict the
presence and abundance of these bacteria, but we have developed a
system that generates predictions of the likelihood of V. cholerae in the
Chesapeake Bay by exploiting what is known about the physical hab-
itat of V. cholerae and taking advantage of recent advances in technol-
ogy and telecommunications to retrieve, simulate and forecast relevant
environmental conditions. This general approach has proven effective
for nowcasting and forecasting the likelihood of encountering sea net-
tles (Chrysaora quinquecirrha), a stinging jellyfish (40), and is cur-
rently being developed for several harmful algal bloom species in the
Bay.

The prediction system identifies geographic locations in the Bay
where environmental conditions coincide with the preferred physical
habitat of V. cholerae. This is accomplished by applying habitat suit-
ability models developed previously (36) for V. cholerae in the Bay with
ambient temperature and salinity fields simulated by the Regional
Ocean Modeling System1 (ROMS) configured for the Bay. One of the
regression models, employed by Louis et al. (36) in an early study, was
used to predict the likelihood of the presence of V. cholerae in the Bay.
ChesROMS, an open source Chesapeake Bay implementation of
ROMS, uses historical reanalyses, near-real time observations and
forecast data to provide model forcing, such as atmospheric momentum
and heat fluxes, river outflow and ocean sea level, to simulate salinity,

1http://www.myroms.org/
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temperature and other physical (and soon biogeochemical) variables in
the Bay to enable hindcasts, nowcasts and forecasts of V. cholerae.

Predictions of V. cholerae probabilities are generated from the re-
sulting daily sea-surface temperature and salinity fields of Ches-
ROMS. Short-term predictions [i.e., nowcasts and 3-day forecasts (Fig-
ure 3)] are created daily and staged on the “Mapping Pathogens in the
Chesapeake Bay” Web site, which currently has restricted access to its
preliminary results.

PERSPECTIVES

The prediction system we have produced is one of a suite of tools to
identify and predict ocean-related public health risks from pathogens
and represents a step toward developing a robust ecosystem modeling
capability to serve current and future needs in information manage-
ment. The main motivation of our project was to illustrate how an
interdisciplinary research effort that includes microbiology, ecology
and climatology can concretize academic research to a near-opera-
tional water-borne pathogen forecasting system. Despite current lim-

FIG. 3. Screenshot of the “Mapping Pathogens in the Chesapeake Bay” Web site
displaying a three-day forecast of the probability of occurrence of V. cholerae in the
Chesapeake Bay. The Web site supports typical capabilities, e.g. zooming, panning, and
display options shown in the legend.
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itations, mainly due to the lack of external data for validation, the
system can be of interest to a variety of users concerned with human
health issues. Validation is crucial, however, in such an application
and is the next step in the development of this system. Specifically,
obtaining data for V. cholerae in the Chesapeake Bay will be possible
through a new study that has been funded by the National Science
Foundation in its “Ecology of Infectious Diseases” program. The goal of
that study is to investigate the presence and abundance of three
pathogenic vibrios (V. parahaemolyticus, V. vulnificus and V. cholerae)
in three geographically and ecologically distinct ecosystems in the
United States, one of which is the Chesapeake Bay. Sampling results
will be compared to the model forecasts and will allow skill scores of
assessment and either validation or model adjustment.

Future developments of the system will consist of adding informa-
tion about human populations exposed to water quality to the Bay.
These may include human population density data and information
about activities such as recreational boating, beach bathing and sport
fishing in the Chesapeake Bay and along its shoreline. Information
about commercial activities that depend on the microbiological water
quality of the Bay, such as shellfish harvesting, fish farms and com-
mercial fishing, will also be included. Finally, other information, for
example, locations of the occurrence of previous infections and of
healthcare facilities, will be added, where available.

This operational prediction system will serve as a scientific tool to
provide better understanding of in situ variability of V. cholerae by
state agencies as a management tool to minimize the impact of V.
cholerae on recreational activities by targeting microbial sampling
efforts in the Chesapeake Bay and its tributaries. Access to the
system is currently limited, but it will be customized to the needs of
individuals or organizations for guidance in research and manage-
ment activities, and to government agencies to guide pathogen mon-
itoring programs and enhance first responder capabilities. In these
ways, the system will provide a basic understanding and early warn-
ing of extreme weather events associated with an increase in specific
microbial populations that threaten human health and, thereby,
help mitigate deleterious effects on the health of both humans and
the ecosystem.
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