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Abstract: Vibrio cholerae, the causative agent of cholera, is a naturally occurring inhabitant of the Chesapeake
Bay and serves as a predictor for other clinically important vibrios, including Vibrio parahaemolyticus and
Vibrio vulnificus. A system was constructed to predict the likelihood of the presence of V. cholerae in surface
waters of the Chesapeake Bay, with the goal to provide forecasts of the occurrence of this and related path-
ogenic Vibrio spp. Prediction was achieved by driving an available multivariate empirical habitat model
estimating the probability of V. cholerae within a range of temperatures and salinities in the Bay, with
hydrodynamically generated predictions of ambient temperature and salinity. The experimental predictions
provided both an improved understanding of the in situ variability of V. cholerae, including identification of
potential hotspots of occurrence, and usefulness as an early warning system. With further development of the
system, prediction of the probability of the occurrence of related pathogenic vibrios in the Chesapeake Bay,
notably V. parahaemolyticus and V. vulnificus, will be possible, as well as its transport to any geographical

location where sufficient relevant data are available.
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INTRODUCTION wetlands surround the Chesapeake Bay and its tributaries,

offering haven for a rich diversity of wildlife and migratory

The Chesapeake Bay is the largest estuary in North America
and represents a valuable socioeconomic resource for the
region. The sport fishing industry alone yields nearly
$300 million annually, and both swimming and boating are
supported by the beaches and safe harbors of the Bay. Vast
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bird populations. The Chesapeake Bay is also the largest
producer of blue crabs in the world (http://www.water
encyclopedia.com/Ce-Cr/Chesapeake-Bay.html). Unfortu-
nately, events associated with human activity, as well as
natural environmental changes, jeopardize viability of this
important natural resource.

The natural microbial flora of the Chesapeake Bay
includes several species of Vibrio, some of which are
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pathogenic (Colwell et al., 1977). V. parahaemolyticus and
V. vulnificus, for example, can cause serious enteric disease
after ingestion of raw or undercooked seafood carrying
these bacteria, or in some cases, fatal wound infection.
Vibrio cholerae was first isolated from the Chesapeake Bay
in 1977 (Colwell et al., 1977), and toxigenic strains of
V. cholerae serogroup O1, the causative agent of cholera
epidemics, continue to be identified in the Chesapeake Bay,
after having been first reported in 1980 (Colwell et al.,
1981). V. cholerae O1 is now known to be autochthonous
to the Bay and its tidal tributaries (Heidelberg et al., 2002;
Louis et al., 2003; Grim et al., 2008). Cholera was once
considered “America’s greatest scourge” (Chambers, 1938),
after its widespread ravages in 1849 from New York to New
Orleans. However, with improvement in sanitation and
public health by the early 1900 s, cholera gradually disap-
peared, with reappearance in the United States in 1973 in
Texas (Weissman et al., 1974). Since then, sporadic cases
have been reported each year in the United States and
confirmed as indigenous in origin (Blake, 1994).

The precise mechanisms and environmental interac-
tions that give rise to increased numbers of V. cholerae in
an aquatic environment have yet to be fully understood,
and this is coupled with the fact that it is not yet possible to
construct mechanistic models for prediction of their pres-
ence and abundance with exquisite accuracy. Habitat
preferences of V. cholerae have been characterized reason-
ably well, and statistically significant empirical relationships
have already been established between presence of
V. cholerae and selected environmental factors, such as sea-
surface temperature and salinity (Lipp et al., 2002; Louis
et al.,, 2003). Temperature and salinity affect the growth
rate of V. cholerae and are associated with higher rates of
isolation of V. cholerae from environmental samples.
Optimal salinity for growth of V. cholerae is between 5%o
and 25%o, but V. cholerae can both exist and thrive in
freshwater (Singleton et al., 1982; Heidelberg et al., 2002;
Louis et al., 2003). With sufficient dissolved organic matter
present, V. cholerae can grow well at salinities as high as
45%o (Singleton et al., 1982). Several parameters, such as
pH and salinity, have been shown to affect survival and
multiplication of V. cholerae (Singleton et al., 1982; Huq
et al., 1984).

The appearance of culturable V. cholerae in the Chesa-
peake Bay occurs under certain environmental conditions
(Heidelberg et al., 2002; Louis et al., 2003). The abundance of
vibrios increases seasonally during warmer months of the
year, when pathogenic vibrios pose an increased risk of
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infection for humans, more so with global warming (Lipp
et al,, 2002). As an increasingly larger percentage of the
population occupies the coastal regions of the world, expo-
sure to pathogenic Vibrio spp. will also increase (Goudarzi,
2006) (see also http://www.livescience.com/environment/
060718_map_settle.html). Therefore, a prediction system for
V. cholerae and related vibrios would be highly advantageous
for prevention and mitigation of Vibrio infections, on both
short- and long-time scales. Short-term predictions can
enhance first responder capability, while longer term fore-
casts can be used to simulate potential consequences of cli-
mate change on microbial pathogens, not only in the
Chesapeake Bay, but also in other estuaries globally. In
addition, retrospective predictions or hindcasts can be used
to explore the causes associated with Vibrio population in-
creases and aid in anticipating the potential impact of climate
change on their distribution. Understanding connections
between the oceans and human health is crucial to address
emerging and reemerging diseases (Watkins and Hugq, 2002).

In the study reported here, a system was developed and
implemented that generates predictions of the likelihood of
V. cholerae in the Chesapeake Bay by exploiting what is
known about the optimal physical habitat of V. cholerae
and taking advantage of recent advances in technology and
telecommunications to retrieve, simulate, and forecast rel-
evant environmental conditions. The prediction system
identifies geographic locations in the Chesapeake Bay
where environmental conditions coincide with the pre-
ferred physical habitat of V. cholerae. This general approach
has also proven to be effective for predicting the likelihood
of encountering sea nettles (Chrysaora quinquecirrha), a
stinging jellyfish in the Chesapeake Bay (Decker et al,
2007), and is being implemented for several harmful algal
bloom species. In this article, we introduce the prediction
system and its products, and examine their potential
applications. In particular, we employed hindcasts of
V. cholerae probability to explore the relationship between
river flow and V. cholerae presence in the Bay.

MATERIALS AND METHODS

Daily hindcasts, nowcasts, and 3-day forecasts of the likely
presence of Vibrio cholerae in the Chesapeake Bay were
generated by identifying geographic locations in the Bay
where ambient conditions coincide with its preferred range
of sea-surface temperature (SST) and salinity. A habitat
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suitability model, developed previously for V. cholerae O1
in the Bay (Louis et al., 2003), was implemented with real-
time SST and salinity grid cells simulated by the Regional
Ocean Modeling System (Wilkin et al., 2005) configured
for the Chesapeake Bay.

Vibrio cholerae Empirical Habitat Suitability Model

An existing logistical regression model (Eq. 5 in Table 7 of
Louis et al., 2003) was employed to predict the likelihood of
the presence of V. cholerae in the Chesapeake Bay. The logit
model for V. cholerae was derived from data gathered using
a direct fluorescent-antibody assay (DFA O1) (Vcholpgs)
method that detects both culturable and viable but non-
culturable (VBNC) V. cholerae O1 serogroup (Chaiyanan
et al., 2001). VBNC organisms exhibit detectable metabolic
function, but are not culturable by conventional laboratory
culture methods (Xu et al., 1982). The empirical habitat
model is based on temperature (T), salinity (S), and an
interactive term between temperature and salinity:

log it(Vcholpgs) = — 1.1939 +0.1233 X T — 0.1997 x S
—0.0324x T x S (1)

The probability of V. cholerae presence from the model
was estimated using p = €87 /[°8% + 1], where log itrefers
to the logit of the model.

Agreement between observed value and the value
predicted by the logistic model was 76.9% (n = 108) (Louis
et al., 2003). The habitat suitability model is forced by
simulated SST and sea-surface salinity in the Chesapeake
Bay using the Chesapeake Bay Regional Ocean Modeling
System (ChesROMS).

Chesapeake Bay Regional Ocean Modeling System

ChesROMS is an open source Chesapeake Bay implemen-
tation of the Regional Ocean Modeling System (ROMS), a
community ocean model developed and maintained by
ROMS/
ChesROMS is a free-surface, terrain-following, primitive

Rutgers University (http://www.myroms.org/).

equations model widely used by the scientific community
for a diverse range of applications. The physical model is
based on finite difference for curvilinear orthogonal grids
(Arakawa and Lamb, 1977) and vertically terrain-following
sigma coordinates, with time integration split into external
mode and internal mode for primitive hydrodynamic
variables, including surface elevation, velocity, and many

passive and active tracers (e.g., temperature, salinity, etc.).
ChesROMS uses historical reanalyses, near-real time
observations, and forecast data to provide model external
forcing, such as atmospheric momentum and heat fluxes,
river outflow and ocean sea level, to simulate salinity,
temperature, and other physical variables in the Bay to
enable hindcasts, nowcasts, and forecasts of V. cholerae.
ChesROMS (v1.2) consists of a 150 x 100 cell hori-
zontal grid and 20 layers vertically to yield spatial resolu-
tions in the horizontal that range from 500 m to 5 km and
in the vertical ranging from 0.2 to 1.5 m. Additional
information about ROMS and ChesROMS can be found at
http://ches.communitymodeling.org/models/ChesROMS/
index.php (Xu et al., manuscript in preparation).
ChesROMS is the hydrodynamic component of the
Chesapeake Bay Prediction System. The prediction system
is comprised of a suite of Unix Shell scripts, Perl scripts,
Fortran and C programs, NCL programs, MATLAB scripts,
and GIS shape files that automatically perform the tasks of
compiling the model input files from observations, running
the model, processing the model output, and displaying the
graphical products on a dynamic, interactive website.

Model Predictions

Forecasts

Both short- and long-term forecasts of V. cholerae proba-
bility of occurrence were generated by applying the habitat
suitability model with forecasted SST and salinity. Forcings
for short-term forecasts were acquired from the same data-
base used to generate hindcasts, except atmospheric forcing
quantities, including 3-hourly winds, net shortwave and
downward longwave radiations, air temperature, relative
humidity, and pressure, obtained from the National Center
for Environmental Prediction (NCEP) North American
Mesoscale (NAM) model. For long-term forecasts, down-
scaling with a regional Earth System Model was per-
formed with the Weather Research and Forecasting (WREF)
model coupled to the NOAH (http://www.emc.ncep.noaa.
gov/mmb/gcp/noahlsm/README_2.2.htm) Land-Surface
Model (LSM) (Ek et al., 2003) to drive ChesROMS, where
seasonal to interannual forecasts from NCEP provide
boundary conditions (Murtugudde, 2009b). The same
arrangement is also used for decadal projections by down-
scaling Intergovernmental Panel on Climate Change (IPCC)

scenarios.
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Hindcasts

The prediction system generated daily retrospective pre-
dictions, or hindcasts, of V. cholerae probability (Vcholpg,)
for a 15-year period from 1991 to 2005. Nine tidal con-
stituents from the Advanced Circulation Model for Coastal
Ocean Hydrodynamics (ADCIRC) model and non-tidal
water levels were combined to provide boundary sea-sur-
face height change to the model. The non-tidal water level
data were retrieved from the NOAA National Ocean Service
webpage, which provides historical and real-time observed
data by monitoring stations located at Wachapreague,
Virginia, and Duck, North Carolina. Numerically, the
Chapman condition for surface elevation and the Flather
condition for barotropic velocity were applied to the
barotropic component (depth-averaged, fast propagating
surface wave mode) at the open-ocean boundary. For the
baroclinic component, radiation condition was used for
velocity and radiation condition with nudging for tem-
perature and salinity. Daily freshwater discharge data for
nine major tributaries from the United States Geological
Survey (USGS) stream water monitoring website were ap-
plied at upstream river boundaries. Monthly climatological
temperature and salinity from the World Ocean Atlas
(WOA, 2001) database were used, with a nudging tech-
nique to prescribe temperature and salinity changes at the
mouth of Chesapeake Bay. Atmospheric forcing, including
3-hourly winds, net shortwave and downward longwave
radiation, air temperature, relative humidity, and atmo-
spheric pressure were obtained from the North American
Regional Reanalysis (NARR) produced at NCEP (http://

www.emc.ncep.noaa.gov/mmb/rreanl/).

Variability of V. cholerae in the Chesapeake Bay

The 15-years of daily hindcasts were used to pinpoint
“hotspots” of predicted V. cholerae presence in the Ches-
apeake Bay, to examine the seasonal and interannual vari-
ability of their likely presence in these locations, and to
explore the potential factor(s) behind the variability. The
year 2005 was selected as baseline because it possessed the
smallest anomalies in V. cholerae probabilities over the 15-
year period (1991-2005) examined. Regions in the Chesa-
peake Bay with the highest probability of presence of
V. cholerae were located by identifying where the annual
sum of probabilities of daily predictions was greater than 30
in the year 2005. Over the 15,000 pixels of the model grid,
4702 correspond to water for which the range of the yearly
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sum is from 0 to 244.48, and was greater than 30 for 776
pixels (16.5%), representing areas where the variability is
concentrated. To illustrate the temporal variability of
V. cholerae probability in the Bay, we computed the spatial
mean probability for V. cholerae presence in these “hot-
spot” regions.

Wavelet analysis was performed on the time-series of
daily hindcasts to extract the significant frequency modes of
V. cholerae probability and determine its underlying
dynamics with simulated water-surface SST and sea-surface
salinity, and actual river flow. Wavelet analysis was em-
ployed because ecological and environmental time-series
are typically nonstationary, i.e., their dominant periodic
components change over time, and these characteristics
may render traditional correlation or spectral techniques,
such as Fourier analysis, inappropriate to analyze the
temporal trend of local variations in the frequency and
periodicity of the variable in question, in this case
V. cholerae probability, in the time series. Wavelet analysis
is an extensively used technique in ecology and epidemi-
ology to explore the spatial and temporal dynamics of time-
series (Grenfell et al., 2001; Broutin et al., 2005; Constantin
de Magny et al., 2007; Cazelles et al., 2008; Kausrud et al.,
2008). The Morlet wavelet was employed (Cazelles et al.,
2008) with wavelet decomposition for the periodic band
between 0.3 (=4 months) and 5 years for the 15-year
period (1991-2005). River flows were examined because
salinity distribution in the Chesapeake Bay is largely driven
by riverine input of freshwater. They also represent a rel-
atively independent variable, as the simulated SST and
salinity were employed to derive the probability of
V. cholerae presence, though the same river flow data were
used to force ROMS.

RESULTS

Forecasts

Experimental short-term predictions, i.e., nowcasts and 3-
day forecasts of V. cholerae likelihood in the Chesapeake
Bay (Fig. 1), are created and staged on the “Mapping
Pathogens in the Chesapeake Bay” website for dissemina-
tion (http://155.206.18.162/pathogens/). The website sup-
ports typical capabilities, e.g., zooming and panning, and
will shortly stage shapefiles of the forecasts for water quality
experts and coastal managers. The same habitat model is
employed to routinely issue experimental 16-day forecasts
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Figure 1. Nowcast illustrating the likelihood of Vibrio cholerae O1
presence for June 9, 2007 generated by the Chesapeake Bay pathogen
prediction system. Land is colored green and state lines are given in
black.

of V. cholerae generated with the dynamically downscaled
atmospheric forcing supplied by WRF (not shown).

Hindcasts

Daily hindcasts of the likelihood of V. cholerae from 1991
to 2005 indicate the highest probabilities of V. cholerae
were generally located in the outflow of the Susquehanna
River and the upper reaches of the Potomac, Rappahan-
nock, York, and James Rivers on the west side of the Bay,
and the Choptank River on the eastern shore during the
months of late spring and early summer. Probabilities were
generally very low (<5%) in the main stem of the Bay
south of Baltimore, and the remaining embayments and
rivers on the eastern shore. For example, the area where
annual accumulative probability was equal to, or exceeded,
30 in 2005 was greatest in the outflow of the Susquehanna
(455 model grid cells), followed by the upper reaches of the
western estuaries (261 grid cells) and Choptank River
(20 grid cells) (Fig. 2a), and the predicted daily mean
probability of V. cholerae exceeded 0.50 from April to July
in all regions (Fig. 2b—d), though with considerable vari-
ability between and within individual locations. Daily

probabilities decreased dramatically, for instance, in the
Choptank River (Fig. 2b) in July, though reduced more
gradually in the western estuaries and Susquehanna outflow
(Fig. 2¢, d).

The patterns of predicted V. cholerae probability ob-
served in 2005 are a result of the temporal variations of
SST and salinity at the three identified “hotspot” loca-
tions (Fig. 3). The patterns of mean SST are similar
among all regions, with a minimum observed in February,
a progressive and regular increase through the summer
months of July and August, followed by a decrease in
September. Sea-surface temperature exhibited little vari-
ance in all regions. Mean predicted salinity also followed a
similar pattern in all regions, gradually increasing from
low in April to high in October, though importantly, the
maximum mean salinity achieved was higher in the
Choptank area (~10%o) than the Susquehanna Flat and
western estuaries (~6%o) (Fig. 3). Variances of predicted
salinities were also much larger than that for SSTs in all
regions. The difference between the pattern of predicted
mean probability of V. cholerae in the Choptank and at
the two other sites appears to be the result of different
salinity patterns. Predicted V. cholerae increases during the
early spring (Fig. 2), due to increases in SST, while salinity
remains low (Fig. 3). However, when salinity exceeded a
threshold of approximately 4%o, the predicted V. cholerae
probability decreased. In the Choptank, the probability
declined to zero when the salinity rose to greater than
8%0.

In summary, the predicted likelihood of V. cholerae
follows closely the pattern of water SST when salinity re-
mains low, as expected from the habitat suitability model
employed (Eq. 1). The likelihood of V. cholerae presence at
salinities greater than 8%o is low, even at optimum water
SST.

Considerable interannual variability in hindcasts of
daily area mean V. cholerae likelihood exists between
1991 to 2005 for the three hotspots identified previously
(Fig. 4). The Choptank region, in particular, experiences
a larger swing in average V. cholerae probabilities, with
maximum predicted area mean probabilities ranging
from approximately 0.1 in 2002 to 0.9 in 2003. The
annual likelihood of V. cholerae in the three hotspot re-
gions follows a similar pattern, with some years exhib-
iting greater probabilities and others less (Fig. 5). Positive
anomalies were observed simultaneously in the three
locations for the years 1994, 1996, 2003, and 2004, and
negative anomalies for the years 1991, 1992, 1995, and
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Figure 2. a Locations where the
annual sum of V. cholerae proba-
bilities (Vcholpga) in 2005 were
greater than 30. Mean (bold line)
and = standard deviation (line)
of V. cholerae probability in the
b Choptank River estuary, ¢
Susquehanna flat area, and d
Western estuaries in 2005.

Figure 3. Daily mean (solid line)
and =+ standard deviation (dashed
line) of simulated
temperature and salinity by the
hydrodynamic model (ROMS)
for the Choptank estuary (top

panel), Susquehanna flats (mid-

sea-surface

dle), and Western estuaries (bot-

tom).

be higher than normal during periods of greater than
average river flow, which creates lower than average
salinity conditions. For instance, 1996 was a wet year and
predicted V. cholerae probabilities were higher than
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Figure 4.

the Choptank River estuary (top panel), Susquehanna flats (middle), and Western estuaries (bottom).
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Wavelet analysis, illustrating the evolution of periodic
components over time in signal, of the hindcasts of
V. cholerae probability, simulated SST and salinity, and
river flows, reveal a complex nonlinear dynamics, with
strong seasonality, multiyear oscillations, and nonsta-
tionarity over the 15-years (1991-2005) examined (Fig. 6).
The annual cycle of the V. cholerae time series, present
and significant in all three locations, was more pro-
nounced in the Susquehanna and western estuaries areas
than in the Choptank River. The Choptank displayed
more interannual variability than the other two regions,
exhibiting statistically significant common modes of
oscillation of V. cholerae probability at periods of both
2 years and 3.5—4 years (Fig. 6, top row). Seasonal to
interannual variability was also evident at these periodic
ranges in simulated salinity (Fig. 6, second row), whereas
the seasonal pattern dominated in simulated sea-surface
temperature (Fig. 6, third row). The wavelet power spec-

Choptank River

Vibrio cholerae
Period (years)

Salinity
Period (years)

1982 1994 1996 1998 2000 2002 2004

SST
Period (years)

1952 1994 1996 1998 2000 2002 2004

River flows
Period (years)

1992 1984 1996 1998 2000 2002 2004

Figure 6. Wavelet power spectra of V. cholerae probability (first
row), simulated salinity (second) and sea-surface temperature (third),
and river flow (fourth) in the Choptank River (left column),
Susquehanna flats (middle), and Western estuaries (right). The black

Susquehanna flats

1992 1994 1996 1998 2000 2002 2004

— .

1982 1994 1996 1998 2000 202 2004

1992 1994 1996 1998 2000 2002 2004

1992 1994 1996 1998 2000 2002 2004
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tra of river discharge of the three regions were similar to
the salinity spectra (Fig. 6, fourth row). Some of the ob-
served differences in variability between regions may arise
from reduced variability caused by averaging a larger
number of estimates in the Susquehanna (n = 455) and
western estuaries (n = 261), than the Choptank (n = 20),
reflected by higher standard deviation of the spatial means
for these locations (not shown).

As expected, the wavelet power spectra of V. cholerae
predictions were a combination of variability observed in
surface salinity and SST in the three hotspot regions. More
specifically, salinity dominated interannual variability of
V. cholerae prediction while the annual cycle was reinforced
by SST (Fig. 6). More importantly, the scales of variability
in V. cholerae predictions were very similar to the signifi-
cant oscillating modes of river runoff—the main driver of
the salinity in these tributary estuaries—in each of the three

regions.

Western estuaries

1992 1994 1986 1888 2000 2002 2004

1992 1994 1996 1988 2000 2002 2004

1992 1984 1996 1998 2000 2002 2004

dashed lines delineate the o = 5% significant levels computed based
on 500 bootstrapped series. The solid black lines represent the cone of
influence, indicating the region is not influenced by edge effects.

Power values range from low values in dark blue to high in dark red.
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DiscussioN

The capability to predict Vibrio cholerae is invaluable and
offers many potential benefits. Once validated, the short-
term forecasts will be useful in identifying locations of
probable Vibrio presence. This capability will enable indi-
viduals and public health agencies to efficiently direct
sampling of microbial populations for research and man-
agement activities, and government agencies to guide
pathogen monitoring programs and enhance first re-
sponder capabilities, thereby minimizing the impact of
V. cholerae on recreational and commercial activities in the
Chesapeake Bay and its tributaries. Thus, the system pro-
vides a basic understanding and early warning system for
increase in those microbial populations that threaten hu-
man health and, thereby, will help to mitigate deleterious
effects on the health of both humans and the ecosystem.

Long-term forecasts of the probability of Vibrio chol-
erae and other pathogenic Vibrio spp. can be used to: (1)
examine potential implications of management policies,
such as land-use change and agricultural practices, on
Vibrio populations; (2) anticipate the potential impact of
extreme climate events on Vibrio populations; and (3) ex-
plore the potential response of Vibrio distribution to pre-
scribed climate change scenarios and plan for associated
threats to public and ecosystem health.

The probability of Vibrio cholerae presence is related
positively to river flow through its effect on salinity.
Increasing regional precipitation, without changing other
factors, will increase freshwater flow into the Bay and
consequently increase the probability of V. cholerae. This is
particularly important in the context of climate change,
which is expected to increase temperature and the intensity
and frequency of extreme climate events, such as heavy
rainfall, intense tropical storms, and hurricanes (Boesch,
2008). These events will directly influence river flow and
the entire ecosystem function, increasing the probability of
contact between natural pathogenic bacterial populations
in the Chesapeake Bay and the human population.

Global climate change has been correlated with adverse
health effects via exposure pathways associated with fre-
quency or intensity of extreme climate and hydrological
events, such as heat waves, floods, and droughts (Patz et al.,
2000). Related studies employing a global climate model
(GCM) have projected change in the global climate, even in
those regions that may experience reduction in mean pre-
cipitation (Frei et al., 2006; Madsen and Figdor, 2007).

Changes in precipitation extremes in the United States are
already apparent in the weather records and are becoming
more frequent and more intense (Gleason et al., 2008). In
the Chesapeake region, the sea level has been projected to
rise, as a result of global warming, approximately 10 inches
by 2030 and up to 25 inches by 2100 (Boesch, 2008).

The large salinity gradient, from oligohaline in the
upper estuary to polyhaline in the lower Bay, makes it a
challenge to predict future salinity change influenced by
global climate change. According to the above analysis, areas
where V. cholerae has a suitable habitat are mainly in the
low salinity environment. The physical balance between
fresh water river loading and salinity intrusion from tidal
mixing, estuarine exchange flow, and sea level rise, dictates
the salinity regime where V. cholerae is forecasted. While sea
level rise is most likely to increase the salinity of the upper
Chesapeake Bay (Najjar et al., 2000; Neff et al., 2000), river
flow is largely influenced by precipitation and snowpack
melting within the watershed. In the mid-Atlantic, the
annual streamflow change is 1.5-2.0 times the annual pre-
cipitation change on a fractional basis (Sankarasubrama-
nian et al., 2001). Hence, the implications of climate change
effect on stream flow and the salinity regime in tributaries of
the Chesapeake Bay watershed are highly sensitive to climate
change. While the sea level rise in the Chesapeake Bay and
cultural eutrophication have a clear increasing trend along
with the temperature (Kemp et al.,, 2005; Chesapeake Bay
Foundation, 2007), very little is known about the climatic
connection of the Chesapeake Bay or its watershed response
to modes of climate variability such as the El Nino—
Southern Oscillation (ENSO) (Trenberth, 1997), the North
Atlantic Oscillation (NAO) (Hurrell et al., 2001), or the
Pacific Decadal Oscillation (PDO) (Mantua et al., 1997).
There may be some modulation of the high-frequency
variability by ENSO as seen in a very short time-series on the
water level at the head of the Bush River in the upper
Chesapeake Bay (Pasternack and Hinnov, 2003). Miller and
Harding (2007) note significant differences in spring
blooms following a warm/dry or a wet/cool winter in in situ
and remotely sensed chlorophyll, but they do not attribute
the winter conditions to NAO or ENSO. Our own analyses
showed small, albeit statistically significant, correlations
between total runoff into the Bay and the PDO index, and
between the surface chlorophyll and the ENSO index (not
shown). For ecosystem forecasting, we need to extract
seemingly weak climatic connections (Taylor et al., 2002).
This will require development of a high-resolution dynamic,



or statistical downscaling, in the framework of regional
Earth System modeling for mechanistic and empirical
forecasts tailored for human health applications, as pre-
sented as a prototype here.

With challenges in validation, uncertainties, and skill
assessment remaining to be overcome, the motivation is to
demonstrate the potential for Earth System prediction, and
this is but one of a suite of forecasts, including sea nettles,
striped bass, and some harmful algal blooms (Murtugudde,
2009b). Ecosystem forecasting will remain a challenge be-
cause the uncertainties not only cascade from physical
downscaling to the impact models, but may also amplify
(Giorgi and Diffenbaugh, 2008). However, it is known that
ecosystems are able to amplify climatic links that may be
weak in each physical variable but additive for ecosystem
components (Taylor et al., 2002). The challenge is to
construct ecosystem models as mechanistic as possible, so
that climatic links are fully exploited. The mechanistic
pathway for V. cholerae will likely involve incorporating
specific aspects of its reservoir, i.e., copepods (Huq et al.,
1983), in the ecosystem models embedded in ROMS.

Validation is obviously critical for public health
applications and represents the next step in the develop-
ment of a working system, i.e., more data will be gathered
for other geographical locations on V. cholerae abundance
and variability that can be directly compared with the
model predictions for the Chesapeake Bay (Murtugudde,
2009a, 2010). To overcome limitations in ground truth
data availability of V. cholerae for skill assessment of the
forecast, similar sample collection and pathogen detection
as was carried out by Louis et al. (2003) is now underway in
a new study.

The prediction system employed in this study will in-
clude additional pathogen species of importance, such as
V. parahaemolyticus and V. vulnificus, once habitat suit-
ability models are developed for the target species for the
Chesapeake Bay. V. parahaemolyticus can infect individuals
who ingest raw or undercooked seafood contaminated by
the pathogen. Symptoms typically include diarrhea and
abdominal cramps, and occasionally wound or ear infec-
tions (Daniels et al., 2000). The Food and Drug Adminis-
tration (FDA) mandated the V. parahaemolyticus Task
Force to conduct a risk assessment characterizing public
health impact associated with consumption of raw oysters
(Miliotis and
Watkins, 2000). Regulations are now enforced as a pre-

contaminated with V. parahaemolyticus

ventive measure to control V. parahaemolyticus in oysters

after harvest, namely closing shellfish harvesting if
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10,000 viable V. parahaemolyticus per gram of shellfish are
present (Miliotis and Watkins, 2000). V. vulnificus is a
widespread and important component of the bacterial
population of the Chesapeake Bay (Wright et al., 1996),
and is more prevalent when water temperatures are warm
(Kelly, 1982; Tamplin et al., 1982; Wright et al., 1996).
Reports of illness and death in the USA caused by V. vul-
nificus, resulted in the establishment by the Interstate
Shellfish Sanitation Conference (ISSC) of a V. vulnificus
interim control plan in 1995 for oysters.

The regional Earth System modeling approach de-
scribed here to generate long-term forecasts responds to the
need for high-resolution, downscaled fields of air and
watersheds and land use change impacts on coastal water
and human health (Murtugudde, 2009b). Efforts to provide
an holistic approach are underway, with encouraging early
successes (Lehodey et al., 2008). Regional configurations of
two models (Earth Science System Interdisciplinary Center
[ESSIC]—Biogeochemical Circulation Model [BOGCM]
and ROMS) have been established for the Indian Ocean,
including river discharge and the Indonesian throughflow.
The ecological approach developed in this study can, by
optimization, be expanded to address waterborne diseases
regionally, nationally, and globally.

CONCLUSION

Globally, cholera has reemerged as a global killer, with an
unprecedented rise in cholera cases since 1990, and has
become a major public health concern for the World
Health Organization (Collins, 2003). Cholera remains en-
demic in regions of the developing world, specifically in
coastal areas of South Asia and in countries surrounding
the northern Bay of Bengal, a marginal sea of the Indian
Ocean. In the United States, 7 to 8 million cases of illness
and 1200 deaths are attributable to waterborne infections,
in general, annually (Leclerc et al., 2002). The innovative
prediction system presented here is one of a suite of tools
that will identify and predict coastal ocean-related public
health risks from pathogens, with the objective of alleviat-
ing waterborne health risk, representing a step toward
developing a robust ecological forecasting capability. Short-
term predictions identify potential hot-spots likely to har-
bor V. cholerae and these can be used to develop an early
warning system, thereby enhancing first responder capa-
bility. Application of this system to geographical locations
of epidemiological interest, where sufficient relevant data
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are available, will be especially valuable (Constantin de
Magny et al., 2008). Despite the lack of historically com-
plete sets of data for validation, the prototype system can be
expanded to include additional target species and applied
to other geographical regions.
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