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a b s t r a c t

Bacteria in the genus Vibrio are ubiquitous to estuarine waters worldwide and are often the

dominant genus recovered from these environments. This genus contains several poten-

tially pathogenic species, including Vibrio vulnificus, Vibrio cholerae, Vibrio parahaemolyticus,

and Vibrio alginolyticus. These bacteria have short generation times, as low as 20e30 min,

and can thus respond rapidly to changing environmental conditions. A five-parameter

mechanistic model was generated based on environmental processes including hydrody-

namics, growth, and death rates of Vibrio bacteria to predict total Vibrio abundance in the

Neuse River Estuary of eastern North Carolina. Additionally an improved statistical model

was developed using the easily monitored parameters of temperature and salinity. This

updated model includes data that covers more than eight years of constant bacterial

monitoring, and incorporates extreme weather events such as droughts, storms, and

floods. These models can be used to identify days in which bacterial abundance might

coincide with increased health risks.

ª 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The numerous and highly variable members of the bacterial

genus Vibrio are routinely found in marine and estuarine

systems as indigenous flora and can be nearly 35% of the

culturable bacterial population during warm months (Oliver

et al. 1982; Thompson and Polz, 2006). While there are

dozens of species within the Vibrio genus, there are four

human pathogens of note included in this group: Vibrio

cholerae, Vibrio vulnificus, Vibrio parahaemolyticus, and Vibrio

alginolyticus. Because infections caused by this genus are

associated with recreational, occupational, and trans-

portational uses of estuarine and marine waters, the exami-

nation of the population dynamics of these bacteria is

required to reduce infection without limiting access to

economically important waterways. Monitoring coastal wa-

ters for Vibrio bacteria is an effective method for determining

the abundance of these potential pathogens, but this is both

costly and time consuming. Alternatively, by creating pre-

dictive models for the abundance of these bacteria, the pe-

riods when infection risks are elevated could be identified

with relative ease and nominal costs.
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Individual Vibrio spp. respond differently to environmental

factors, but typically water temperature and salinity are two

of the most important in determining population concentra-

tion or distribution (Tantillo et al. 2004). Seasonality among

vibrios is observed, with culturable cells being greatly dimin-

ished or non-existent during winter and ubiquitous during

summer months (Oliver et al. 1982; Tantillo et al. 2004; West,

1989). While some vibrios like V. cholerae can be found in

fresh water, most vibrios have a minimum salinity require-

ment for growth and persistence and all have amaximum salt

tolerance, usually around 25& (Baker-Austin et al. 2012;

Froelich and Oliver, 2013; Gomez-Gil and Roque, 2006;

Thompson and Polz, 2006). As average global temperatures

rise, increases in precipitation could reduce estuarine salinity

while there is a simultaneous increase in water temperature

(Baker-Austin et al. 2012; Hakkinen, 2002; IPCC, 2007). This

combination would broaden the areas permissive for survival

of these pathogens (Baker-Austin et al. 2012).

Estuaries are utilized for a variety of reasons. Their high

biological activity makes them an important resource for fish,

shellfish, and other seafood, providing more than 75% of the

U.S. commercial fish catch (Lauff, 1967; National Safety

Council’s Environmental Center, 1998). Recreational uses

include swimming, boating, wildlife observation, and sport

fishing. Estuaries also serve as shipping and transportation

centers for local and international commerce (National Safety

Council’s Environmental Center, 1998). All of these uses intro-

duce the risk of infection by Vibrio bacteria. The Neuse River

estuary (NRE), located in eastern North Carolina (Fig. 1), is a

coastal plain estuary that is subject to extreme environmental

conditions, including droughts, hurricanes, and tropical storms

(National Oceanic and Atmospheric Administration, 1999).

Prediction of Vibrio populations in this ecosystem has always

been important, as changes in environmental conditions could

cause unexpected lengthening of the seasonal period of

maximal Vibrio concentrations, placing more users of this vital

waterway at risk. An empirical model of Vibrio in the NRE was

developed byHsieh et al. (2008) using data collected covering 19

months. Here we present modeling efforts conducted using a

largeVibriomonitoring data set spanningmore than eight years

along multiple sites in the NRE. From these data, we have

developed a five-parameter mechanistic model of Vibrio abun-

dance using the Environmental Fluid Dynamics Code or EFDC

(Hamrick, 1992). The mechanistic model allows for testing of

processes that produce bacterial abundance dynamics. We

have also created a broad statistical model that predicts Vibrio

spp. concentrations from measured salinity and temperature.

By using both of these approaches in conjunction, we

have gained a better understanding of Vibrio dynamics in the

NRE and have improved upon our ability to predict Vibrio

populations.

2. Methods

2.1. Environmental sampling

The NRE is part of the second largest estuarine complex in the

United States and empties into the Pamlico Sound (Luettich Jr.

et al. 2002). Flow in the NRE is dominated by river input and

Fig. 1 eMap of North Carolina with enlarged region showing the Neuse River Estuary, Pamlico Sound, the town of New Bern,

NC, and the water quality sampling stations, ranging from 0 to 180, used with the Neuse River Estuary modeling and

monitoring project (ModMon).
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wind while tidal influence is minimized by barrier islands

(Luettich et al. 2000; Peierls et al. 2012). The NRE has been

extensively monitored for more than two decades though

several projects including the NRE Modeling and Monitoring

program known as ModMon (http://www.unc.edu/ims/neuse/

modmon/index.htm). Through this program, water samples

were collected from the NRE at five stations covering a length

of over 73 km from May 2004 through December 2011. The

locations of the stations (Stations 0, 30, 70, 120, and 180) are

shown in Fig. 1. Water was collected from each station using a

diaphragm pump and a weighted hose. Surface and bottom

samples were collected at an approximate depth of 0.2 m

below the water surface and 0.5 m above the bottom,

respectively.

Measurements of salinity (ppt), water temperature (�C),
dissolved oxygen (mg/l), pH, turbidity (NTU), and chlorophyll

(mg/l) were measured in situ using a fully calibrated YSI 6000

multiprobe sonde (Yellow Springs Instruments, Yellow

Spring, OH). Total suspended solids were measured as the

total mass captured by filtering 50 ml of sample water onto

glass fiber filters with a nominal pore size of 0.7 mm.

2.2. Bacterial analyses

Bottles containing water from the NRE were kept shaded and

were returned to the laboratory and processed for bacterial

concentration within 6 h of collection.Water was diluted with

phosphate buffered saline, and passed through a .45 mm cel-

lulose fiber filter (Pall, Port Washington, NY). Filters were

placed onto Thiosulfate-Citrate-Bile salts-Sucrose (TCBS, BD,

Franklin Lakes, NJ) agar and incubated for 24 h at 35 �C. After
incubation, the total number of yellow and green colonies was

tabulated and adjusted for dilution to be expressed as colony

forming units (cfu) per 100 ml.

2.3. Mechanistic model description

The mechanistic model of total Vibrio abundance in the NRE

was developed as an application of EFDC (Hamrick, 1992).

The EFDC is a hydrodynamic andwater qualitymodel that can

be used to model one, two or three-dimensional aquatic sys-

tems. The EFDC uses stretched, “sigma” vertical coordinates

and either Cartesian or curvilinear-orthogonal horizontal co-

ordinates to represent the physical characteristics of a water

body. It solves the three-dimensional, vertically hydrostatic,

free surface, turbulent averaged equations of motion for a

variable-density fluid. The EFDC model allows for drying

and wetting in shallow areas by a mass conservation scheme

(Hamrick, 1992).

Only the hydrodynamics and mass transport portions of

EFDC were used for this work. The hydrodynamics sub-model

within EFDC uses a second moment turbulence closure

scheme developed by Mellor and Yamada (1982) and modified

by Galperin et al. (1988). This turbulence closure scheme in-

cludes three-dimensional, dynamic transport equations for

turbulence intensity and length scale and algebraic equations

to relate these variables to turbulent viscosity and diffusivity.

Additional transport equations are solved to calculate the

temporal and spatial variations in salinity, temperature, sus-

pended sediment, and dye tracer. The total Vibrio model was

developed bymodifying the dye tracer constituent to include a

temperature dependent death rate and a temperature and

salinity dependent growth rate.

The numerical model region encompassed approximately

70 km of the NRE from Streets Ferry Bridge (Station 0) to the

mouth of the estuary at Pamlico Sound. The model’s three-

dimensional numerical grid had 528 horizontal cells and

eight vertical layers (Fig. 2). In the lower estuary there were

generally seven cells spanning the width of the estuary. This

decreased gradually to two cells spanning the river near

Streets Ferry Bridge. Cell widths and lengths ranged from

approximately 150 m near Streets Ferry Bridge to approxi-

mately 1500 m near the estuary mouth. Cell water depths

varied from approximately 1.5e7.0m,whichwere divided into

eight layers of uniform thicknesses. EFDC uses a log layer

roughness height to quantify bottom friction. The calibrated

value for roughness height was 0.025m for all 528model cells.

Flow boundary conditions were utilized upstream for the

Fig. 2 e Neuse River Estuary numerical grid containing 528 horizontal cells used to develop the mechanistic Vibrio spp.

predictive model.
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Neuse River, for three wastewater treatment plants (Weyer-

haeuser, New Bern, Cherry Point), and for two rivers (Neuse,

Trent) and ten creeks (Swift, Bachelor, Upper Broad, Goose,

Slocum, Hancock, Clubfoot, Dawson, Adams, Greens) that

drain directly into the estuary. Observed data were available

for only two of these riverine inputs (Neuse River, Trent River).

These two inputs represent approximately 85% of the estua-

rine drainage area (Hieronymus and Bowen, 2004). Inflows for

the ten estuarine creeks were scaled from the Trent River at

Trenton hydrograph based upon relative drainage areas as

determined by topographic maps of the particular creek and

the Trent River at the Trenton gage (Bales and Robbins, 1999;

Hieronymus and Bowen, 2004). A downstream elevation

boundary condition was used for the seven cells on the

eastern boundary of the model region.

Model input data sets and observed data sets used for

calibration and confirmation, andmodel scenario testingwere

developed using observed data gathered from various

agencies (Table 1), and as part of the Neuse River “ModMon”

program. The 77-month model time period (January 1,

2003eMay 31, 2009) had all the necessary data for assigning

model input and boundary conditions.

2.4. Statistical model development

For prediction and exploratory analysis purposes, multiple

linear regressionswere created in SAS 9.2 (Cary, NC). Microbial

concentrations were log10-transformed prior to analysis to

reduce skewness and meet model assumptions. To model

bacterial abundance, six to seven input variables were chosen

based on which had the strongest and most frequent re-

lationships with Vibrio abundance. Using SigmaPlot (Chicago,

IL), forward and backward stepwise regressionwas conducted

using a series of F-tests to determine the set of variables that

would best explain the variance of the output variable. The

input factors that were chosen by both methods of stepwise

regression had significant predictive capabilities ( p < 0.05)

and were used to create multiple linear regression models to

describe each output variable. A model was developed using

data collected from Station 30, which was selected as a

representative based on overall bacterial abundance and the

significance of the relationships between this abundance and

physical and biotic factors determined by R-squared values.

Salinity and temperaturewere the only variables examined

during the modeling exercise except while evaluating a full

model’s performance. The full model examined the entire set

of environmental variables but allowed no more than five

explanatory variables to prevent over-fitting the model.

Collinearity of variables selected during model development

was evaluated using variance inflation factors. Corrective ac-

tion, based on variance inflation factors, was not warranted

for any model developed. An alpha of 0.05 was used to

determine significance.

3. Results

3.1. Mechanistic Vibrio model

The five-parameter mechanistic model of total Vibrio abun-

dance was formulated using the dye tracer constituent within

EFDC. Dye transport simulations were also used to estimate

hydrodynamic travel times from the bottom waters of the

model boundary with Pamlico Sound. Median values for

transport times from the downstream boundary varied from

less than 20 days for the most downstream station (Station

180) to more than 40 days for the two upstream stations

(Stations 0 and 30, Figs. 1 and 2). As expected travel times at

the surface were generally somewhat longer than at the bot-

tom (Fig. 3). The mechanistic Vibrio model assumed abun-

dances either increased or decreased according to a first-order

rate that was the difference between Vibrio growth and death

(Kemp et al. 1993; Servais et al. 1985). Both the death and

growth rates were assumed to increase with temperature

(Randa et al. 2004). The growth rate was also assumed to vary

with salinity (Randa et al. 2004). The five parameters used to

model Vibrio abundances were the maximum Vibrio growth

rate (mmax), the salinity for optimal growth (Sopt), the range in

salinities over which the growth was optimal (Swidth), the

Vibrio death rate (kd), and the temperature multiplier for

Table 1 e Environmental Fluid Dynamics Code (EFDC) input and data sources.

Description of data Data sources

Flow time series data at flow specified model boundaries

and point source locations

US Geological Survey (riverine inputs), NC Division of Water Quality

(wastewater treatment plants)

Meteorological time series data National Weather Service, at New Bern, NC

Water surface elevation time series data at elevation

specified model boundaries

National Oceanographic and Atmospheric Administration (NOAA)

Temperature time series data at all model boundaries

and point source inputs

Lower Cape Fear River Program, US Geological Survey, NC Division

of Water Quality

Wind time series data National Weather Service at New Bern, NC

Horizontal cell lengths, widths, depths, bottom roughnesses National Oceanographic and Atmospheric Administration (NOAA)

Horizontal cell center location, orientation relative

to E-W, NeS direction

National Oceanographic and Atmospheric Administration (NOAA)

Initial condition for salinity for every model cell and layer ModMon Program

Initial condition for temperature for every model cell and layer ModMon Program

Total Vibrio abundances at model boundaries

(upstream at Neuse R., downstream at estuary mouth)

This Study
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temperatures above or below 20 �C (q). These five parameters

were combined to give the net Vibrio growth rate (mv) as a

function of the salinity and temperature (S, T ) as:

mv ¼
�
mmax � fn

�
S;Sopt; Swidth

�� kd

� � qT�20

The salinity function ( fn) was written so that whenever the

salinities were within a range (Soptþ/�0.5*Swidth) then the

Vibrio growth rate was at the optimal value (i.e. fn ¼ 1.0) for

that temperature. Above and below this range Vibrio growth

rates decreased in a Gaussian fashion as:

fn
�
S;Sopt; Swidth

� ¼ ��
S� Sopt

�2
e2ðSwidthÞ2

if S < Sopt � 0:5Swidth or

S > Sopt þ 0:5Swidth

The hydrodynamicmodel was calibrated using theModMon

monitoring data, which provided monthly and semi-monthly

temperature and salinity data sets at 10 stations between

Streets Ferry Bridge and the estuary mouth. Bottom rough-

nesses were adjusted to give maximum calibration perfor-

mance. Four calibration parameters (mean error, root mean

square error, correlation R2, NasheSutcliffe Model Efficiency,

Table 2) were evaluated at each monitoring station). To cali-

brate the Vibrio growth model each of the five model param-

eters were varied over a range of values. The range of possible

parameter values was determined from set of preliminary

runs. Growth and/or death rates outside this relatively narrow

range of values (Table 3) gave modeled abundances that had

mean modeled abundances that were more than one log unit

either above or below the observed mean abundance. For

comparison purposes, model simulations were also made

using growth and/or death rates that were assumed to be zero

(Servais et al. 1985). For the runs using the full five-parameter

Vibrio model (death and maximum growth rates > 0.0), four

different levels within the range were assigned for each

parameter (Table 3) and each of the 1024 possible combination

ofmodel parameterswas simulated for the full 77-month time

period. To best compare mechanistic model results to that of

the statistical Vibrio model, the optimal set of model param-

eters for the Vibrio growth and deathmodel was chosen based

upon a comparison of correlation R2 of the log-transformed

abundances.

Comparisons between mechanistic model predictions of

salinity and temperature and corresponding observations

demonstrate the model’s ability to accurately simulate circu-

lation and conservative mixing within the estuary. Normal-

ized mean errors for salinity and temperature were 0.7% and

2.17% respectively (Table 4). The positive numbers indicate

themechanisticmodel slightly overpredicts both temperature

and salinity. As expected, root mean square errors were larger

for both temperature (1.47 �C) and salinity (2.83 ppt). Corre-

lation R2 and NasheSutcliffe model efficiency statistics for

temperature (97.1%, 95.9%) and salinity (86.6%, 85.4%) indicate

themechanistic model is relatively unbiased and captures the

vast majority of the spatial and temporal variability in tem-

perature and salinity. This level of hydrodynamic model per-

formance compares favorably with other recent estuarine

applications of EFDC (Bowen and Rajbhandari, 2012).

Fig. 3 e Box and whisker plots of modeled travel time, in

days, from downstream boundary to each ModMon station

(0e180) at the bottom (red boxes) and surface (blue boxes)

of the water column. The boxes represent values from the

lower to upper quartile (25th to 75th percentiles). The black

line represents the median. The vertical lines extend to the

5th and 95th percentiles. Arrows indicated that some

calculated travel time values were infinite. Outliers were

not excluded from the analysis. Identical letters indicate

data not significantly different ( p> 0.05) as determined by

Kruskal-Wallis ANOVA with Dunn’s post-test for pairwise

comparisons. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web

version of this article.)

Table 2 e Statistics used to determine calibration
performance.

Calibration parameter Parameter equation,
(Pi ¼ model prediction,
Oi ¼ corresponding
observed value)

Mean error
Pn

i¼1
ðPi�OiÞ
n

Root Mean

Square Error

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1
ðPi�OiÞ2
n

r

Correlation r2
Pn

i¼1
½ðPi�PÞðOi�OÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðPi�PÞ2ðOi�OÞ2
p ; P ¼

Pn

i¼1
Pi

n ;O ¼
Pn

i¼1
Oi

n

NasheSutcliffe

Model efficiency

1�
Pn

i¼1
ðPi�OiÞ2Pn

i¼1
ðOi�OÞ2

Table 3 e Mechanistic Vibrio model parameter values.

Parameter Symbol Unit Values

Maximum growth rate mmax day�1 0.0, 1.0e-8, 3.3e-8,

1.0e-7, 3.3e-7

Optimal salinity value Sopt gL�1 6, 9, 12, 15

Salinity range for

optimal growth

Swidth gL�1 3, 6, 9, 12

Death rate kd day�1 1.0e-7, 4.0e-7,

6.0e-7, 8.0e-7

Temperature factor q e 1.0, 1.04, 1.08,

1.12, 1.18

The values listed were used in model creation and comparison, the

values in bold were the final values chosen to be used in the model.
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Seventeen model runs assumed a Vibrio growth of 0.0, but

had variable death rates and temperature dependence factors.

Initially both the growth rate and death ratewere set to zero to

simulate as passive tracers the transport of Vibrio from the

boundaries into the estuary. This run was used as a “control”

to compare against later runs using the full five-parameter

growth and death model. The conservative transport run

was found to systematically overpredict Vibrio abundance.

The mean error for log10transformed predicted and observed

abundances was 0.38 and the correlation R2 was 50.5%. The

model overpredicted abundance at both surface and bottom

locations, but to different degrees. The mean errors in bottom

and top locations for the log-transformed data were 0.25 and

0.51 log10 units. An additional sixteen runs varied death rates

from 1.0 � 10�7 to 8.0 � 10�7 s�1 and temperature dependence

factors from 1.0 to 1.12. In these runs, the mean error of log-

transformed data varied from �0.21 to 0.36 log units and the

correlation R2 varied from 53.6% to 63.1%. The optimal R2

occurred when the temperature dependence factor was set to

1.0 and the death rate to 6.0 � 10�7 s�1.

An additional 1024 runs used the full five-parameter

growth and death model. Including a temperature and

salinity growth rate increased the model performance, but

only very slightly. The optimal maximum growth rate was

found to be 1.0 � 10�7 s�1, while the optimal values for the

salinity dependence for growth (RKSAL and RKSALW)were 9&
and 6& respectively. As with the no growth cases, the optimal

value for the temperature dependence factor was 1.0 and the

optimal death rate was 6.0 � 10�7 s�1. Adding the growth part

of the model increased the correlation R2 from 63.1 to 63.3%,

while the mean error for the log-transformed data decreased

from �0.13 to �0.09. Examining time histories for model pre-

dicted and observed abundances at an upper estuary station

(Station 30 near New Bern, Fig. 1) demonstrates the mecha-

nistic model’s ability to simulate seasonal increases of abun-

dance that occur each year and the higher abundances seen

in the bottom waters (Fig. 4). In most years, the model

correctly predicts both the timing and the magnitude of the

peak abundance, although in 2008 the model significantly

underpredicted the abundance and had a peak value that

occurred much earlier than the peak of the observed values

(Fig. 4). The scatter plot of model vs. predicted abundances at

all times and stations (Fig. 5), shows the mechanistic model

does accurately capture the range of abundances andmuch of

the variability in abundance. A relatively small number of

model predictions are much larger or much less than the

corresponding observed value. Most of these less accurate

Fig. 4 e Mechanistic model predicted values (solid lines)

versus observed values (points) for Vibrio abundance at

ModMon Station 30 at both the surface (blue lines and

points) and bottom (red lines and points) of the water

column. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version

of this article.)

Fig. 5 e Scatter plot of observed total Vibrio abundance

values and the mechanistic model predicted values for

surface (blue crosses) and bottom (red crosses) waters. The

black line indicates equal predicted and observed values.

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)

Table 4 e Model performance statistics for the
mechanistic model predictions of salinity and
temperature. Normalized statistics are obtained by
dividing the particular measure by the mean observed
value.

Calibration parameter Temperature
value

Salinity
value

Units

Mean error

(predicted e observed)

0.42 �0.056 �C, ppt

Normalized mean error 2.17 0.7 %

Root mean square error 1.47 2.83 �C, ppt
Normalized root mean

square error

7.56 33.9 %

Mean absolute error 1.12 1.79 �C, ppt
Normalized mean

absolute error

5.76 21.5 %

Correlation R2 97.1 86.6 %

Number of model/data

comparisons

1206 1206 e

NeS Model efficiency 95.9 85.4 %
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values seem to be at the bottom sampling location (red crosses

in Fig. 5).

3.2. Statistical vibrio model

A full model for the entire NRE was developed using salinity,

water temperature, dissolved oxygen, and turbidity (Table 5).

Supplementary Tables 1 through 6 summarize the ranges of

environmental parameters recorded in this study. The full

model did not perform significantly better than a model

developed employing the samedata set, but using only Station

30 salinity and temperature as variables (R2 .49 vs. .48,

respectively, Table 5), therefore the simpler salinity and

temperature (ST) model was pursued as it required fewer

environmental measurements to obtain nearly identical re-

sults. This model was developed assuming an exponential,

rather than linear, relationship to salinity. Multiple regression

analysis resulted in an equation for the ST model: Log

Vibrio ¼ 0.296 þ (Log salinity*1.077) þ (temperature*0.071). The

data used in the regressionwere subdivided to createmultiple

ST models to represent different facets of the estuary.

Site-specific ST models were developed along the NRE at

stations 0, 30, 70, 120, and 180 (Fig. 1, Table 5). The variation in

each of the individual station models, except for stations 30

and 70, was predominately described by changes in temper-

ature (Table 5). Individual ST linearmodelswere calculated for

the surface and bottom of the estuarine water column. In

these models, salinity was the dominant variable with the

percentage of variation similar to that of the whole estuary ST

model (Table 5).

The estuary flows to the southeast, until station 120 where

it bends northward and broadens. Because the upper part of

the estuary, from station 0 to station 120 behaves as a salt

wedge estuary, and the lower portion of the estuary from

station 120 to station 180 experiences greater mixing due to

being shallow and broadly open to wind-driven mixing due to

increased fetch, the data were separated geographically into

these upper and lower classifications and two separate

models generated for each class. The upper estuary model

was defined mostly by changes in salinity while the lower

estuarymodel had 91% ofVibrio population variance described

by temperature (Table 5).

Four separate seasonal models were generated from the

data, with winter defined as December 21 through March 20,

spring defined as March 21 through June 20, summer as June

21 through September 20, and fall as September 21 through

December 20 (Table 5). All seasonal models were heavily

influenced by salinity, with only the fall model having more

than less than 60% of the explained variation from salinity.

The seasons of spring, summer, and winter were predomi-

nated by salinity driven variation at w98, 99, and 100%,

respectively (Table 5).

The shallowness of the NRE is permissive to wind-driven

mixing events that shift it from a salt-wedge estuary, with

well-defined boundary layers, to near vertical homogeneity

(Bowden, 1967). Because Vibrio bacteria appear to have varied

abundances depending on the level of mixing, two models

were generated based on homogeneity in the surface and

bottom layers (Table 5). If the salinity of the bottom water

sample was more than 4& greater than the salinity of the

surface water samples, the layers were considered stratified.

When the station the samples were collected from was in a

stratified state, nearly 30% of the variance in vibrios was

attributed to temperature. If the station was in a mixed state,

Table 5 e Statistical models generated in this study. Statistics include number of samplings to establish model (n), root
mean squared error (RMSE), correlation (R2), and the percentage of variation described by each variable in the models.
These variables are salinity (S ), temperature (T ), dissolved oxygen (DO), and turbidity.

Model
classification

Model
subtype

Description n RMSE R2 Variable order
(% variation described)

ST model Whole estuary model based on

salinity and temperature

1551 0.85 0.48 S(61), T(39)

Full model Whole estuary model with all parameters 1538 0.77 0.49 S(58.2), T(35.4), DO(5.8),

Turbidity (0.7)

Geography Upper Estuary Upstream of station 120 944 0.73 0.52 S(76.7), T(23.3)

Lower Estuary Downstream of station 120 617 0.86 0.34 S(91.0), T(9.0)

Station Station 0 Models of the individual ModMon stations 302 0.62 0.17 T(63.5), S(36.5)

Station 30 318 0.71 0.61 S(73.3), T(26.7)

Station 70 324 0.74 0.41 S(62.4), T(37.6)

Station 120 324 0.80 0.36 T(82.6), S(17.4)

Station 180 293 0.92 0.33 T(97.6), S(2.4)

Depth Surface Top of water column 786 0.77 0.41 S(63.1), T(36.9)

Bottom Just above sediment 775 0.79 0.50 S(57.8), T(42.2)

Season Spring 363 0.82 0.30 S(97.9), T(2.1)

Summer 524 0.75 0.44 S(98.9), T(1.1)

Fall 432 0.69 0.46 S(57.0), T(43.0)

Winter 242 0.73 0.12 S(100)

Drought Whole estuary ST model without using data

from drought years

1217 0.78 0.47 S(66.5), T(33.5)

Stratification Stratified Salt wedge or well-mixed estuary conditions 277 0.93 0.49 S(70.6), T(29.4)

Mixed 186 0.80 0.55 T(99.6), S(0.42)
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greater than 99% of described variation was in temperature,

with little influence by salinity.

Lastly, the data set used to generate the ST models

included a prolonged period of extreme drought, the most

severe in North Carolina since record keeping began. This

drought period led to a significant decrease in V. vulnificus

populations in the NRE (Froelich et al. 2012) with a lag in re-

covery. To ensure the loss of this species did not bias the

model, we generated a whole-estuary ST model that did not

include the drought period (Table 5). Despite the creation of

the various models, none performed significantly better, or

was as simple to use, as the whole-estuary ST model (Table 5)

that utilized the entire data set.

Although the ST model was designed to predict Vibrio

abundances throughout the entire estuary, individual plots of

predicted versus observed values were generated for each

station and depth. The plot for Station 30 (Fig. 6) is included for

demonstration while the remaining plots are not presented.

Instead, statistics on the quality of these predictions are

tabulated in Table 6. Additionally a scatter plot showing the

predicted vs. observed values of the entire estuary is displayed

in Fig. 7. Similar plots were generated for the mechanistic

model and the resulting statistical comparisons are included

in Table 6.

4. Discussion

Previous Vibrio modeling efforts of the NRE have been limited

to short time spans, spatially limited sampling regimes, or did

not contain extreme events such as storms and droughts.

These limitations narrow the pool of data from which the

models were generated (Hsieh et al. 2008; Pfeffer et al. 2003;

Wetz et al. 2008). The models presented here were devel-

oped utilizing a data set covering eight years, spanning the full

length of NRE, and includes data collected after tropical

storms, hurricanes, and severe drought.

Thewhole estuary STmodel appears to havemore difficulty

in predicting Vibrio abundance at station 0 than at the other

stations in the NRE. Because this station is located so far up-

stream, the salinity of the surface and the bottom of the water

column are typically stable. Station 0 is usually fresh water

(effectively 0& salinity), but does get the occasional influx of

salt water (Fig. 8). Biweekly sampling at this site has only

recorded 14 incidents of salinities greater than 0.5& since 2004.

This lack of salinity variation makes it difficult to model, sta-

tistically, a bacterial genus that is generally halophilic. During

the severe drought in North Carolina, the model actually

showed better predictive capabilities at Station 0, coinciding

with the increased salinity at the site (Fig. 9). Wholly, the

Table 6 e Model performance statistics for the ST
statistical model and the mechanistic model, where n is
the number of observed values used to compare to
predictions, R2 is the coefficient of determination, and
RMSE is the root mean squared error.

Station Depth ST model Mechanistic model

n R2 RMSE n R2 RMSE

0 Surface 168 0.10 0.58 110 0.75 0.22

Bottom 166 0.18 0.66 114 0.51 0.48

30 Surface 176 0.64 0.63 119 0.59 0.63

Bottom 178 0.59 0.74 122 0.57 0.78

70 Surface 178 0.44 0.61 121 0.47 0.66

Bottom 174 0.43 0.50 118 0.46 0.75

120 Surface 161 0.40 0.53 105 0.54 0.73

Bottom 163 0.46 0.45 107 0.63 0.67

180 Surface 149 0.39 0.46 87 0.68 0.67

Bottom 149 0.52 0.41 95 0.82 0.49

All All 1551 0.48 0.85 1098 0.63 0.80

Fig. 7 e Scatter plot of observed total Vibrio abundance

values and the ST statistical model predicted values for

surface (blue crosses) and bottom (red crosses) waters. The

black line indicates equal predicted and observed values.

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)

Fig. 6 e ST model predicted values (solid lines) versus

observed values (points) for Vibrio abundance at ModMon

Station 30 at both the surface (blue lines and points) and

bottom (red lines and points) of the water column. (For

interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)
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predictions were rarely over-estimated by more than 500 cells

at station 0 throughout the seven years of the study. In

contrast, the mechanistic model appears to perform very well

at station 0, benefited by the model’s independence from

measured salinity data. This model did have difficulty pre-

dicting the abundance of Vibrio bacteria when the severe

drought began in mid-2007, as the model predicted salinity

values were higher than the observed values at Station 0 (data

not shown). This salinity prediction difficulty was not seen at

the other stations, which normally have salinities greater than

1& (Fig. 8). When considering the station-specific STmodels, it

should be noted that salinity was the dominating factor

determining Vibrio variation only at stations 30 and 70. These

are the two stations with the greatest amount of salinity fluc-

tuation, and the salt wedge has been observed to move up and

down the estuary along these stations. The stations at the ends

of the estuary are relatively stable in their salt content and

therefore temperature describes most of the variation there.

Stations 120 and 180 are located in the broader and shallower

portions of theNRE and the increasedmixing at these locations

moderates the salinity flux. When individual models were

created for the upper (station 70 and points upstream) and

lower (stations 120 and 180) portions of the NRE, we found

similar results. The upper estuary is dominated by the changes

in salinitywhile the lower, wider section has variation dictated

overwhelmingly by changes in temperature.

Individualmodels created by separating the data by season

were remarkable. The spring, summer, and winter models

were almost solely dependent on temperature to describe the

variation in the Vibrio species abundance. These were also the

seasons with the smallest range of temperatures throughout

the year. This seasonal reduced salinity range means that

models based solely on temperature could miss important

shifts in total Vibrio loads caused by a freshening of the water

column, perhaps due to runoff.

We have found that total Vibrio concentrations are signifi-

cantly higher ( p < 0.001) in the bottom waters of the NRE than

in the surface waters (4937 � 1026 vs. 1416 � 258 cfu/100 ml,

respectively). Furthermore, some Vibrio species concentrations

vary depending on the amount of mixing in the estuary (in

prep). If the NRE is highly stratified, forming a traditional “salt-

wedge” regime, these specific species, such as V. vulnificus, are

amassed in denser, saltier water near the bottom of the estu-

ary. Sufficient mixing of the water column can redistribute

these bacteria vertically. The models generated based on data

collected when the estuary was mixed or stratified reveal that

salinity is of greatest importance in describing Vibrio variance

when the NRE is stratified but is negligible when there is a high

degree of mixing. As the salinity of the surface waters is

increased and the bottom waters is decreased during these

mixing events, nearly becoming equal, temperature becomes

the predominant determinant of variation.

There is variance occurring in the Vibrio bacterial com-

munity that is as of yet unexplained by these models. This

variation could be driven by factors that are not currently

measured in the NRE at sufficient resolution for use in this

study, such as wind speed and direction, precipitation, or UV

exposure. Furthermore, biological factors could drive varia-

tions in abundance, such as bacterial lysis by phage or para-

sitic Bdellovibrio or like organisms (Richards et al. 2012).

When one compares the mechanistic models generated for

Station30 (Fig. 4) andStation70 (datanot shown)andStation180

(Fig. 10), an interesting phenomenon can be observed. There

appears to be a lag between the observed bacteria abundance

and the predicted values at Station 30 that is not present at

Station 180. This lag is possibly explainedwhenwe consider the

source of the vibrios at that station. The model considers the

oceanboundaryasaVibriosourcebutthetravel timeofca.39e47

Fig. 8 e Box and whisker plots of salinity (ppt) measured

along the Neuse River Estuary at ModMon stations

(Stations 0, 30, 70,120, 180) at the bottom (red boxes) and

surface (blue boxes) of the water column. The boxes

represent values from the lower to upper quartile (25th to

75th percentiles). The black line represents the median.

The vertical lines extend to the 5th and 95th percentiles.

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)

Fig. 9 e Salinity in parts per thousand of the surface (red

line) and bottom (blue line) waters at ModMon Station 0.

The shaded box indicates a period of continuous, severe

drought in eastern North Carolina. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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days from the estuary mouth to Stations 30 and 70 is signifi-

cantly greater than travel time to Stations 120 and 180 (Fig. 3).

The apparently early occurrence of observed vibrios is evidence

that the ocean boundary is not the only source ofVibrio bacteria

at these stations, andwehypothesize that the sediment is also a

source of these bacteria. Growth in the water column seems to

be relatively less significant, as the calibrated mechanistic

modelhadanoptimalgrowthrate thatwaslessthantheoptimal

death rate.Thus, the realizationandunderstandingof sediment

bacterial release anddeposition could lead the creation of a new

conceptual model integrating this source.

5. Conclusions

The North Carolina Department of Health and Human

Services (2012) lists Vibrio infections as reportable diseases

and makes efforts to educate anyone who is exposed to

seawater or brackish water on the symptoms of these in-

fections. Nefarious pathogens, such as V. vulnificus, V. para-

haemolyticus, and V. alginolyticus, are naturally on the list of

vibrioses under surveillance but this list also includes Vibrio

mimicus, Vibrio fluvialis, Vibrio furnissii, Vibrio hollisae, and Vibrio

damsela (NC Communicable Disease Manual, 2009).

Fishermen and recreational water users are advised to

avoid coastal and estuarine waters if they have injuries, such

as wounds from finfish or shellfish or punctures in their skin

from tools (North Carolina Deparment of Health and Human

Services, 2012). When handling raw seafood, wounds are

common, and simply advising one to avoid seawater is usually

not a viable solution to peoplewhomake their living from jobs

that expose them to salt water. Predictive models of these

potential pathogenic Vibrio species could potentially provide

an accurate early warning to those utilizing the estuary about

days when Vibrio populations are likely to be high, posing a

greater risk to those with preexisting wounds or people who

have conditions that predispose them to infections.

This work provides the longest study-period of vibrios in

the Neuse River Estuary, and generates a new mechanistic

model based on environmental processes as well as an

updated statistical model that now incorporates temporally

broad data from extreme events such as storms, floods, and

droughts. These new developments can provide the basis for

Vibrio modeling efforts in other estuaries, but broaden our

understanding of these potential pathogens in the NRE.

Potentially, the monitoring work could be continued while

reducing the number of required sample collections by only

sampling on dates that predicted by thesemodels to have high

numbers of vibrios. The lag between observed and predicted

Vibrio concentrations in the upper estuary indicates that

sediments are possibly a source of these bacteria. This has

important implications when considering that wind-driven

mixing of the NRE, even when not accompanied by precipi-

tation, could resuspend the sediments and potentially in-

crease the abundance of Vibrio species acutely. Ongoing work

includes the monitoring and modeling of the specific patho-

genic Vibrio speciesV. vulnificus andV. parahaemolyticus aswell

as, data collection on subtypes of V. vulnificus including the

virulence correlated gene (vcg) C-genotype (clinically associ-

ated) and vcg E-genotype (environmentally associated). By

applying these models to known pathogenic species and

clades of bacteria, rather than genus as a whole, we can

further reduce risk of infection by forecasting bacterial

abundance based on environmental parameters and pro-

cesses determined with remote sensing. Finally, the incorpo-

ration of data on bacteria-sediment dynamics would lead to

the development of more robust modeling capabilities.
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Fig. 10 e Mechanistic model predicted values (solid lines)
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