Modeling the dry-weather tidal cycling
of fecal indicator bacteria in surface
waters of an intertidal wetland

ABSTRACT

Recreational water quality at beaches in
California and elsewhere is often poor near the out-
lets of rivers, estuaries, and lagoons. This condition
has prompted interest in the role of wetlands in
modulating surface water concentrations of fecal
indicator bacteria (FIB), the basis of water quality
standards internationally. A model was developed
and applied to predict the dry-weather tidal cycling
of FIB in Talbert Marsh, an estuarine, intertidal wet-
land in Huntington Beach, California, in response to
loads from urban runoff, bird feces, and resuspended
sediments. The model predicts the advection, dis-
persion and die-off of total coliform, Escherichia
coli, and enterococci using a depth-integrated for-
mulation. We find that urban runoff and resuspen-
sion of contaminated wetland sediments are respon-
sible for surface water concentrations of FIB in the
wetland. Model predictions show that urban runoff
controls surface water concentrations at inland sites
and sediment resuspension controls surface water
concentrations near the mouth. Direct wash-off of
bird feces into the surface water is not a significant
contributor, although bird feces can contribute to the
sediment bacteria load. The key parameters needed
to accurately predict FIB concentrations, using a
validated hydrodynamic model, are: the load due to
urban runoff, sediment erodibility parameters, and
sediment concentrations and surface water die-off
rates of enteric bacteria. In the present study, litera-
ture values for sediment erodibility and water col-
umn die-off rates are used and average concentra-
tions of FIB are predicted within 1/2 log unit of
measurements. Total coliform are predicted more
accurately than E. coli or enterococci, both in terms
of magnitude and tidal variability. Since wetland-
dependent animals are natural sources of FIB, and
FIB survive for long periods of time and may multi-
ply in wetland sediments, these results highlight
limitations of FIB as indicators of human fecal pol-
lution in and near wetlands.
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INTRODUCTION

Fecal indicator bacteria (FIB) groups such as
total coliform (TC), fecal coliform (FC), Escherichia
coli (EC), and enterococci (ENT) are utilized world
wide to measure health hazards in bathing and shell-
fish harvesting waters (Thomann and Mueller 1987).
Water samples at popular beaches and harvesting
waters are routinely tested for FIB, which are
thought to signal the presence of pathogens but are
not necessarily pathogenic (US EPA 1986). Chronic
exceedances of California criteria have placed
coastal water bodies such as Tomales Bay, Moss
Landing Harbor, Morro Bay, Ventura Harbor, Marina
Del Rey Harbor, Newport Bay, and Mission Bay on
lists of pathogen impaired water bodies (CalEPA
2002). Exceedances are also common at open ocean
beaches, particularly near the outlets of storm drains,
rivers, estuaries, and lagoons. Numerous coastal
water bodies are impaired worldwide according to
such standards.

Pathways by which FIB enter coastal waters
include urban and agricultural runoff, waste water
discharges, sewage leaks and spills, and fecal
deposits by wildlife, notably birds. A complex web
of processes influence the distribution of FIB in sur-
face waters including flushing by ocean water, die-
off, predation, sedimentation and resuspension, and
regrowth on sediments, vegetation, and debris
(Savage 1905, Goyal et al. 1977, Roper and
Marshall 1979, Jensen et al. 1979, LaBelle ef al.
1980, Grimes et al. 1986, Thomann and Mueller
1987, Davies et al. 1995, Oshiro and Fujioka 1995,
Anderson et al. 1997, Byappanahalli and Fujioka
1998, Solo-Gabriele et al. 2000, Grant et al. 2001).
Use of FIB as indicators of human pathogens is com-
plicated by these processes, particularly in wetlands
where wildlife is abundant and nutrient rich sedi-
ments support growth of bacteria. So long as FIB
remain the basis of regulations governing coastal
water quality, a need will exist to identify the forcing
factors (river inputs, storm drains, etc.) supporting
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FIB populations so that appropriate and costeffective
management measures can be implemented.

Several researchers have recently reported on
models to predict FIB concentrations in coastal
waters. Use of such models in coordination with
field monitoring programs can help to identify the
relative impact of various sources (e.g., a river ver-
sus a storm drain), characterize the mechanisms gov-
erning the fate of these organisms (e.g., flushing ver-
sus die-off) and predict the efficacy of a range of
potential management measures. Kashefipour et al.
(2002) used a model consisting of depth-integrated
continuity, momentum, and transport equations to
predict FIB concentrations in the Ribble Estuary,
England. Fiandrino et al. (2003) used a model con-
sisting of three dimensional continuity, momentum,
and transport equations to predict FIB concentrations
in Thaulagoon, France. Steets and Holden (2003)
used a one-dimensional model to predict FIB con-
centrations in Arroyo Burro lagoon, California.

In this study we use a model to simulate dry-
weather tidal cycling of TC, EC, and ENT concentra-
tions in surface waters of Talbert Marsh, an intertidal
wetland in Huntington Beach, California. Runoff
from an urbanized watershed drains to the marsh, the
marsh accommodates a high concentration of shore
birds, and high sediment concentrations of FIB have
been measured. Grant et al. (2001) reported that
Talbert Marsh was a net source of ENT to coastal
waters and hypothesized that it was due to a combi-
nation of bird feces and interactions with sediments
and vegetation. Sediments act as a reservoir of FIB
(e.g., Goyal et al. 1977), and suspension and deposi-
tion cycles are germane to the estuarine environment
(Mehta and Dyer 1990). In Talbert Marsh, it is not
clear whether FIB concentrations are predominantly
controlled by urban runoff, erosion of contaminated
sediments, bird feces, or some combination of these
factors. Therefore, the model is applied to examine
and rank the influence of these ““forcing factors.”
The modeling effort described in this paper is unique
relative to previously published studies in that non-
point loads of FIB (bird feces, erosion of contami-
nated sediments) are incorporated into a multidimen-
sional, time-dependent formulation for the first time.

The model in this study consists of depth-inte-
grated continuity and momentum equations to simu-
late circulation, and depth-integrated transport equa-
tions to simulate surface water concentrations of FIB
resulting from urban runoff, bird droppings and
resuspended sediments. The model is parameterized
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using either in situ data or previously published val-
ues of model parameters. The model is applied to
predict FIB over a 15 day period beginning

May 2, 2000, coincident with an extensive field
monitoring effort previously reported (Grant et al.
2001, 2002). This work demonstrates the power of
first-principle models to elucidate the mechanisms
and pathways by which near-shore coastal waters are
polluted by FIB.

METHODS
Site description

Talbert Watershed, shown in Figure 1, is a
3300-ha catchment along the southern California
coastline in the cities of Huntington Beach and
Fountain Valley. On average, the watershed receives
29 cm of rainfall, over 90% of which falls between
November and April. Daily high/low temperatures
average 23/17°C in September and 17/8°C in January.
The watershed slopes mildly (10*) towards the ocean
and is drained by a network of channels that, due to
the low elevation and mild slope of the watershed,
are flooded by tides. Talbert Channel is the main
stem of the network. Inland 2 km from the mouth,
Huntington Beach Channel branches west and
extends 5 km inland; and 8 km from the mouth,
Fountain Valley Channel branches east. High tide
floods Talbert Channel to the Fountain Valley
Channel junction and the length of the Huntington
Beach channel. Depths in the channels are compara-
ble to the tidal amplitude, roughly 1 m. Near the out-
let, Talbert Marsh occupies roughly 10 ha of what
used to be an extensive (1200 ha) tidal marsh envi-
ronment that was filled for development over the past
century. Talbert Marsh was created in 1990 when
remnant marsh was flooded following the removal of
a Talbert Channel levee. The channel bed consists of
beach sand and silts near the outlet and within a flood
delta that penetrates a short distance into the marsh.
Further inland, the marsh and channel bed consists of
organic rich silts and muds, except the upper reaches
of Talbert Channel and Fountain Valley Channel
where the bed is lined withconcrete. In this study, the
Talbert Marsh and tidal channels are collectively
referred to as the wetland. From a perspective of
flushing the wetland may be divided into two zones:
a poorly mixed zone inland where residence times are
at least a week, and a well-mixed zone near the
mouth that is flushed each tide cycle with ocean
water. The interface between these zones oscillates
with the ebb and flow of the tides.



The watershed is heavily developed as is com-
mon to the greater Los Angeles basin, and it contains
separate networks of storm and sanitary sewers.
Storm sewers direct runoff into street drains that fun-
nel to the wetland. In the lower half of the watershed
where the topography is lowest, runoff collects in
one of several roughly 500 m3 forebays that are
intermittently drained by pump stations. A program
is now in place to divert dry-weather runoff from the
storm sewer to the sanitary sewer for treatment. This
program began on a limited basis in Fall 1999 and
encompassed the entire watershed by Summer 2001.
During the 15-day period that is the focus of this
study, pump stations were operated in two different
modes. During the first eight days, pumpstations
were not activated so runoff either collected in the
forebay or was diverted to the sanitary sewer system.
During the remaining seven days, pumpstations
intermittently discharged untreated runoff to the
channel network. Over the entire 15-day period,
there was dryweather baseflow in Talbert Channel
that entered the wetland. Monitoring stations refer-
enced in this paper include Pacific Coast Highway
(PCH), Brookhurst Street (BRK), and AES
Corporation (AES). These are shown in Figure 1.

FIB modeling

A hydrodynamic model was developed to simu-
late surface water concentrations of FIB in the wet-
land, from the outlet of Talbert Marsh to the head of
the Huntington Beach Channel and, along Talbert
Channel, to the Fountain Valley Channel junction.
The model consists of depth-integrated continuity,
momentum, and transport equations (Arega and
Sanders, 2004), similar to the approach adopted by
Kashefipour et al. (2002). The flow equations (con-
tinuity and momentum) were forced by the ocean
tide just offshore of the marsh, and by runoff flowing
into the upper reaches of the wetland. Ocean tide
forcing was based on tide levels recorded at NOAA
station 9410660, Los Angeles and archived online at
http://tidesonline.nos.noaa.gov/. The discharge of
runoff at the Talbert Channel inflow boundary, O,
was assumed steady over the study period. To model
pumpstation operations, the discharge of runoff from
each pumpstation, QOp, was assumed uniform and
steady over the final seven days of the study period,
but zero over the first eight days. Seven pumpsta-
tions that discharge directly into the wetland were
incorporated into the model. Runoff data QO and Op
were obtained from other reports (Grant ef al. 2001,
2002; Chu 2001) and appear in Table 1.

Topographic data necessary for flow predictions
were obtained from as-built plans of the concrete-
line portions of the channels and a field survey of the
Talbert Marsh (Chu 2001). A uniform Manning
coefficient was used to account for bed resistance
(Arega and Sanders 2004).

Simultaneous with the flow prediction described
above, surface water FIB were predicted by solving
the following transport equations:
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where 4 = depth [m] and @ &= components of the
depth-averaged fluid velocity [m/s], E,,, E,, E,,,
and E,, = elements of the dispersion tensor [m?/s],
¢, (i=1,...,Np)= water column concentration of FIB
[MPN/m?®], Nb = number of FIB groups tracked by
the model, /i = water column loss rate [MPN/m?/s],
ai = flux of FIB to water column at sediment/water
interface [MPN/m%s], and <= FIB loading rate of
the ith FIB group at the kth inflow point [MPN/s],
NPS is the number of inflow points where runoff is
added to the wetland (pump stations and tributary
inflow), xf and y* = coordinates of each inflow point
[m], and §= Dirac delta function [1 = m?]. The dis-
persion tensor accounts for longitudinal dispersion
(Elder 1959) and transverse mixing (Ward 1974),
and it is computed locally depending on the orienta-
tion of the currents (Arega and Sanders 2004). Note
that SI units are adopted for the purpose of present-
ing the mathematical model, so conversion factors
need not appear in modelequations. However, many
model parameters are reported in Table 1 with com-
monly used units to facilitate comparison with previ-
ous works and other studies.

Equation 1 was solved using Nb =9 to predict
the distribution of TC, EC, and ENT resulting from
urban runoff, bird feces, and sediment resuspension.
Groups 1 - 3 correspond to TC, EC, and ENT con-
centrations resulting from runoff sources, 4 - 6 from
bird sources, and 7 - 9 from sediment sources. All
model predictions account for surface water die-off
using first order kinetics as follows:

li(xsys t) = kil(t)ci(xsy7 Z)v (2)
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where ki = die-off rate constant [m?/Watts/s] based
on Sinton et al. (1999), and I(¢) = solar intensity
(Watts/m2). Die-off rates used in the model were
taken from Sinton et al. (1999), and solar intensity

data for the study period were obtained from Grant
et al. (2001).

The model does not account for settling.
Suspended sediments in the 1- to 10°-pm size range
are typical of intertidal wetlands adjacent to sandy
ocean beaches, but FIB in southern California
coastal waters are either freeliving (planktonic,
roughly 1 pm in size) or associated with very fine
sediments, probably in the 10-pm range or less
(Ahn et al. In Press). The relative influence of set-
tling and die-off is defined by the ratio w=k;/h,
where w; is the settling velocity. Using Stokes Law
to model the settling velocity in terms of particle
size (e.g., Chapter 4 of Nazaroff and Alvarez-Cohen
2000), the average solar radiation rate for the study
period (288 Watts=m?), dieoff rates reported by

Sinton et al. (1999), and a depth of 1 m which is
typical for the wetland, this ratio is unity for ENT
when particle diameter ¢ = 10 um and for TC and
EC when d = 13 pum. When d = 5 um, this ratio is
0.3 for ENT and 0.2 for TC and EC. The nonlinear
dependence is due to the quadratic relationship
between settling velocity and particle size. Without
a clear understanding of the partitioning of FIB
between freeliving and particle-associated states, and
knowledge of the median diameter of particles with
attached FIB, selecting an appropriate settling veloc-
ity is difficult. Certainly, without settling terms the
model will underestimate water column FIB losses if
these organisms are associated with particles in the
10- to 20-um range or larger. Therefore, this
assumption should be reconsidered if the model sig-
nificantly overpredicts FIB concentrations.

For all predictions, the concentration of FIB in
water entering the wetland from the ocean was set to
zero. For the urban runoff predictions (i =1 - 3),

o 'ﬁf"‘"‘.‘f‘" i
\ Talbert Marsh |

Figure 1. View of Talbert Marsh, channel network, and surrounding watershed as low tide. Channels and water-
shed extends several kilometers further inland than indicated in the figure. At high tide, the southwestern and
southern portions of Talbert Marsh are flooded. PCH, BRK, and AES indicate monitoring stations.
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Table 1. Measured, cited, and computed parameters used to estimate loading and die-off models.

Parameter Units Total coliform E. coli Enterococci
Value Uncertainty Value Uncertainty Value Uncertainty

k® m?Watts/hou  0.0018 +10% 0.0017 +10% 0.00097 +10%
°R® rMPN/100 ml 1:510*  2.2x10%/1.0x10* 9.8x10° 1.4x10%7.1x10°  1.8x10°  2.4x10%1.3 10°
re MPN/bird/day ~ 2:8 10" 8.4x107/2.1x10° 1.5x10" 1.0x108/1:2x10"  7:210° 2.6x107/5.2 10°
s° MPN/g 5210°  1.3x10%2.0x10° 2.1x10? 8.5x102/5:1x10"  6:8 10° 1.6x10%2.9 102
Parameter Units Value Uncertainty (%) Parameter Units Value Uncertainty (%)

3
Qr m /d 1000 +50 Ty - 174 0.08 450
Qp m’/d 300 +50 @ Pa 0.750.25 +50
As ha 32 +50 7 Pa +50
EoC kg/im?/s 1104 +50 7.° Pa +50

Except where noted, a conservative estimate of 50% uncertainty was adopted. Note that the mathematical model is presented using S|
units, so conversion factors need not appear in model equations. Commonly used units are presented here to facilitate comparison with

previous works and other studies.
“Die-off rates based on Sinton et al. (1999)
"Measured in situ, uncertainty based on standard error
Erodibility rates based on Uncles and Stephens (1989)

point loads of FIB were specified at runoff inflow
points and the nonpoint loading term, a, , was set to
zero. The loading rate was set equal to the volumet-
ric flow rate multiplied by the concentration of FIB
in runoff, “R, which was specified based on average
Talbert Watershed urban runoff concentrations
reported by Reeves et al. (2004).

FIB loading to surface waters by bird feces
(=4 - 6) was modeled as a spatially distributed
(around the water line) and temporally variable non-
point source. It was assumed that all bird feces fell
exclusively on the shoals of the marsh, were subject
to sunlight induced die-off, and upon flooding by the
tide were instantaneously and completely transferred
to the water column. Hence, loading in the model
occurs at water’s edge during the rising tide. This
approach was motivated by bird surveillance data,
which showed birds congregated on shoals during
low tides (Grant et al. 2001). The following mass
balance equation was solved to track the build-up an
die-off of FIB on the shoals of the marsh,

LD _ )~ ket .1, 3)
where m; = the surficial FIB density [MPN/m?] and
d; = FIB loading rate [MPN/m’/s]. Note that the

dieoff rate constant for the marsh banks is identical
to that used for surface water. The FIB loading rate

was computed as,

di(t) = my(t)r;/ Arr(1),

“)

where A;(f) = the exposed (or dry) inter-tidal sur-
face area [m?], nb(f) = bird population measured
hourly in the marsh and r; = rate of FIB loading per
bird [MPN/bird/s]. The exposed inter-tidal surface
area (or area of the exposed shoals) was determined
from the marsh topography as the difference between
the exposed surface area of the marsh and the
exposed surface area under high spring tide condi-
tions. This varied from 0 to 4.5 ha depending upon
the tide stage. Table 1 presents bird loading rates
used in the model, which were based upon samples
collected Talbert Marsh. The sampling methodology
is described in (Grant et al. 2001), but only ENT
concentrations are reported. TC and EC were quan-
tified from the same samples using defined substrate
tests (IDEXX, Westbrook, Maine), but the data have

not previously been reported.

FIB loading rates of birds vary widely depending
upon species, habitat, diet, and feeding habits. Hussong
et al. (1979) reported fecal coliform loading rates for
wild swan and Canadian geese of 10° - 10° and 10* - 10’
MPN/bird/day, respectively, Gould and Fletcher (1978)
reported fecal coliform loading rates for several gull
species in the range of 10° - 10" MPN/bird/day.
Alderisio and DeLuca (1999) reported fecal coliform
loading rates of roughly 10* and 10° MPN/bird/day for
ring-billed gulls and Canadian geese, respectively.
Rates reported in Table 1 for shore birds in Talbert
Marsh are similar, roughly 10" MPN/bird/day for all
three indicator groups. During the study period bird
populations ranged from 0 to 1180 (Grant ef al. 2001).

Dry-weather tidal cycling and fecal indicator bacteria - 55



After being flooded by the rising tide, the wash-
off of surficial bacteria from the marsh banks con-
tributes to the sediment/water interface loading rate,
ai appearingin Equation 1, as follows:

ai(x’y’ t) = mi(X,% [)6(Z - [f)’ (5)

where 7= the instant land is flooded by the rising
tide[s] and 5= Dirac delta function [1/s]. Hence, the
transfer of surficial FIB from the banks of the marsh
to surface waters is modeled as an instantaneous
exchange that is triggered by moment the bank is
flooded by the rise of the tide. After transfer to sur-
face waters, m; = 0 until the banks are again dry at

which point the build-up process resumes.

FIB loading to surface waters by sediments
(=7 -9) was modeled as a spatially distributed and
temporally variable non-point. The non-point loading
term a; in Equation 1 was formulated to account for
the transfer of FIB to the water column that occurs
when FIB laden particulate matter and pore water on
the bed is mobilized by turbulent shear. The mobi-
lization of estuarine sediments occurs after a thresh-
old in turbulent shear has been exceeded, and in pro-
portion to the excess of turbulent shear above the
threshold (Partheniades 1965, Mehta and Dyer
1990). Whether or not the same is true for FIB is
not clear, for FIB may be free living in sediment
pore water, attached to sediment grains, or incorpo-
rated into microbial biofilms; and how these phases
of FIB respond to shear is not known. Therefore, a
novel approach was taken. The FIB loading term was
developed by dimensional analysis with the follow-
ing conditions in mind: (a) that the transfer rate of
FIB from sediments to surface waters be proportion-
al to the shear rate; and (b) that FIB liberated from
the sediments over a tide cycle be equal to FIB pres-
ent (either attached to particles or free-living in pore
water) in the erodible layer of surficial sediments.
Therefore, the following rate expression was used,

ai(x,y,t) = s;E M (T—O — 1) s (6)

T0 Te

where si = geometric mean concentration of FIB per
mass of sediment [MPN/kg], £ = entrainment rate
parameter [kg/m’/s], = spatially and temporally
varying shear stress at the bed [Pa] computed by the
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hydrodynamic model, t. = critical shear stress for
erosion [Pa], and 79 = reference stress [Pa] represen-
tative of erosive conditions in the wetland.

The reference stress was computed based on
water level and velocity data collected at BRK
(Arega and Sanders 2004). BRK serves as a good
reference point due to its central location. Using a
drag coefficient of 0.003 which is typical of estuar-
ies, a fluid density of 1 g/cm?, and a velocity of
0.5 m/s, the reference stress was estimated to be
7o = 0.75 Pa. A velocity of 0.5 m/s was used for this
calculation since the peak flood velocity varies from
0.4 to 0.6 m/s over the spring-neap cycle, while the
peak ebb velocity varies from 0.1 to 0.4 m/s. Site
specific entrainment rate and critical shear parameter
estimates were not available, so values reported in
the literature by Uncles and Stephens (1989) and
Tattersall ef al. (2003) were used. All model param-
eters are reported in Table 1.

Note that measured concentrations of FIB in
Talbert Marsh sediments were utilized to estimate si .
No attempt was made to model the cycling of FIB in
submerged sediments. To estimate the concentration
of FIB in sediments, cores were collected at low tide
within the inter-tidal zone and immediately trans-
ported to the laboratory. Overlying water was
siphoned off the top and the cores were sectioned in
1 cm intervals with an extruder. For the few cores
with a high sand content, sediment was scraped from
the core tube in specified intervals to avoid slump-
ing. Each sediment section was homogenized.

A 5-g sample was suspended with 45 ml of a 0.5 M
mono potasium phosphate buffer solution in a steril-
ized glass centrifuge tube for enteric bacteria analy-
sis (APHA 1992; Methods 9221 and 9050C). The
sample was agitated for 1 minute with a vortex
mixer, then centrifuged at 2000 rpm for 5 minutes.
The supernatant was then analyzed for TC, EC, and
ENT using defined substrate tests with dilutions to
the supernatant made with DI water (IDEXX,
Westbrook, Maine). The remaining sediment from
each 1 cm section was oven dried at 50°C and
stored for analysis of grain size. The concentration
si was taken as the geometric mean of FIB concen-
trations in the top 1 cm of each sample, and is
reported in Table 1.

An important assumption of this formulation is
that sediment concentrations are constant over the
two-week study period. Unpublished sediment data
collected on a daily to weekly basis in nearby Santa
Ana River wetlands show sediment concentrations of



FIB increase at least one log unit immediately fol-
lowing storms, and subsequently decrease over a
period of several days to weeks; but during dry-
weather periods sediment concentrations are relative-
ly uniform (Ambrose 2004). This assumption would
no longer be appropriate were the model used for
wet-weather conditions or to predict variability on
seasonal time scales.

The hydrodynamic equations, FIB transport
equations, and mass balance equation for FIB build-
up/die-oft on inter-tidal mudflats were integrating
using a common time step of 0.2 s on an unstruc-
tured grid of 11732 quadrilateral cells encompassing
all the wetted and inter-tidal portions of the channel
network shown in Figure 1. The flow and transport
equations were solved by a finite volume numerical
method described and validated for this study site by
Arega and Sanders (2004). The build-up/die-off
model for the load due to bird feces was solved
using a backwards Euler discretization, for stability
purposes and without concern for time-stepping
errors due to the very small time step. The time of
flooding, ¢, appearing in Equation 5 is determined in
the model as the moment that all four nodes of a cell
first become submerged by the rising tide. The solu-
tion of this model gives a spatially and temporally
varying prediction of FIB concentrations in the wet-
land resulting from loading by urban runoff, bird
feces, and sediment resuspension.

To summarize, nine different FIB concentration
fields were predicted for the 15-day period beginning
May 2, 2000 based on three different sources of three
different FIB groups. Urban runoff loads were mod-
eled by several point sources located at inland sites.
Bird feces loads were modeled by a build-up, wash-
off model: bacteria concentrations build up on inter-
tidal mudflats and wash off (to surface waters) with
the rising tide. Sediment loads were modeled by a
non-point source that is scaled by the shear stress on
the bed. For all nine predictions, the model accounts
for FIB advection, dispersion, and die-off. Initial con-
ditions for the model were obtained by a spin-up pro-
cedure. Starting with an FIB concentration of zero,
predictions were made for two sequential 15-day peri-
ods, and results of the second 15-day period were
saved and used for analysis purposes. Forcing data
such as the ocean tide record, solar radiation data, and
bird census data were simply duplicated into 30 day
records. Finally, predictions were compared to FIB
measurements at PCH and BRK monitoring stations
(Figure 1) reported by Grant ef al. (2001, 2002).

Water level, velocity, and turbidity data for PCH and
BRK reported by Grant ef al. (2001) were also uti-
lized for model validation purposes.

Uncertainty in model predictions

Uncertainty in FIB predictions is due to several
factors including: (a) approximations inherent to the
mathematical representation of FIB transport process-
es; (b) errors incurred during the numerical solution of
the mathematical model; and (c) uncertainty in model
parameters and in particular, parameters that charac-
terize point and non-point loads of FIB. Uncertainties
in parameter values were estimated based on standard
errors or literature reported values, where possible.
Otherwise, a conservative estimate of 50% was used.
Table 1 presents uncertainty estimates. In cases
involving FIB concentrations, uncertainties may be
200 - 500%. By comparison, uncertainty associated
with the mathematical model and numerical method
are relatively small, roughly 20% and 1%, respective-
ly, based on previous modeling efforts (Arega and
Sanders 2004). Therefore, the propagation of uncer-
tainty in the model was ignored for the purpose of
determining uncertainties in predicted FIB concentra-
tions, and emphasis was placed on the uncertainty in
loading terms (Holman 1978). Hence, the relatively
uncertainty in FIB predictions was assumed to be
equal to the relative uncertainty in the corresponding
FIB load. Based on the preceding model formulation
for urban runoff, bird, and sediment loads of FIB, spa-
tially and temporally averaged loading rates follow as:

Lr = (Qr + 70p)cr, (7

LB = %r, (8)
@ (0 —

L=sp 2 (2o 1)E ©)

where the overbar notation indicates a time-average
value, the angled brackets indicate a spatial average,
Ag represents the submerged surface area of the wet-
land, and the subscripts R, B, and S denote loads
from runoff, bird droppings, and sediments, respec-
tively. The upper limit of uncertainty was estimated
by a conventional variational method (Taylor and
Kuyatt 1994), but this method predicted negative
loads at the lower limit. Hence, the lower limit of
the loads were estimated by computing the load
based on lower limit parameter values. After upper
and lower uncertainties for each of the nine FIB
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loads were estimated, these were normalized by the
corresponding load to obtain relative uncertainties.

RESULTS

Model predictions of water level and velocity
during the study period compare well to measure-
ments, as shown in Figure 2. This indicates that the
dominant circulation pattern in the wetland, which
drives the mixing and flushing of FIB, is resolved.
The spatial distribution of TC predictions at mid-
flood tide are shown in Figure 3 for the case of load-
ing by bird feces (left panel), urban runoff (center
panel) and sediment resuspension (right panel). For
the case of loading by urban runoff, where FIB enter
the wetland far inland along the channels and trans-
port to the marsh during the ebb, the mid-flood con-
dition highlights the transport of (assumed to be)
FIB-free ocean water into the main channel of the
marsh while remnant wetland water is displaced
either into the fringes of the marsh or inland along
the channels (note the gradient in FIB between the

PCH

Level (m MSL)

1.5

Velocity (m/s)

1 Ebb

05/07/00 05/08/00 05/09/00 05/10/00 05/11/00

main channel and the fringes of the marsh). For the
case of loading by bird feces, model predictions
illustrate the concentration of TC near the banks and
over the shoals of the marsh. This is an expected
response since FIB loading is modeled at the inter-
face between wet and dry land. For the case of load-
ing by sediment resuspension, FIB concentrations
are relatively uniform across the marsh, compared to
forcing by urban runoff or bird droppings. A similar
distribution is predicted for EC and ENT.

Model predictions and measurements of FIB for
the two-week study period are shown for BRK and
PCH in Figures 4 and 5, respectively, along with
water level and turbidity. The tide record shows the
spring-neap-spring transition. Note that water levels
in the marsh do not drop far below -0.5 m-MSL due
to hydraulic choking which occurs during the ebb at
the outlet, where the minimum bed elevation is close
to -0.7m-MSL. FIB predictions vary considerably
depending upon the type of loading, both in terms of
magnitude and variability, particularly at 1 and 2

AES

Level (m MSL)
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Velocity (m/s)
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Figure 2. Comparison of model predicted water level (top) and velocity (bottom) to data reported by Grant et al.
(2001). Solid line corresponds to model prediction, symbols correspond to data.
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Figure 3. Contours of total coliform in Talbert Marsh predicted by the model for mid-flood tide. Black lines indi-

cate velocity direction and relative magnitude.

cycles per day. In addition, the variability of each
prediction appears unique. Therefore, the phasing
and magnitude of FIB predictions for each load type
(i.e., urban runoff, bird feces, or sediment) can be
utilized to help determine the contribution towards
observed FIB concentrations. Pearson correlation
coefficients were computed to quantify how well
each prediction captured the variability, or phasing,
of measured FIB concentrations and are shown in
Table 2. Mean values of each prediction, and uncer-
tainty based on loading rate uncertainty, are listed in
Table 3. Mean values of measured FIB, along with
standard errors based on N = 360 are also shown for
comparison purposes. The “combined” FIB time
series referenced in Tables 2 and 3 represent the sum
of the three FIB predictions (i.e., urban runoff, bird
feces, and sediment), a valid operation for linear
transport equations. That is, the combined FIB time
series is precisely what the model would have pre-

dicted had each of the forcing factors been incorpo-
rated into a single simulation. To obtain the mean
value, the combined time series was first log-trans-
formed. The combined series is not shown in
Figures 4 and 5, but at any given instant it basically
tracks the largest of the three curves representing
different forcing factors.

TC at PCH are predicted remarkably well based
on loading by sediment resuspension, as shown in
Figure 5. The mean of log transformed measure-
ments, log 10(TC) =2.17 (£0.04), or “log mean”’,
compares well with the log mean of predictions log
10(TC) = 2.25 (+0.45/-1.02); and there is a moderate
correlation (R?> = 0.58, PN =360 <0.01) between log
transformed predictions and measurements on an
hourly basis. Predictions based on loading by urban
runoff compare best to measurements at the end of
the ebb tide, particularly during the second week of
the study when pump stations contributed runoff to
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Figure 4. BRK results. Water level and turbidy reported by Grant et al. (2001) shown in top panel. Bottom three
panels show FIB concentrations: data from Grant et al. (2001, 2002) (dots), prediction based on sediment loading
(heavy line), prediction based on runoff loading (light line), and prediction based on bird loading (broken line).

FIB concentrations reported as log 10 (MPN/100 ml).

the channels, but not at other phases of the tide and
this is reflected by a weaker but significant correla-
tion (R*=0.37, PN =360 <0.01). Predictions based
on bird feces loading appear at least three orders of
magnitude too small to account for observed TC.

Similar trends can be observed at BRK.
Predictions based on both urban runoff and sediment
loading are large enough to account for measured
FIB, though in this case measurements correlate bet-
ter to the prediction based on runoff (R* = 0.56,

PN =360<0.01) than sediment resuspension
(R*=10.56, PN =360 <0.01). The prediction based on
bird feces loading is too small to account for
observed TC. When predictions based on all three
forcing factors are added together (valid for linear
tranport equations), the prediction at BRK correlates
slightly better (R*> = 0.56, Pn = 360 <0.01) and the
magnitude of the signals compare well (Table 3).
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For ENT and EC, trends in model predictions are
similar to TC. However, trends in measured FIB dif-
fer. Both ENT and EC measurements compare best to
predictions based on sediment resuspension loading,
both in terms of geometric mean concentrations
(Table 3) and the correlation coefficient (Table 2).
Predictions based on bird feces loading are several log
units too small to account for measured concentra-
tions. Predictions based on urban runoff loading are
comparable in magnitude only at the end of the ebb
tide, and do not correlate to measurements.

Correlations between turbidity measurements and
FIB measurements over the first six days were also
computed and these appear in Table 4 (Due to drift in
the turbidity data, the second week of data was
excluded.) Turbidity correlates best to TC, compared
to ENT and EC, and the correlation is stronger at
BRK than PCH. Correlations between turbidity meas-



Table 2. Pearson correlation between log transformed enteric bacteria measurements and model predictions (N = 360).

Station Bird Sediment Runoff Combined
Source Source Source
Total Coliform BRK 0.36* 0.26* 0.56* 0.58*
Total Coliform PCH 0.40* 0.58* 0.37* 0.55*
E. coli BRK 0.33* 0.35* 0.04 0.39*
E. coli PCH 0.28* 0.33* 0.1 0.22*
Enterococci BRK 0.27* 0.47* -0.02 0.36*
Enterococci PCH 0.23* 0.34* 0.04 0.24*

*Siginificant at the 0.01 level (2-tailed)

urements and FIB predictions based on loading by
urban runoff and sediment resuspension were also
computed. Predictions based on urban runoff loads
serve as an index of particulate material transported
from upstream (fine mineral particles, detritus, and
plankton) where flow is quiescent, while predictions
based on sediment loads serve as an index of materi-
al eroded locally in the lower reaches of the wetland
where the shear is greatest. At BRK the turbidity
signal correlates better with FIB predictions based on
runoff forcing (R* = 0.70, PN = 144 <(0.01) than FIB
predictions based on sediment resuspension forcing
(R*=0.19, PN =144<0.01). At PCH the turbidity sig-
nal correlates slightly better with the prediction
based on sediment resuspension (R* = 0.57, PN = 144
<0.01) than the prediction based on runoff
(R*=0.47, Py =144<0.01).

DiscussION

Hydrodynamic model predictions show that tidal
cycling of TC, EC, and ENT in Talbert marsh sur-

face waters is driven primarily by two processes:
advection of FIB from inland sources (urban runoff)
and entrainmentof FIB from sediments. Loads of
FIB from urban runoff control surface water concen-
trations inland within the poorly flushed zone while
tidal resuspension controls surface water concentra-
tions in the well-flushed zone near the mouth.
Therefore, water quality models for FIB in hydrody-
namically active wetland surface waters should at
minimum account for loads from point sources
(storm drains, channels, etc.), loads from resuspend-
ed sediments, transport by advection and turbulent
dispersion/diffusion, and die-off. The present model
captures tidal variability of TC better than EC or
ENT suggesting either that processes important to
EC and ENT transport are not included in the model,
or perhaps the model oversimplifies one or more of
the processes that are included in the model. For
example, the spatial distribution of EC and ENT in
sediments may differ substantially from the TC dis-
tribution due to differences in survival and/or
regrowth rates. Many studies have shown that FIB

Table 3. Comparison between predicted and measured geometric mean bacteria concentrations [log10(MPN/100 ml)].

Runoff
Source

Combined

Measured

Station Bird Sediment
Source Source
Total Coliform BRK -1.12 (+0.49/-0.43) 2.14 (+0.45/-1.02)
Total Coliform PCH -1.39 (+0.49/-0.43) 2.25 (+0.45/-1.02)
E. coli BRK -1.38 (+0.83/-0.40) 0.76 (+0.63/-1.21)
E. coli PCH -1.65 (+0.83/-0.40) 0.86 (+0.63/-1.21)
Enterococci BRK -1.56 (+0.56/-0.44) 1.39 (+0.43/-0.98)
Enterococci PCH -1.85 (+0.56/-0.44) 1.42 (+0.43/-0.98)

0.81 (+0.20/-0.47)
-0.18 (+0.20/-0.47)

-0.36 (+0.20/-0.44)
-1.35 (+0.20/-0.44)

-0.11 (+0.18/-0.44)
-1.10 (+0.18/-0.44)

2.42 (+0.45/-1.02)
2.33 (+0.45/-1.02)

1.10 (+0.63/-1.21)
0.98 (+0.63/-1.21)

1.61 (+0.43/-0.98)
1.61 (+0.43/-0.98)

2.38 (+0.03)
2.17 (£0.04)

1.49 (£0.03)
1.53 (£0.03)

1.34 (£0.03)
1.38 (£0.04)

Uncertainty of predictions is shown along with standard error of measurements (N = 360)
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Figure 5. PCH results. Water level and turbidy reported by Grant et al. (2001) shown in top panel. Bottom three
panels show FIB concentrations: data from Grant et al. (2001, 2002; dots), prediction based on sediment loading
(heavy line), prediction based on runoff loading (light line), and prediction based on the bird loading (broken line).

FIB concentrations reported as log 10 (MPN/100 ml).

can survive for long periods or regrow attached to
sediments and vegetation (Savage 1905, Roper and
Marshall 1979, LaBelle et al. 1980, Davies et al.
1995, Desmarais et al. 2002). In tropical water-
sheds, regrowth has been cited as the dominant fac-
tor affecting bacteria loading in streams (Hardina
and Fujioka 1991, Fujioka ef al. 1999). The ability
of bacteria to secrete extracellular polymers (collec-
tively termed microbial biofilms) may be one reason
why survival and regrowth of FIB is enhanced in
sediments (Decho 2000). A model capable of simu-
lating sediment concentrations of FIB, accounting for
these factors, might lead to better EC and ENT predic-
tions. In cases where the size of particles with
attached FIB is known, settling can also be included
in the model if size dependent settling rates are also
known. This would be particularly important if FIB
were associated with particles larger than 10 - 15 pm,
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in which case accurate settling data would be crucial
for reliable predictions.

Both turbidity and FIB are generally associated
with fine particles, but in this as well as previous
studies (Goyal et al. 1977, Jensen et al. 1979) a
strong association between the two has not been
observed. In Talbert Marsh, peaks in turbidity and
TC are observed at low tide, when brackish water
from the upper reaches of the wetland is translated
furthest seaward (Figures 4 and 5). Hence, urban
runoff is clearly contributing to the TC signal. On
the other hand, there are not clearly defined peaks in
the EC and ENT measurements and in many cases
EC and ENT are elevated when turbidity values are
relatively small. If sediments are the source of these
FIB, a possibility strongly supported by model pre-
dictions shown here, shear stresses on the bed must
be large enough to disturb and saltate surficial sedi-



Table 4. Pearson correlation between turbidity measurements and bacteria predictions and measurements for

first six days of study (N = 144).

Station Sediment Runoff Combined Measured
Source Source
Total Coliform BRK 0.19 0.70* 0.51* 0.51*
Total Coliform PCH 0.57* 0.47* 0.59* 0.59*
E. coli BRK 0.20 0.70* 0.56* 0.56*
E. coli PCH 0.57* 0.48* 0.60* 0.60*
Enterococci BRK 0.26* 0.70* 0.53* 0.53*
Enterococci PCH 0.58* 0.47* 0.60* 0.60*

*Siginificant at the 0.01 level (2-tailed)

ments, large enough to mix small particles, colloidal
matter, and FIB through the water column, but not
large enough to suspend the sandy sediments more
than a short distance above the bed. Recall that sedi-
ments consist of beach sands and silts near the out-
let. Hence, water quality models designed to
account for the effects of sediment resuspension
should be sensitive to differences between the rate of
sediment entrainment, and the rate of FIB entrain-
ment. Sediment entrainment formulations adopt the
notion that mass transfer occurs when the shear
stress on the bed exceeds a certain threshold (Mehta
and Dyer 1990). The entrainment of FIB in surficial
pore water or incorporated into microbial biofilms
may occur at a much smaller threshold.

The significance of loading due to sediment
resuspension explains why tidal wetlands serve to
“generate” FIB, as was reported by (Grant et al.
2001). That is, FIB associated with sediment parti-
cles, colloidal organic matter, or free living in pore-
water are supplied to the water column when bottom
sediments are disturbed and/or scoured by tidal cur-
rents. FIB input to wetlands from wet or dry weath-
er surface water runoff may be temporarily stored in
sediments and later resuspended during storm events
or during tidal scouring. The relative magnitude of
resuspension effects versus dieoff and settling effects
is likely to control whether or not coastal wetlands
are net generators or net accumulators. The results
of this study are important to temper expectations
that hydrodynamically-active wetlands such as estu-
aries or streams can provide passive treatment of
urban runoff with high concentrations of FIB.

Reeves et al. (2004) reported that over 99% of
the annual load of FIB from Talbert Watershed
runoff is shed during storm events, while less than

1% is shed during dry-weather periods. It is there-
fore likely that sediments serve to couple FIB loads
from storm water runoff to dry-weather water quali-
ty. Additional studies are warranted to characterize
the variability of FIB in sediments over seasonal to
tidal time scales and in response to storm events, to
characterize the spatial variability of FIB, and to
understand the mechanisms driving this variability.
Do these organisms die-off, deposit, stimulate
regrowth, and/or pass through the wetland?
Microbiological source tracking methods (DNA fin-
gerprinting, etc.) could also be applied to assess
whether FIB in sediments are linked to human
sources of fecal pollution (Simpson et al. 2002, Scott
et al. 2002).

This study successfully employed a first-princi-
ple model to predict the dry-weather tidal cycling
of FIB in Talbert Marsh, an estuarine, intertidal
wetland in Huntington Beach, California. Model
predictions show that surface water concentrations
of TC, EC, and ENT in the wetland are driven by
loads from urban runoff and resuspended wetland
sediments. The model more accurately predicts TC
than EC or ENT.

The crucial role that sediments play in the cycling
of FIB is highlighted by this study. Sediments func-
tion as a reservoir of FIB that may accumulate FIB
due to regrowth or settling, or shed FIB when tidal
currents or storm flows scour away or even just dis-
turb surficial particles. This finding is important to
temper expectations that hydrodynamically-active
wetlands serve to “treat” FIB from runoff and other
sources, and it also explains why wetlands can func-
tion as net generators of surface water FIB. That is,
generation occurs when the entrainment rate exceeds
the rate of die-off and settling.
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Additional studies should be conducted to char-
acterized the “memory” of sediments relative to
FIB. Knowing the extent to which dry-weather sedi-
ment concentrations of FIB are linked to wet-weath-
er runoff loads, dry-weather runoft loads, regrowth
or other factors such as bird droppings would help
determine which factors predominatly control dry-
weather water quality. Additional studies should
also be conducted to evaluate the size and settling
velocities of particles associated with FIB, and the
partitioning of FIB between free-living and particle-
associated states. Improved predictions of FIB
might result from separately modeling free-living
and particle-associated FIB.
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