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Fecal indicator bacteria (FIB) concentrations in a single grab
sample of water are used to notify the public about the safety
of swimming in coastal waters. if concentrations are over a
single-sample standard, waters are closed or placed under an
advisory. Previcus work has shown that notification errors
ocecur often because HB vary more guickly than monitosing
results can be obtained (typically 24 h). Rapid detection
technologies {such as quantitative polymerase chain reaction)
that atlow FIB quantification in hours have been suggested

as a solution to nafification errors. In the present study, | explere
variability of enterococci (ENT) over time scales less than a
day that might affect interpretation of FIB concentrations from
a single grab sample, even if obtained rapidly. Five new

data sets of ENT collected at 10 and 1 min periodicities for 24
and 1 h, respectively, are presented. Data sets are collected
in diverse marine environments from a turbulent surf zone to a
guiescent bay, ENT vary with solar and tidal cycles, as has
been observed in previous studies. Over short ime scales, ENT
are extremely variable in each environment even the guiescent
bay. Changes in ENT concentrations between consecutive
samples {1 or 10 min apart} greater than the single-sample
standard {104 most probable number per 100 mL) are not unusual,
Variability, defined as the change in concentration between
consecutive samples, is not distinct between environments, ENT
change by 60% on average between consecutive samples,
and by as much as 700%. Spectral analyses reveal no spectral
peaks, but power-law decline of spectral density with
frequency. Power-law exponents are close to 1 suggesting
ENT time series share properties with 1/f noise and are fractal
in nature. Since fractal time series have no characteristic
time scale associated with them, it is not obvious how the fractal
nature of ENT can be exploited for adaptive sampling or
management. Policy makers, as well as scientists designing
field campaigns for microbial source tracking and epidemiclogy
studies, are cautioned that a single sample of water reveals
Iitle about the true water quality at a beach. Multiple samples
must be taken to gain 2 snapshot into the patchy structure

of microbial water quality and associated human health risk.
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Introduction

The United States Clean Water Act and BEACH Act reguire
coastal states to monitor recreational waters for fecal indicator
bacteria (FIB) o assess water quality. Exposure to FIB from
municipal wastewater and urban runoff in marine waters
correlates to adverse health outcomes in swimmers according
to formal epidemiology studies (1-3). Monitoring results are
used for public notification of water quality via beach
advisories and closures. In the United States, 38% of agencies
conducting monitoring use a single-sample exceedance
criteria for issuing advisories and closures {4). If FIB
concentrations in a single grab sample of water exceed
the criteria, public notification of poor water quality is
required. For enterococci (ENT), the preferred FIB for
monitoring marine waters (5), the recommended single
sample standard for beaches is 104 most probable number
{(MPN) of colony forming units (CFU)/100 ml (6.

United States Environmental Protection Agency approved
methods to measure FIB require an 18—96 h incubation
period as theyare culture-based. Several studies have shown
that temporal changes in FIB concentrations in beach water
occur at shorter time scales (7, 8). Thus, out-of-compliance
beaches remain open during the laboratory incubation period
and may be in compliance by the time warnings are posted
(8, 9). Rapid detection technologies are culture independent,
allowing FIB quantification in under4 h (19, 11). Transitioning
to rapid methods has been proposed as a2 means for
addressing management errors resulting from the delay
associated with culture-based assays.

However, there is strong evidence that no matter how
rapidly a testresult can be abtained, asingle sample of water
will not adequately describe water quality for an entire day.
It is now known that FIB vary at time scales less than a day.
In particular, FIB vary with tidal and solar cycles {12, 13
which modulate their transport and inactivation in coastal
waters, respectively. Fortunately, the manner in which FIB
vary with tides and sunlight is predictable, so health-
protective monitoring can be conducted (for example, periods
with highest FIB can be sampled). A single study has
documented FIB variability at time scales less than ar hour
in a turbulent surf zone and attributed this to rip cell mixing
{14). In this case, variation did not appear to be predictable.
More work is needed to examine FIB variability at short time
scales {iess than an hour} at diverse beach environments to
determine if shori-period variability is present along all
coastlines or only present in turbulent surf zones. Such
extreme variability could have profound influence on the
policy cutcomes (i.e., beach advisories and closures}, moni-
toring plans, and usefulness of rapid detection technologies.

There is reason to believe that FIB variability at time scales
less than an hour will be common based on work with other
physical, chemical, and bioclogical parameters in the coastal
environment {15-18). For example, temporal variability in
temperature, nitrite, and fluorescence has been documented
at scales of seconds to hours in coastal waters (15, 16, 19).
These studies found that parameter variability, or “patchi-
ness”, is not confined to 2 set of frequencies, nor did they
find that the variability is random (i.e., white noise), Rather,
they found that extreme variability of many coastal param-
eters is fractal in nature, That is, variability is observed at all
time scales and there is no characteristic time scale associated
with the signal.

Fractal time series are identified from a power-law decay
in spectral density (£ with frequency (f} (16). The power
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TABIE 1, pes:ﬁ)tiols_ of Experiments Included in the Study (Freq. is the Frequency at Which Samples Were Callected during
the Experiments; “Building” Indicates that the Waves Increased fram 8 to 1 m over the Course of the Experiment)

site location start

end freq. (1/min} tide range {m) breaker height {m}
HSBO2 Huntington Beach 4/12/02 16:60 4/13/02 10:00 0.1 1.4 1
LPS05 Lovers Point, South 10/22/05 11:00 10/23/08 9:00 0.1 1.5 01 (building)
LPS07 Lovers Paint, South 2/3107 11:00 2/4/07 11:00 0.1 1.7 [4]
LPNO7 Lovers Point, North 213107 11:00 2/4/07 11:00 0.1 1.7 0
LPmin Lovers Point, South HH23/05 200 10/23/05 3:00 1 0.2 1

law-exponent 8 in E(fi~f# can be related to the fractal
dimension D as follows; D=2 — 0.5(8 — 1} where D varies
between 1 and 2 (16). D and 8 axe useful for describing how
energy in atime series varies from one time scale to the next.
Their magnitudes are controlled by physical (e.g., turbulent
velocities and dispersion} and biological (e.g., vaniation in
growth and grazing rates) processes (15, 18). If 8 = 0, the
signal in the time domain is referred to as white noise because
E(f} is constant. In this case, the signal is not fractal, but is
considered random because variability at every frequency
contributes equally to the time series. If 8 = 1, the signal is
fractal and classified as 1/fnoise which is ubiquitous in nature
{for example, flow in streams {20) and DNA sequences (21)).
In this case, the energy associated with each frequency falls
off as frequency increases. Because E(f} and fare related, the
signal in the time domain is considered structured. When
turbulent velocities are responsible for advecting a passive
scalar, # = 5/3 as described by Kelmogorov {15),

In the present study, I examine extreme temporal varia-
tions {periods between 1 min and 24 h) in FIB concentrations
in diverse marine coastal environments ranging from wave-
sheltered to wave-exposed open ocean beaches. 1 report five
new ENT data sets, collected at 10 and 1 min periedicities.
A goal of this paper is to determine if ENT variation at short
time scales is dictated by the physical environment in which
they were measured (i.e., a quiescent, wave-sheltered cove
or a turbulent surfzone). In addition, I examine how variation
at different time scales or frequencies contributes to the
overall ENT signal using Fourier analysis. In particular, 1
examine if high frequency variability is random or fractal in
nature, The implications of the results for monitoring beaches
for ENT and human health risk are discussed.

Materials and Methods

Enterococci (ENT) are the focus of this study because they
correlate best to human health cutcomes in marine waters
{5). ENT concentrations were measured every 1¢ min for
18 h at Huntington State Beach (HSB, 33°38' N, 117°38" W)
in 2002, and every 10 min for 22 and 24 h in 2005 and 2007,
respectively, at Lovers Point, CA (LP, 36°37' N, 121°55" W).
In 2005, ENT concentrations at LP were measured every 1
min for approximately an hour during the longer duration
10-min study (Table 1). During each experiment, samples
were taken at a fixed Jocation, and thus sampling was Eulerian
in nature.

Tides and waves are major factors affecting mixing and
transport in the very nearshore and might explain hetero-
geneity in ENT variability between experiments. To char-
acterize the tides and waves during each experiment, tide
level and range were obtained from XTide (http://www.
flaterco.com/xtide/files.html} and breaker heights were
recorded visually by the author (Table 1). In 2002, water
samples were collected from HSB at station 6N (22) (hereafter
referred to as experiment HSB02). HSB is characterized by
awell-developed surf zone, and during HSB02 breakers were
1 m high. During 2005 and 2007, samples were collected at
P, which is sheltered from waves under the majority of
conditions except during long-period northwest (NW) swell,

8228 a ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 41, NC. 24, 2007

During 2005, I sampled LP at a single location on the beach
once every 10 and 1 min, as described above (hereafter
referred to as LPS05 and LPmin for 10 and 1 min period
experiments, respectively, Table 1). The experiments began
under guiescent conditions with no waves, and over the
course of the study a NW swell built until 1 m waves were
breaking on: the beach. During 2007 at LP, I collected samples
at two locations on the beach, approximately 50 m apart
{sites N and S} (hereafter referred to as LPNO7 and LPS07,
respectively). Waves were absent during the entire study,
and the water was extremely quiescent. The tide range during
all studies was similar, with the exception of the study where
samples were collected every minute for 1 h at LP (LPmin)
during which the water level barely changed.

Fifty mL of water was coilected in sterile containers and
immediately stored on ice and analyzed within an hour of
collection. Prior to analysis, containers were mixed by
inverting three times. Ten mL subsamples were assayed for
ENT using Enterolert defined chromogenic substrate assays
implemented in a 97-weH format (IDEXX, Westbrook, ME).
An intetlaboratory comparison study in southern California
using waters adjacent to HSB found that Enterolert yielded
results consistent with traditional methods of membrane
filtration and multiple tube fermentation with low error rates
(23). Therefore, Enterolert is expected 10 perform well in the
present study. Ten mL of well-mixed sample water and
reagent were dispensed into 90 mL of Butterfields buffer.
This allowed detection of ENT between 10 and 24192 most
probable number (MPN}/100 mL. Concentrations and 95%
confidence intervals were determined from MPN tables. The
95% confidence intervals represent a measure of the methoed
uncertainty. For data analysis purposes, ENT concentrations
below the lower Emit of detection (30 MPN/100 mL) were
assigned a value of 5 MPN/100 mL.

Data were analyzed using SPSS v.11 (SPSS) and Matlab
v7.0.4 {Mathworks). Kruskal-Wallis tests were used to
compare ENT concentrations measured between sites or
conditions. Following Whitman and Nevers {24, thenumber
of samples (n) required during the experiments to achieve
a specific level of certainty, or coefficient of variation (CV),
about the experiment average (%) given the standard deviation
(s} was calculated as n = (s/CVE? . CV values of
20% and 50% were chosen for simplicity, although any CV
could have been used.

Fourier transforms were applied to detrended ENT data
series. To determine whether spectral densities decayed as
power laws with frequency and were thus fractal, spectral
density estimates were averaged within equal logarithmicatly
spaced intervals following Lovejoy et al. (15). Linear regres-
sions were applied to determine power-law exponents § and
their 95% confidence intervals. This approach assumes that
a single fractal dimension can be used to describe data (16).

Resalts

Ten Minute Time Series. Time series of ENT measured once
every 10 min are illustrated in Figure 1 along with tide level
(HSBD2, LPS05, LPS07, LPNO7). High frequency variability is
evident that cannot be explained by measurement uncer-
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FIGURE 1. ENT time series analyzed in the present study. Shaded areas represont 95% confidence intervals about each measurement
as determined from MPN tables, black Jfine is measured ENT. Heavy hiack kne is tide level {shown on right axes). The code in the
upper right comner describes the location and time of experimants {see Table 1).

tainty. This is based on the fact that measurements do not
fall within the 95% confidence bounds of one-another (gray
shading in Figure 1). Confidence intervals varied according
to concentration as determined by the MPN tables and ranged
from 37 to 311 MPN/100 mL (Figures S1 and S2 in the
Supporting Information). ENT distributions measured during
the experiments are significantly different from each other
(p < 0.05) with the exception of LPNO7 and LPS05 which are
similar (p > 0.05) {Figure 2). The highest ENT concentrations
were measured at site LPS07, followed by LPNO7 and LPS05,
and HSB02 (Figure 2, Table 2). The number of samples with
ENT below the lower detection limit of 10 MPN/100 mL is
reported in Table 2. No measured concentration was over
the upper detection limit.

All sites display significant diumal patterns: ENT con-
centrations are significantly higher at night compared to the
day {p < 0.05). This supports reports of the sunlight
inactivation of indicator organisms in natural waters (25}.
All sites show significant variation with tide. ENT concentra-
tions at LP sjtes {(LPS0S, LPS07, LPN07) are higher during
flood compared to ebb tides (p < 0.05). In contrast, ENT
concentrations at HSB02 are higher during ebb compared to
fload tides {p < 0.05). These results are in agreement with
previous reports of semidiurmnal variation of ENT at these
beaches and are likely due to tidal modulation of ENT sources
(26, 27,

The average change in ENT concentration between
consecutive samples during the experiments ranges from 26
(HSR02) to 45 (LPS07) MPN/100 mL per 10 min (Table 2}.
The maximum change in ENT concentration between
samples is 345 MPN/100 mL per 10 min measured at LPS05.
At all sites, the maximum change in ENT concentration
between consecutive samples is greater than the California
single-sample ENT standard of 104 MPN/100 ml. This
indicates that changing the sampling time by as little as 10
min could result in a change in the posting or advisory status
of the beach. There are instances when there is no change
between ENT measurements between consecutive samples.
Many of these (approximately 40%) occur when 5 MPN/100
mL is assigned as the lower limit of detection and thus may
be an artifact of our detection Emit.

The difference between ENT concentrations measured
in consecutive samples relative fo the experiment average
(3) was calculated (Table 2). The distributions of § are not
different between experiments (p > 0.05) and range from 0
to 7 (10 min) ! and average 0.6 {10 min}~!. This means that
overall, ENT concentrations typically vary by 60% every 10
min.

Using the standard deviations and means reported in
Table 2, a beach manager would need to collect 39 (HSB02),
31 (LPSO5}, 25 (LPSOT), and 25 {LPN07} samples to obtain an
estimate of concentration within a coefficient of variation of
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HGURE 2. Box and whisker plots show the range of ENT
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and 95th percentiles, respectively.

TABLE 2. ENT Comcestration Measurement Resalts”

ave &
{min—max}

26 (0-234) 0.B(C-7.1}
35 (0-345) 0.6 (0-6.4)
45 (0-318] 0.5 (0-3.3)

ave change

experiment N UD ave SD GM {min—max}

HSBO2 102 24 33 41 19
LPSO5 131 14 54 80 3
LPSO7 144 22 95 95 44
LPNO7 144 28 60 59 32 36(0-238) 0.6{0-4.0)
1 Pmin 43 0 82 39 51 34{0-140} 0.5(¢-23)

# N is the number of samples collected and UD is the
number of samples with ENT below the [ower detection
limit of 10 MPN/100 mL; ave is arithmetic average, SD is
standard deviation, GM is geometric mean, all with units of
MPN/100 ml; ave change is the average change between
consecutive samples with minimum and maximurn given
in parentheses and units of MPN/100 mL per 10 min except
for LPmin where units are MPN/100 mb per min; ave 6 is
the average change between samples relative to the
experimant average with units {10 min)~’ except for LPmin
where units are {min}~1,

20% abour the experiment mean. If a coefficient of variation
of only 30% were desired, 6 (HS5B02), 5 (LPS05), 4 (LPS07),
and 4 (LPNO07) samples would be required.

There are no peaks in the spectral densities at specific
frequencies {Figure 3). Rather, spectral densities decay as
power-laws with frequency. Power-law exponents g for each
spectra are within 95% confidence of 1 with the exception
of LPS05. § for LPS05 ranges between 0.3 and 0.9 with 95%
confidence. All linear regressions were statistically significant
{r values reported in Figure 3, p < 0.05).

Spatial Variation between LPS07 and LPNO7. During the
LP experiment during 2007, samples were collected concur-
rently at two sites on the beach approximately 50 m apart.
The measurements at these sites are well correlated to each
other (Spearman's p == 0.71, p < 0.05); however the two data
series are significantly different (p < 0.05) with LPS07 having
higher ENT concentrations than LPNO7. The same concen-
tration was measured simultaneously at the two sites 18 out
of 144 (12.5%) times, The mean difference between mea-
surements at LP307 and LPNG7 collected at the same time
is 56 MPN/100 mL and the maximum is 379 MPN/100 mL.
Importantly, 59/144 (41%) measurements at LPSQ7 are over
the California single-sample standard of 104 MPN/160 mL
while only 27/144 (19%) are over the standard at LPNO7.
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Thus, the probability of measuring an exceedance of water
quality standards changes depending on where one is
sampling on the beach, within a short distance f 50 m. One
explanation for the higher concentrations at LPSO07 is that
the site is located closer to a storm drain on the beach than
LPNO7. However, 28% of the simultaneous samples were
actually higher at LPNO7, the site further from the storm
drain, indicating that proximity to the stonm drain is not the
only factor that impacts ENT concentrations.

One Minnte Time Series. I measured ENT every minute
for ene hour during the 1.PS05 experiment (LPmin, Figure 1).
ENT were extremely variable (average change of 34 MPN/
100 mL per minute, maximum change of 140 MPN/100 mL
per min). Aswith the 10 min time series, the variation between
samples cannot be explained by measurement uncertainty
based on the fact that measurements do not fall within the
95% confidence bounds of one-another (gray shading in
Figure 1). The changes in ENT concentrations and & between
consecutive samples during this hour are not significantly
different from those observed during the LPS05 10-min
experiment (p > 0.05}. If an estimate of ENT concentration
with a coefficient of variation of 20% and 50% relative to the
1 h experiment mean were desired, then 10 and 2 samples
would be required, respectively.

Spectral density decays as a power faw with frequency
with #=0.5+ 0.4 (Figure 3, r= 0.8, p < 0.05). The exponent
is not different (p > 0.05) from that measured for LPS05
where 8 = 0.6 & 0.3, suggesting that the scaling observed
with the lower frequency LPSG5 data set applies to a greater
range of frequencies.

Biscessien

ENT concentrations collected at 10 and 1 min intervais along
the shoreline of marine beaches illustrate that temporal
variability is extreme. Changes in ENT concentrations
between consecutive samples greater than the California
single-sample standard of 104 MPN/100 mLare not unusual.
Extreme varjability is present in experiments conducted in
a turbulent, well-mixed surf zone {HSB02), in waters {ran-
sitioning from quiescent/tide-dominated to wave-dominated
(LPSO5 and EPmin), and in a quiescent tide-dominated



environment (LPNO7 and LPS07). Variability, measured as
the change in consecutive ENT measurements normalized
by the experiment average ENT concentration, is not different
between sites, thus does not appear to be a function of the
degree of wave exposure.

Itshould be noted that the extreme variability documented
here is not a result of the method used to enumerate ENT,
inanother study, we used membrane filtration in conjunction
with mEl media to measure ENT concentrations at LP every
20 min (26}. We saw similar ENT variability. It is likely that
any ENT analysis method will give similar results regarding
variability. However, experiments need to be conducted to
document variability with methods that measure nucleic-
acid targets for ENT quantification.

Although results are not reported here, E. coli were also
measured using Colilert-24 and Colilert-18 (IDEXX) during
the experiments described in Table 1. Colilert has been shown
to perform well in California marine waters for E. coli
enumeration (23, 28). Conclusions regarding variability in
ENT apply to these bacteria as well, Ir is likely that variability
over similar time scales will apply to other microbial targets
including source-specific markers like those in Bacteroidales
{29, but this should be confirmed.

Low frequency patterns associated with sunlight and tides
are apparent in each time series that lasted for longer than
1 h. Tt is interesting that neither diumal nor semidiumal
peaks are evident in the spectra (Figure 3). This is likely due
to the relatively short duration of the time series relative to
diurnal and semidiurnal periods.

Despite the lack of spectral peaks, coastal ENT concen-
trations are structured because time series can be described
mathematically as decaying power-laws in the frequency
domain. Even though the physical environments studied are
different with regard to wave exposure, ENT concentrations
are structured similarly with power-law exponents close to
1 (Figure 3}. The fact that the power-law exponents are not
equal to zero implies that the variability is not random, or
white noise, as this would have produced a flat spectra. ENT
time series share properties of 1/f noise {(30) and have a
fractal dimension D ~ 2. Seuront and Lagadeuc (31) report
D between 1.367 and 1.626 for temperature, salinity, and
fluorescence in tidally mixed waters in the English Channel.
E{fj of their data series declined more rapidly with increasing
f compared to those in Figure 3. Relative to my dara series,
low-frequency oscillations were more dominant than high-
frequency oscillations in their data series.

The fact that the ENT data share characteristics with 1/f
noise indicates ENT are “patchy” and that there were ENT
patches or filaments of all durations or sizes transported by
the fixed sampling site during the experiments. Patchiness
in time and space is expected to develop in coastal environ-
ments where intermittent sources, nonuniform currents,
turbuient diffusion, and changing chemical or biological
characteristics influence persistence and transport of ENT
(15, 32).

How knowledge of the fractal dimension of the ENT series
might be harnessed to provide recommendations for sam-
pling plans to protect hurnan health is not clear. By definition,
afractal time series has no characteristic time scale associated
with it, so sampling at a particular time interval cannot be
recommended. An important point is that ENT concentra-
tions are net random white noise even though there are no
spectral peaks. More work on understanding fate and
transport of ENT in coastal waters is needed so that
researchers can fully understand how patchiness develops.

The result reported here regarding extreme variability
presents a challenge to policy makers and the protection of
human health. Assuming ENT are from an urban runoff or
municipal wastewater source and the epidemiological models
(1-3) are correct, ENT concentrations correlate to health risk.

This suggests that not only are ENT patchy in time and space
behaving as 1/f noise, but so are human pathogens and
human heaith risks. An inability to estimate the true
concentration of ENT in coastal waters limits our ability to
protect human health. A way of sampling the coastal ocean
for ENT to uncover a true estimate of human health misk is
needed. If a health-protective estimate is desired, then
sampling should be conducted at night during ebbing (at
HSB) or flooding {at LP) tides. The high frequency variability
indicates that regardless of sampling time, a single sample
of water tells one little about the true water quality, so multiple
samples need to be collected. If it is not feasible to collect
multiple samples, then a spatially or temporally composited
sample will improve the estimate of the true water guality.
At minimum, consecutive samples collecied at 1 minintervals
could be composited to obtain a better estimate of water
guality. Policy makers, as well as scientists designing field
campaigns for microbial source tracking and epidemioclogy
studies, are cautioned that a single sample of water reveals
little about the true water quality at a beach.

Predictive models (22, 33-35) may help to estimate average
water quality given high frequency variability of measure-
ments. These models use physical, chemical, and biological
factors to predict concentrations of ENT. If enough high
quality data are used to train models, they may be able to
provide better estimates of the central tendency of daily ENT
concentrations than single grab-sample measurements.
Future work should examine this possibility by comparing
model predictions to high frequency data measurements,
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Whenever measurements of fecal pollution in coastal
bathing waters reach levels that might pose a significant
health risk, warning signs are posted on public beaches in
California. Analysis of historicai shoreline monitoring

data from Huntington Beach, southern California, reveals
that protocols used to decide whether to post a sign are
prone to error. Errors in public notification {referred to here
as posting errorst priginate from the variable character
of pollutant concentrations in the ocean, the relatively
infrequent sampling schedule adopted by most menitoring
programs {daily to weekly), and the intrinsic error
associated with binary advisories in which the public is
either warned or not. In this paper, we derive a probabilistic
framework for estimating posting error rates, which at
Husntington Beach range from 0 to 41%, and show that
relatively high sample-to-sample correlations {> 0.4} are

required to significantly reduce binary advisory posting errors.

Public mis-notification of coastal water guality can be
reduced by utilizing probabilistic approaches for predicting
current coastal water quality, and adopting analog,
instead of binary, warning systems.

Introduction

Many government-sponsored environmental monitoring
programs issue health advisories whenever pollutant con-
centrations reach levels that might pose a threat to human
health. The utility of bealth advisory programs logically
depends on their ability to disseminate timely and accurate
information, in: a format that is useful and easy to understand.
This study examines the health advisory component of a
large (statewide) shoreline water quality monitoring program
in California. Health advisories take the form of warning signs
that are posted at public beaches whenever shoreline water
quality (as measured by fecal indicator bacteria) fails 1o meet
one or more of seven different state standards. The California
health advisory program is one of a growing number of such
programs nationwide, sponsored in part by the Federal
Beaches Environmental and Coastal Health Act passed by
the U.5. Congress in October 2000 (1—4). A noteworthy aspect
of the California program is its binary nature, in which
information about coastal water quality is conveyed to the
public by the presence or absence of warning signs on the
beach during the high-use period from April | through

* Corresponding author e~mail: sbprant@udi edu; phone: (949)824-
TA20; fax: (949Y824-2541.
@ 2004 American Chemical Sociely

10.1021/e5034382v CCC: $27.50
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Gcrober 31 of every year. This binary appreach stands in
contrast to other long-standing reporting ‘programs, for
example, weather forecasts, in which the information pro-
vided to the public is probabilistic in nature (5).

In this paper, we set out o answer several questions: (1)
What is the magnitude of error associated with binary health
advisories?(2) How are these error rates affectad by the degree
to which the concentrations .of bacteria_in consecutive
samplesareconelated‘? (3)Gm the accuracy and effecnvcness
isories be improved by changing the way data
, and analyzed and/or by changing the way water
quality mformauon is conveyed to the public? To answer
these qu¢snons. we develop a probabhilistic framework for
analyzing posting errors and compare the theory to observa-
tions of posting errors at Huntington Beach in southern
California. Huntington Beach is an ideal natural laboratory
to examine shoreline water quality issues because of the
magnitude of the historical water quality problem, the wealth
of available shoreline monitoring data, and the fact that a
series of special studies have been conducted with & wide
range of sampling frequencies (6—8).

Public Notification of Shoreline Water Quality in
Galifornia

Beginning huly 1, 1999, the State of California mandated fecal
indicator bacteriamonitoring at all public beaches with more
than 50 000 annual visitors and established seven statewide
concentration standards for fecal indicator bacteria in the
surf zone. When the concentration of indicator bacteria at
a monitoring site exceeds any of the California qtandards,
the local health official must post a sign warning beach goers
of potential health risks associated with entering the water
{surf zone posting). If a sewage spill is suspected, the local
health official may close the suf to public access (surf zone
cimure) Four of the seven standards are single-sample
standards, for which a monitoring site is considered to be
out of compliance if the concentration of indicator bacteria
in a single sample exceeds specified concentrations for total
coliform (TC), fecal coliform (FC), and Enterococcus species
(ENT). The California single-sample standards for TC, FC,
and ENT are respectively 16 000,400, and 104 most probable
number (MPN)or colony forming units (cfu)/ 100 mL; a fourth
single-sample standard for TC of 1000 MPN or ¢fu/100 mi.
applies when the TC/FC ratio falls below 10. The remaining
standards are 30-day geometric mean standards, for which
amonitoring site is considered 10 be outof compliance if the
geometric means of TC, FC, and ENT in all samples collected
within a 30-day period exceed 1000, 200, and 35 MPN or
¢fu/100 ml, respectively. These standards correspond, at
least theoretically, 10 a threshold rate of bather illness of 15
cases of highly eredible gastrointestinal disease for every 1000
bathers. {3, 9— 1!} There are many historical reasons for
choosing this particular threshold, incloding the fact that it
represents the background rate of gastrointestinal illness
among the general population (12,

{Observations of Posting Errars at Huntingfon Beach

The swf zone posting protocols described above were
adopted with the goal of conveying to the public up-to-date
information sbout surf zone water quality, However, a post
de facto comparison of posting records and water quality
test results indicates that the public is often mis-notified
about current water quality conditions. This point is il
lustrated in Figure 1A where we compare measurements of
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FAGURE 1. (A} Log-transformed concentration of ENT in the surf zone at Huntington Beach and Newport Besch piotlod against surf zone
stations {vertical axis, see alsg _mp} nrid tinte (horizantal axis). Each sample collecisd: fram. the 'surf zone - appenrs as a smail dot in the
plat. Gpen and closed ‘circles at the lop of the figure indicate the timing of full and new me Biack and.ved polygons
represent the yostmu_am} tlosuro rasgacﬁ?alv gy end sgyr refer to the Califomia moan and single-sample standards
for ENT in'the surf zone. Several posting svents (Iaboled 1—4) are discussed in the text. (B) Plot of the maximuni daily ide range, defined
as the difference hetween the daily higher-high and lower-fow tides.

ENT in the surf zone at Huntington Beach {color ranging Importantly, we note that beach ¢losures can be more
from blue to black) with the posting and closure history (black accurate predictors of poor water quality than beach postings.
and red polygons, respectively) over the period May 1~ Beginning on July 1, 1999, the local heslth officer closed

October 31, 1999, This time period was selected because it sections of Huritington Beach out of concern that the surf
inciudes the summer of 1999 when Huntington Beach zorie contamination tmight be from a source of sewage (red
experienced a record number of postings and closures, and polygon in Figure 1A). From personal observations, the health
it straddles the start of California’s new water quality officer was aware that the concentration of fecal indicator
regulations that went into efiect July T, 1999. Most (95%) of | bacteria in the surf zone at Huntington Beach was generally
the postings indicated in the figure were triggered by the highest during fuli and iew moons (wher the daily tide range
single-sample and geometric mean standards for ENT. Yet | is maximal, compare Figure |, panels Aand B) (14). Awareness
there are many instances when the concéntration of ENT of thcsclunarcycics_ih_ﬂ_l_:cm_:cd the health officer’s decisions
exceeded the singie-sample standard but signs were not | about when to close the beach and was one of the factors
posted (referred to here as underprotection errors) or where | that allowed him to correctly anticipate the large poliution
the concentration of ENT was below the single-sample | ¢ventthatoccurred during the full moon in early September
standard but signs were posted (overprotection errors). Gfter, (see targe closure event m-_l—'-igure TA) Thuf anecdole suggests
overprotection errors immediately follow underprotection | hatpostingerrorrates might be reduced if posting protocols
errors (e.g..see events 1—3in Figure 1A). Presamably, posting were designed to tike info account factors known, through
errors caused by the single-sample standards originate from | Pastexperience, toinfluence local water quality. Some of the
the variable nature of water quality in the surf zone (se¢ next | 1actors affecting surf zone water quality are described next.

section) and the inherent time delay (ca. 2—3 d) between | Pattoms and Ramlannass inShoreline Water Quality

when a sample is collected and when 4 sign is posted or Surf zone water quality has both periodic patterns and
taken down. The geometric mean standard also triggered | random Ructuations. The concentration of fecal indicator
overprotection errors involving muitiple shoreline stations bacteria in the surf zone at Huntington Beach, for example,
and lasting several weeks (see last half of event 4 in Figure exhibits a cascade of periodic patterns including (6—8): (1)
A} The geometric mean is computed from test results | tidal cycling in which the concentration is higher during ebb
collected at a particular site over the preceding 30 days (the tides and lower during flood tides {or vice versa); (2) diurnal
so-called 30-day geometric mean standard); therefore,once | cycling in which the concentration is higher at night and
a violation has occurred, a relatively large sequence of lower during the day; (3) spring-neap cycling in which the
compliant samples are required before the geometric mean concentration is higher during spring tides and lower during
falls back below the standard. It should also be noted that neap tides (evident in Figure 1A); (4)seasonal cycling in which
the use of geometric means for evaluating human health risk the concentration is higher during the winter stortn season
has been challenged on theoretical grounds (13). and lower during the surmmer dry season; (5) El Nifio cycling
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in which the concentration is higher during stormy El Nifio
winters and lower during dry La Nifia winters; (6) multi-
decadati patterns in which periodic large-scale investment in
sewage and storm runoff infrastucture improves coastal
water quality.

Monitoring programs can detect these periodic patterns
only if the time interval between samples is smaller (by at
teast a factor of 2) as compared to the characteristic period
of a particular pattern of interest {15). For example, samples
must be collected at least every 3 h in order to detect tidal
cycling because each ebb and flood tide lasts ca. 6 h. Routine
monitoring programs in California, which typically sample
each site once per day to once per week, can detect patterns
3—6 described above depending on the length of ime over
which data are available. Importantly, processes with char-
acteristic periods less than the sampling interval cannot be
detected because the water quality signal is aliased by the
sampling program. The relative uncertainty associated with
the water quality sampling and testing methods, which ranges
up to 23% {16), is also a source of noise (I7). In the nest
several sections, we develop and test a probabilistic modet
that can account for the repeating patterns and random nioise
inherent in water quality measurements. To make the resalts
of the probabilistic analysis accessible to a broad audience,
each section begins with the primary question to be
addressed, immediately followed by the answer supported
by the analysis.

Probabitity of Single-Sample Exceedences
Question: Can the fraction of sammples violating single-sample
standards be predicted from statistical features of local water
quality, such as measures of central tendeney and spread?
Answer: The fraction of samples violating single-sample
standards can be predicted from the log-mean and standard
deviation of fecal indicator monitoring data, provided that
the data are well described by a log-normal distribution.
Furthermore, the theory predicts and observations confirm
that, under certain conditions, a marginal change in water
quality can lead to a substantial change in the number of
signs posted at the beach.

The probability that the concentration: of bacteria in a
single sample will exceed a standard (s) can be represented
mathematically as follows:

=FC> sl = [ f(o)de (1

where Cis arandom concentration variable, cis a particular
realization of the random variable, and fr{c}is the probability
density function for the concentration of fecal indicator
bacteria in the surf zone. The exceedence probability (P.,)
is a measure of water quality: P~ | if water quality is very
poor, and P.. — 0 if water guality is very good.

The monitoring data at Huntington Beach conform rea-
sonably to a log-normal distribution (based on Kolmogorov—
Smirnov normality tests { 18); maximum difference K — $=
0.08 at the significant level a < (.01} (see Figure Sl in the
Supporting Information) as do monitoring data at other
coastal sites throughout the world (19—21). Accordingly, we
replaced C with log Cin eq I and substitited the Gaussian
probability distribution function for fog c{log ¢). After
simplification, the following relationship was obtained
between the exceedence probability and a nondimensional
vartable referred to here as $*:

P., %erfc i {2a)
log s —
&= g ﬂlog C (Qb)
Y20, ¢

P,or Fy,

Aw

Sor §

HGURE 2. Pradicted relationship betwaen the probability P that
samplas will pxceed a single-sample standard and the dimension-
tess paramatar §* {solid line, oq 2a}. Data points represent observed
relationship hetween the fraction F. of samples coliected at
Huntington' Beach that axceeded tha single-sample standard for
ENT plotied against the parsmuter 3*. The vertical and horizontal
error bars comespond to +/F, [1-F, i and +1//2, respec-
tively, where ris the numbar of data points in each data bin {p =
45—65)

In these equations, erfc is the complementary error function,
and gyg cand oy crepresent the mean and standard deviation
of the log-transformed bacterial concentrations, respectively.
This simple theoretical result predicts that the exceadence
probability decreases with increasing values of the parameter
§*, ranging from P, > 9%9% when §* < —2 1o P,; < 1% when
5* > 2 (solid line in Figure 2). In turn, the value of $* depends
on local water quality (fig ¢ and Oiey ) and the magnitude
of the single-sampie standard (log s).

These theoretical predictions compare well with observa-
tions of single-sample exceedences at Huntington Beach. To
compute the latter, summertime measurements of ENT in
the surf zone at Huntington Beach were grouped, or binned,
by station and year. For example, one bin constituted all
ENT measurements collected at surf zone station 9N during
the summer of 1999; for the purposes of this analysis, summer
is defined as the time period June 1—August 31. From each
data bin, we calcutated the fraction Fe, of samples that violated
the single-sample standard for ENT and an empirical
approximation of the parameter $* denoted here as $* (see
Suppeorting Information, note that the circumflex or “hat”
denotesempirical approximations of population parameters).
Values of F., and $* track the theoretical prediction closely
(compare solid line with data points in Figare 2); hence, eg
2a appears to capture the relationship between measured
water quality {fiog ¢ and &1y ) and the fraction of samples
that exceed a single-sample standard (F,). At Huntington
Beach, the percentage of samples exceeding the single-sample
standard for ENT ranges from a low of 0% (F., = 0) at surf
zone station 0 during the summer of 2000 to a high of 40%
(Fex = 0.4) at station 9N during the summer of 1999 (see
arrows in Figure 2).

From the shape of the theoretical curve in Figure 2, a
marginal change in water quality can result in a very large
Or a very small change in the number of signs posted at the
beach, depending on the absolute magnitude of the pa-
rameter 5*, In particular, ¢q 2a predicts that P is sensitive
to marginal changes in water guality when |$* < | and
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insensitive to marginal changes in water guality when 154
> 1. This observation belps to explain why the number of
signs posted during the summer at 9N decreased precipi-
tously from 26 in 1999 to 12 in 2000, despite the relatively
smallchange in the log-mean of ENT over these two surmuners

(1.7—1.4 units of log(MPN/100 mL)) (see two arrows in Figure
2).

Probability of Binary Advisory Posting Ervors

Question: How is the posting error rate influenced by the
degree to which bacterial concentrations in consecutive
samples are correlated? At Huntington Beach, are bacterial
concentrations in consecutive samples correlated or inde-
pendent realizations?

Answer: Theory predicts very high posting error rates when
§* is close to zero, even in the case where the concentrations
of fecal indicator bacteria in consecutive samples are mod-
erately correlated. This prediction is borne out by an analysis
of ENT measurements in the surf zone at Huntington Beach.
Posting ervor rates at Huntington Beach are indistinguishable
from the predictions of Bernoulli trial theory, which is premised
on the idea that test outcomes are independent realizations.
When 54 is close to zero, posting error rates are predicted to
range from 35% (for moderately correlated samples) to 50%
(for weakly correlated samples). =~

Let () represent the measured coticentration of fecal
indicator bacteria at a particular sité at'time & The single-
sampie standard posting protocol can be stated succinctly
as follows. A water sample is collected st a particular site at
time f;, and the concentration of fecal indicator bacteria
in that samnple e(t;-) is compared to a single-sample standard
. If e(ti-1) > 5, asign is posted at the site; if o(ti-) < 5.2 sign
is not posted at the site {or an existing sign at the site is
rernoved). If t; denotes the time at which a sign is posted (or
removed), four possible outcomes can be identified: (1)e{5-)
> sand «6) > 5, 2) o{f;-1) < sand o) < 5, (3) o(f-)) < sand
ot} > s, and (@) e(ti-)) > s and () < 5. No &rvor occurs in
cases 1 and 2 because the public has been correctly informed
that water quality exceeds standards (case 1) or does not
exceed standards (case 2). Posting error occurs when the
public is incorrectly informed ‘that water quality meets
standards (case 3), orincorrectly informed that water quality
does not meet standards (case 4). Consistent with the
discussion of Figure 1A (see above), we refer to cases 3 and
4 as underprotection and overprotection posting errors,
respectively.

Letting the superscripts U, O, and T represent under-
protection, overprotection, and total posting error (defined
as the sum of underprotection and overprotection errors),
the following expressions can be derived for the probability
that posting emrors will occur at a particular site (see
Supporting Information):

Pl = P, = gerfo 1 = Jerfe 'G5 1)]  Ga)
P = erfo SY1 ~serfe G ()] (3b)

The function G(5%,p(1)) depends on the value of $* and
p(1), where $* has been defined previously (see eq 2b) and
p(1) is the correlation coefficient between fecal indicator
bacteria concentrations at times t;_; and £, A mathematical
definition and graphical representation of G(§* (1)) is
included with the Supporting Information (Figure S2). The
total posting error predicted by eg 3b is plotted against $*
in Figure 3. The different lines in the figure correspond to
different choices of the correlation coefficient p{1), ranging
from strong positive correlation {p{1) = 095) to strong
negative correlation {p{1) = — 0.95). For the choice of p(1)
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FGURE 3. Predicted refationship between the probability of a
posting error. Py, and the dimensionless parameter S* {solid and
dashed curves, 4q 3b). ] iHferent curves cosrespond to differant
choices of the corfalation coelficient p{1). Points represent posting
error rates celculated from the surf zone monitoring data at
Huatington Beach. Vertical and horizontal error bars correspond to

&y A Pk 1= Fo i and 4//Z; vospactively, where n repre-

sents the number of in.a patticular deta bin {see text}. inset
is a plot of the tion coeflicient between bactarial concentra-
tions in consecitive samples A1) against the paramater 3*. The red
points correspol surf zona stations and years where the posting

error rate fofl substantiaily balow the error rate gredicted by
Bernoulli triai theory (lt] = 0}

= 0, the concentrations of bacteria in consecutive samples
are completely uncorrelated (i.e., every concentration meas-
arement is independent of the one before it), and the function
G($*.p(1)) reduces to unity for alf choices of $*. In this limit,
referred to here as the Bernoulli mial theory limit, the
probability of an overprotective or underprotective posting
error peaks at Py, = 0.5 when § =0 (dashed line in Fgure
3). Put another way, when the concentrations of bacteria in
consecutive samples are uncorrelated (p(1) = 0) and half of
sarnples exceed the single-sample standard (§* = 0, P, =
0.5), theory predicts that beach signage will be posted (or
not posted) in error 50% of the time (PL, = 0.5).

The peak error rate, which always occurs at §* = 0,
decreases with increasing p(1), approaching zero (i.e., no
error) in the lirit where the concentrations of bacteria in
consecutive samples are perfectly cormelated {p(1)= 1) (Figure
3). In the event that concentrations of bacteria in consecutive
samples are negatively corrélated (p(1) < 0), the peak error
rate exceeds 50%, approaching 100% in the extreme limit
where p(1) = —1. Evén in cases where the ¢oncentrations of
bacteria in consecutive samples are reasonably weli-
correlated, say p(1) = 0.5, relatively large peak posting error
rates are predicted (-PI,, =0.35).

To test the theory preserited above, the fraction Fi, of
samples that generated underprotection or overprotection
posting errors was caleulated for each of the Huntington
Beach data bins described in the last section (see Supporting
Information). Values of £, track closely the theoretical line
for p(1) = 0 (i.e., the Bernoulli triai theory limit. compare
data points with dashed line in Figure 3), consistent with the
idea that the concentrations of ENT in consecutive samples
at Huntington Beach are uncorrelated. To explore this issue
further, for each data bin, we caiculated the correlation
coefficient between ENT concentrations in consecutive



samples, referred to here as H{1) (see inset in Figure 3)
Empirical correlation coefficients range from (1} = 0.04 to
0.58; averaging across all bins, we obtain 5(1) = 0.32:£ 0.13.
The concentration of ENT in consecutive samples are not
compietely uncorrelated (i.e., 7{1)= 0); however, the sample-
to-sample correlation is sufficiently weak such that total
postingerror rates are indistinguishable, within the resolution
of our estimates of FL,, from the predictions of Bernoulli wrial
theory. An exceplion may be the three data bins with the
highest correlation coeffictents: station 6N in 1998, station
3N in 1999, and station 9N in 2000 (compare red points and
dashed line in Figure 3).

Can Increasing the Sampling Frequency Reduce Posting
Errors?

Question: Would the sample-to-sample correlation be higher
and the rate of single-sample posting errors be lower if surf
zone samples were collected more frequently?

Answer: An analysisof ENT data at Huntington Beach reveals
that posting decisions would have fo be updated every 40 min
(or more frequently) to significantly reduce posting errors.
Even if posting decisions were revised every 10 minutes, when
5 is cfose to zero as much as 30% of the signage would be in
error. This resule will likely apply to any shoreline site where
the sampling time interval is longer than the persistence time
of pollution patches in the surf zone.

The question is motivated by the growing interest in
developing rapid fecal indicator bacteria tests that could, in
principle, dramatically reduce the time berween when a
samnple is taken and the bacterial indicater concentration is
known (22). The answer derives from an analysis of auto-
correlation functions computed from four different time
series (Figure 4): (1) Routine ENT monitoring data at station
9N, subsampled to yield a sampling frequency of once per
week (At = 1 week, panel A). (2) Routine ENT monitoring
data at station 9N subsampled to yield a sampling frequency
of once per 3 days (At = 3 days, panel B}. (3) A special ENT
monitoring study at station 3N in which water samples were
collected every hour, 24 h per day, for 2 weeks (At=1h,
panel C). (4) A second special ENT monitoring study at station
6N in which water samples were collected every 10 min for
atotal of 12 h{Ar= 10 min, panel D) (7). The autocorrelation
functions in Figure 4 represent the correlation ;{Ag) between
a time series and itself after introducing a lag of j points or,
equivalently, a time lag of At; = jAt For comparison, also
plotted in each panel of the figure are autocorrelation
fupctions calculated from a sequence of random nurmbers
ranging in magnitude from 1 to — ! (black lines in each panel).

Correlation M{AL) falls off very rapidly with increasing lag
Ay for sampling intervals of At = | week and 3 d (red curves
in panels A and B, respectively). When At = | week (panel
A), a broad peak is evident at time lags of 40—50 weeks (i.e.,
approxirnate 1 yr), presumably due to the influence of
seasonal rainfall on bacterial concentrations in the surf zone.
Spring—neap cycling of bacierial concentration is apparent
in panel B where the correlation values peak every 2 weeks,
Apart from the seasonal (panel A) and spring—neap {panel
B) patterns, the correlation coefficients calculated for these
two cases are generally within the range calcuiated from a
sequence of random numbers (black lines). Correlation peaks
are present at multiples of 24 h when the surf zone is sampled
every hour (At = | b, panei C). This diurnal cycie probably
arises frorn the germicidal affect of sunlight (7), although
tidal processes may also play arole {e.g., during the summer
at Huntington Beach there is typically just one larges ebb tide
per day). Remarkably, the sign of p(Ar) in Figure 4C is
periodically negative, implying that posting error rates might
inerease if the sampling frequency is increased, for example,
from once per day to once every 12 h (see peak error rates
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FIGURE 4. Autocorreiation functions calculated from four different
time series (red lines in each panel} and from a sequence of
uncorrelated (rendom) numbers (black lines in each panal). The
time interval batwean samples (A4 is notad in each panel (seatext
for details) The sumber of samples used for the aralysis in each
panel is # = 216 {panel A}, 528 {panel B}, 337 (pane! C), and 51 {panei
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when p(1) < 0 in Figure 3). Compared to the other auto-
correfation functions, f{Az) decays with A more stowly when
samples are collected every 10 min (panel B). Even in this
case, however, the comrelation coefficient for a lag of 10 min
{(pAL = 10min.) =0.6) is such that substantial posting errors
(22 30%) are predicted when $* 220 (see Figure 3). Putanother
way, if the time interval between when a sample is taken and
a sign is posted (or removed) was reduced to just H) min, as
much as 30% of the signage could be inerror. The technology
for rapid detection of fecal indicator bacteria is maturing
such that near real-time measurements of these organisms
may be feasible soon. Even if bacterial measurements could
be carried out instantaneously (i.e., At — 0 and p(1) — 1),
however, it is not clear how that information would be used
in practice. Given the highly vanable nature of the coastal
water quality signal, health advisories would have to be
updated on a minute-by-minute basis, creating an untenable
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situation for both local officials who issue health advisories
and the beach-going public.

On the basis of the autocorrelation functions presented
in Figure 4A.B and the correlation values calculated from
ENT monitoring data at Huntington Beach (inset in Figure
3).itappears that %1} 50.4 is typical of sampling frequencies
{n the once-per-day to once-per-weéek runge. Because the
posting error rates calculated from the daily to weekly
menitoring data closely follow the predictions of Bernoul§i
trial theory (see Figure 3}, it seems reasonable to adopt 0.4
as the critical correlation value above which Bernoulli trial
theory begins to break down {pr & 0.4). Referring to Figure
4D, the correlation B(A¢) falls below (1.4 for lag times greater
than approximately 40 min (see dashed arrow in figure}. This
lag is very close to the time it takes tidally generated patches
of fecal poliution in the Huntington Beach surf zone to advect
past a fixed location by wave-driven long-shore curments (7
= L/u = 50 min, where L = 1 Kkm is the approximate length
of an average pollution patch and ¢ = 0.3 m/s is a typical
long-shore advective velocity) (7, 8). Therefore, the concen-
tration of bacteria in a water sample from the surf zone
appears to have little memory of previous samples (and hence
Bernoulli trial theory applies) so long as the time interval
between samples is longer than the persistence time of
pollution patches. While the persistence time scale will vary
by site, given the highly dynamic niature of ocean currents
at most coastal sites it is unlikely that the persistence time
scale will exceed ! d, the sampling frequency of the most
aggressive shoreline monitoring programs. Hence, the
large posting efror rates reporied in this paper are prob-
ably not unique to Huntington Beach. Rather, large errors
can be expected at any marine or freshwater beach when
i5*f < I and the time interval between samples is greater

than the persistence time scale for patches of contaminated
water.

Toward an Analog Public Health Advisory System

Question: Can less error-prone approaches be developed for
assessing current waterguality and reporting that information
to the public?

Answer: Several different approaches can be adopted to predict
(or “now-cast”} current coastal water quality and report that
information io the general public. At Huritington Beach, the
current concentration of ENT at a particular surf zone station
is generally more correlated with the maximurn daily tide
range, than with the concentration -of bacteria in the last
sampie.

An‘approach that follows naturally from the probability
theory presented above involvés comptiting analog (ie,
continuously varying) estimates of cutrent water quality and/
or hurnar health risk, periodically updated as new informa“
tion becomes available. Predictions of current water quality,
or now-casts, could utilize a variety of data resources
including recent water guality test resuits and real-time (or
near-real-time) measurements of quantities known to cor-
relate with local surf zone water quality. Now-casts, in turn,
could be conveyed to the public through a combination of
web sites, newspaper reports, and/or beach signage either
in raw form or using a grading scale like that employed by
Heal the Bay (23).

As anexample, below we present a prototypical algorithm
that now-casts three different measures of water quality. For
the sake of simplicity and to demonstrate the power of even
a modest algorithm, our prototype requires only estimates
of tide range {predicted from WXTide32 (29) and water
quality measurements collected over the previous 30 d. At
the heart of the algorithm is the assumption that cumrent
water quality is conditioned on maximum daily tide range.
as expressed quantitatively through the conditional prob-
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ability density function, fiy ai{log ¢¢). Here, log Cand L
represent randormn variables for the log-transformed bacterial
concentration and rmaximurm daily tide range, respectively,
and log ¢ and / are specific realizations of the random
variables. For a fixéd value of the tide range £ the probability
of single-sample excesdence and sxpected value of the
bacterial concentration can be calculated as follows:

Poy =Flog C>logslL=/1= f £, qu(xl/) dx (4a)

thog o = Ellog QL=01= [ xfioe q(xI0) dx (4b)

An analysis of maximum daily tide-range predicted for
Huntington Beach reveals that L conforms reasonably well
to a normal distribution (based on Kolmogorov—Smirnov
normality tests; maximutm difference K — § = 0.04 at the
significant level @ < 0.01) as do the log-transformed
concentrations of fecal indicitér bacteria (see earlier). This
implies that eqs 4a,b can be written explicitly as follows (see
Supporting Information):

P S 4% 0c) =%erfc[(.5‘* ~ pad a1 — pb) (5a)
thog Q7 =Fiog [ + (pCLth CJOL)(Z - /“L) {5b)

— 2
g AL = Piog b —pe (5¢)

where £* = (/— ;4;_)/(\/50;,), pcu is the correlation coefficient
between log Cand L, H and g; are the mean and standard
deviation of the maximum da:ly tide range, and the other
purameters have been defined previously. Equation 5b is a
linear model for the dependence of gy e on 4, with
coefficients cquwa.lent to those obtained by a mean-square
regression of flieg o ugainst/ (25). To develop an expression
for bather iliness rute, we utilized the liniear relationship for
gastrointestinal illness rate per 1000 bathers (¥) reported by
Cabelli et al. (9 ¥ = a + b log GMc, where GMc represents
the geometric mean of ENT measurements, and a = — 5.1
and b = 24.2 are empirical constants. Rewriting Cabelli et
al’s model in terms of the conditional log-mean gy o We
obtain:

Y= a+ by, o (62)

2 2
oy = Ao+ o, thog 1+ D'010g (6b)

The estimate of uncertainty in Y {eq 6b) was derived by
propagating uncertainties in the variables on the RHS of eq
6a (17). This set of expressions {eqs Sa—¢ and 6ab) were
employed 10 now-cast water quality at surf zone station 6N
over the period May 1—-October 31, 1999 (i.e., the same period
of time encompassed by Figure 1A). Now-casts for a particular
day were generated using the current day’s maximum tde

| range / (estimated from WXTide32) and ipdated estimates

for Pug ¢ Doy & L. 81, and per calculated from daily tide range
and BNT measurements collected over the previous 30 d
(see Supporting Information). Values for &, = 6.35 and
&, = 4.15 were estimated from data reported in Cabelli et al.
(9.

Now-casts of the ENT concentration at 6N correctly
capture the magnitude and spring—neap cycling of actual
ENT measurements (compare red and blue curves, second
panel of Figure 5). Over the 6-month period, 56% and 92%
of the ENT measurements at 6N fell in the predicted range
Ihog oy £ 18wy ot (blue band in second panel) and % 280 CLy
respectively. Now casts of illness rate (third panel) are
generally above the threshold level of 19 in 1000 (dashed
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FIGURE 5. Time series plots of maximum daily tide range {top pansi}, now-casts of ENT concentration (blue line, second panel), iliness
rates (blue line, third panel), and probability of exceeding the single-sample standard for ENT (hlack fine, fourth panell at surf zone station
N in Huntington Beach. Blue bands in second and third panels reprosent =1 SD (sea eqs 5c and 5b); red curve in secand panel is actual
measurements of ENT at 6N. Bottom panel is a plot of the correlation coefficiants between ENT in consecutive samples {3{1)} and hetween

ENT and maximum daily tide range (pcy).

horizontal line), peaking at about 60 excess illnesses per 1000
bathers; these illness attack rates are in the range estirmated
by other researchers for the Huntington Beach area (26).
Now-casts for the exceedence probability (fourth panel)
exhibit spring—neap cycling, and importantly, periods of high
exceedence probability (e.g., Peys > 0.2) generally coincide
with single-sample violations {(compare second and fourth
panels, Figure 5). The last panel in the figure is a plot of the
correlation coefficient between ENT concentrations in
consecutive samples {(§(1), red line) and between ENT
concentration and maximurm daily tide range (B, blue line).
These two coefficients were updated every day in the 6-month
period encompassed by Figure 5, using ENT and maximamm
daily tide range data collected (ENT) orcalculated (tide range)
over the previous 30 d. In general, pois larger than 0.4 (e,
pcL = pe. see earlier) and larger than the correlation between
the concentrations of bacteria in consecutive samples (AcL
= p(1)). The exception is an approximately 1-month period,
centered around August 1, when peL * 0. Not surprisingly,
this was also the period when our now-cast rnodet performed
least well. In general, at Huntington Beach, the current
concentration of bacteria at a particular surf zone station is
more correlated with the maximum daily tide range than
with the concentration of bacteria in the last sample.

The model presented above could be improved by utilizing
all physical variables known through past experience to
correlate with coastal water quality and/or by adopting
alternative now-casting methodologies (e.g., artificial neurai
networks (27~2%9) that tolerate nonlinear refationships
between dependent and independent variables. As men-
tioned above, the ideal advisory system will be anatog in
nature; however, even if the current binary approach is

retained, posting decisious based on now-cast methodolo-
gies, like the one described here, would be an improvement
over the status quo. If the now-casts of ENT presented in
Figure 5 had besn used as the basis for posting decisions at
Huntington Beach during the summer of 1999, for example,
the total posting error rate there would have been reduced
between 7.5% and 50% {depending on the particular surf
zone station of interest).
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Description:
Objective:

The objectives of this study were to: (1) characterize the magnitude and variability of fecal indicator
bacteria (FIB) loads in the watershed along an inland to coastal gradient that includes street gutters,
storm channels, tidal channels, and the surf-zone at Huntington Beach; (2) examine linkages
between FIB and other indicators of human pathogens; (3) develop strategies to control FIB loads
during nonstorm periods; and (4) aid decisionmaking by examining the perspectives of stakeholders,
including beachgoers, environmentalists, local businesses, public heaith officials, and wastewater
utility managers on various aspects of beach pollution problems, such as the causes, health risks,
and responsibility to pay.

California beaches are a critical component of the culture and economy of California and are
threatened by coastal poliution. Beach recreation in California accounts for $5.5 billion of the Gross
State Product (King and Symes, 2003). Nowhere has there been greater attention on beach poliution
than at Huntington Beach in southern California.

Huntington Beach, consisting of Huntington State Beach and Huntington City Beach, is located along
a northwest to southeast striking section of the Pacific coastline between Los Angeles and San Diega
in Orange County, California. Several areas of Huntington State Beach have suffered chronic beach
postings and closures over the past several years as a result of elevated concentrations of FIB in the
surf zone (Kim and Grant, 2004). This beach is very popular {more than 5 million visitors per year),
and the combination of surf zone pollution and significant beach usage implies that a large number
of people (perhaps as many as 50,000) may acquire highly credible gastroenteritis from swimming
and surfing in this area each year (Turbow, et al., 2003). FIB poliution at Huntington State Beach is
thought to be caused by a combination of sources, including dry and wet weather runoff from the

r
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surrounding community, bird droppings deposited in the Talbert Marsh, and regrowth of bacteria on
vegetation and marsh sediments (Grant, et al., 2001; Reeves, et al., 2004). Additional potential
sources of FIB include the offshore discharge of partially treated sewage effluent (Boehm, et al.,
2002a), the offshore discharge of power plant cooling water that contains FIB from plant wash-down
and other activities (Boehm, et al,, 2002b), resuspension of contaminated sediments (Sanders, et al.,
2004), bather shedding, the accumulation of bird droppings along the shoreline and offshore, the
exfiltration of sewage-contaminated groundwater, and contributions from watershed outlets located

north and south of the study area, including the Los Angeles River, the San Gabriel River, and
outlets for Huntington Harbor and Newport Bay (Kim, et al., 2004).

This project focuses on the Talbert Watershed in Huntington Beach and Fountain Valley, California,
which drains to Huntington Beach and is a significant stressor of Huntington Beach water quality.
The Talbert Watershed encompasses 3,400 hectares in the cities of Huntington Beach and Fountain
Valley. The watershed is urbanized and consists of residential developments, comimercial districts,
plant nurseries, and light industry. This area of southern California has separate storm water and
sanitary sewer systems, therefore, dry and wet weather runoff flows to the ocean without treatment.
Runoff from the Talbert Watershed is conveyed along street gutters to inlets that connect to
underground storm water pipelines. These pipelines connect to a network of three flood control
channels (Fountain Valley, Talbert, and Huntington Beach) that converge near the ocean at a
constructed wetland known as the Talbert Marsh. Ocean water floods both the Talbert Marsh and the
lower reaches of the open channels during rising tides (flood tides), and a brackish mixture of ocean
water and runoff drains from the system during falling tides {ebb tides). The Talbert Watershed is
nearly flat and only a few feet above sea level. This geographical setting hinders drainage by gravity
alone, so a system of transfer stations is used in the lower reaches of the Talbert Watershed to
pump runoff into the open channels from storm water pipelines. Each transfer station, or pump
station, consists of a forebay, where runoff can be stored, and several pumps. Pumping of runoff to
the channels occurs intermittently during dry weather periods and continuously during storms.
Talbert Marsh is a 10-hectare remnant of what used to be an extensive {1,200 hectare) saltwater
wetland and dune system in coastal Orange County. The majority of this wetland system was drained
and filled over the past century for agricultural reclamation and urban development. Most of what
remained of the historical wetland, including Talbert Marsh, was cut off from tidal flushing by the
construction of the Pacific Coast Highway and channelization of the surrounding area for flood
control. As part of a habitat restoration effort, tidal flushing in the Taibert Marsh was restored in
1990 when a new tidal infet was constructed. Since its restoration, Talbert Marsh has become a
typical southern California tidal saltwater marsh with open water, wetland, and upland habitats
(Grant, et al., 2001). Pickie weed (Salicornia virginica) is the dominant macrophytic vegetation, and
the marsh is utilized by several special-status bird species, including the California least tern, brown
pelican, and Beldings savannah sparrow.

Summary/Accomplishments (Outputs/Outcomes):

To achieve the objectives, extensive monitoring of Talbert Watershed surface waters was conducted
to measure the spatio-temporal variability of FIB loads (total coliform, Escherichia coli, and
Enterococcus) and analysis was performed to examine the factors that control fate and transport.
Monitoring also was performed to examine the association between FIB and other indicators of fecal
poliution. Both one-dimensional and two-dimensional hydrodynamic models were developed to
analyze the FIB loads in tidal channels and into the surf-zone and to develop a predictive tool that
can be used to examine how bacteria loads would be altered by operational changes to the
infrastructure. Surveys were performed to measure stakeholder preferences in the context of multi-
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stakeholder, muiti-objective beach poliution problems and to support decisionmaking analysis.

Closure and posting of Huntington Beach, California, during the study period was the source of
widespread media attention. In response, members of the research team redirected efforts and/or
engaged in a number of additional studies to better understand the factors controlling surface water
quality in the Huntington Beach surf zone, as well as the response of stakeholders to the unfolding
pollution problem. For example, co-principal investigator (PI} Keller focused attention on the
decisionmaking of beachgoers (to swim or not to swim) in response to wamning signs posted on the
beach. Co-PI Kelier also focused attention on the decisionmaking of public agencies, who were under
great public pressure to remedy the pollution problem but had little understanding of its cause. To
better understand the poilution problem, co-PI Grant analyzed short- and long-term FIB monitoring
data to identify trends in Huntington Beach bathing water quality. The observed variability was
examined in the context of historical management measures, such as passage of the Clean Water
Act, construction of a new ocean outfall, and efforts to prevent urban runoff from draining directly to
the beach. Co-PI Grant alsc developed a method to identify and rank the sources of pollution to the
surf-zone using high-frequency menitoring data collected along the beach. PI Sanders teamed with
University of California (UC) Irvine and UC San Diego researchers to examine the potential for
Orange County Sanitation District effluent, discharged roughly 7 km offshore of Huntington Beach, to
be transported onshore by internal tides. After the Talbert Marsh was identified as a contributor of
FIB to the Huntington Beach surf zone, co-PI Sobsey focused attention on potential health risks
associated with water contaminated with bird feces. In particular, marsh bird feces and surface water
was examined for Campylobacter, Salmonella, and male-specific coliphages.

During dry weather, concentrations of FIB were highest in inland urban runoff, intermediate in tidal
channels harbering variable mixtures of urban runoff and ocean water, and lowest in ocean water at
the base of the watershed. This inland-to-coastal gradient is consistent with the hypothesis that
urban runoff from the watershed contributes to coastal poilution. On a year-round basis, the vast
majority (> 99%) of FIB loading occurs during storm events when runoff diversions, the
management approach of choice, are not operating. During storms, the load of FIB in runoff follows

a power law of the form L~Q", where L is the loading rate {in units of FIB per time), Q is the
volumetric flow rate (in units of volume per time), and the exponent n ranges from 1 to 1.5. This
power law and the observed range of exponent values are consistent with the predictions of a
mathematical mode! that assumes FIB in storm runoff originate from the erosion of contaminated
sediments in drainage channels or storm sewers. (Reeves, et al., 2004)

During dry weather periods, urban runoff controls surface water concentrations of FIB in channels
where flushing is weak, and resuspension of FIB from the sediment/water interface controls surface
water concentrations near the mouth where flushing by ocean water occurs once per day. The
reservoir of FIB at the sediment/water interface is probably linked to settling of bacteria from both
dry and wet weather urban runoff, deposition of animal feces, decaying vegetation, and bacterial
regrowth. It is not clear whether the FIB are primarily attached to sediments, suspended in pore
water, or incorporated into microbial biofilms. Nevertheless, surface water concentrations of FIB are
rapidly amplified as turbulence in water column increases. A result is that dry weather urban runoff
has little direct impact on surf zone water quality, but significant indirect impact given FIB loads
from runoff accumulate at the sediment/water interface and are subsequently resuspended and

exported to the surf-zone by tidal currents (Grant, et al., 2001; Arega and Sanders, 2004; Sanders,
et al., 2004).

During the project period, dry-weather diversions of urban runoff to the sanitary sewer system were
implemented to mitigate impacts to the surf-zone, at a cost of at least $6 million to the County of
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Orange and City of Huntington Beach. The efficacy of this approach is unclear, because the vast
majority of watershed loads are shed during wet weather, whereas during dry weather, the tidal
channels and marsh serve to dissipate loads by promoting die-off and settling. On the other hand,
diversions presumably serve to reduce loads of other contaminants, including oil, grease, heavy
metals, and so forth and, therefore, may be justified on these grounds. To evaluate whether the
diversions are justified on the basis of FIB control, a better understanding of the cycling of FIB in
sediments is needed. The alternative is to focus management efforts on wet weather controils. For
example, if erosion of sediments is driving the loading of FIB, then reguiar removal of contaminated
sediments accumulating in the storm sewer system might be an appropriate management strategy.
The creation of distributed wetland treatment systemns, in which contaminants in urban runoff are

removed near their source, might also prove useful for reducing downstream impacts (Reeves, et al.,
20043},

Research lead by PI Sanders shows that numerical modeling can be performed to predict FIB loads in
tidal wetlands, analytes that are notoriously difficult to model because of poorly characterized non-
conservative processes. The key parameters needed for accurate predictions of FIB loads, using a
validated hydrodynamic model, are: (1) the load as a result of urban runoff; (2) sediment erodibility
parameters; and {3) sediment concentrations and surface water die-off rates of enteric bacteria. For
channels in the Talbert Watershed, literature values for sediment erodibility and water column die-off
rates were used and average concentrations of indicator bacteria were predicted within one-half log
unit of measurements. Total coliform were predicted more accurately than E. cofi or enterococci, both
in terms of magnitude and tidal variabiiity. This work is important because it represents the first
case where first-principle models were successfully applied to predict FIB in an estuarine setting with
significant nonpoint sources. The approach adopted here is highly transferable and could benefit both

wetland restoration and water quality compliance efforts on a widespread basis {Sanders, et al.,
2004).

Plume tracking studies conducted by UC Irvine and UC San Diego researchers, including PI Sanders,
show that Orange County Sanitation Department (OCSD) effluent occasionally moves shoreward
toward Huntington Beach into water less than 20 m deep. Analyses of current and temperature
observations indicate cold water is regularly advected crossshelf, into and out of the nearshore, at
both semi-diurnal and diurnal frequencies. Isotherms typically asscciated with the wastefield near
the outfall are observed just outside the Huntington Beach surf zone, where the total depth is less
than 6 m, highlighting the extent of the cross-shelf transport. This advection is attributed to a mode
1 internal motion, or internal tide. Based on this analysis, it is not possible to rule out the possibility
that the OCSD plume contributes to poor bathing-water quality at Huntington Beach (Boehm, et al.,
2002a). Concerned over potential shoreline impacts, OCSD began a disinfection program in 2002 and

initiated a roughly $300 million program to build the necessary infrastructure for full secondary
treatment.

Analysis of Huntington Beach monitoring data lead by co-PI Grant shows that the concentration of
FIB varies over time scales that span at least seven orders of magnitude, from minutes to decades.
Sources of this variability include historical changes in the treatment and disposal of wastewater and
dry weather runoff, El Nifio events, seasonal variations in rainfall, spring-neap tidal cycles, sunfight-
induced mortality of bacteria, and nearshore mixing. On average, total coliform concentrations have
decreased over the past 43 years, although point sources of shoreline contamination (storm drains,
river outlets, and submarine outfalls) continue to cause transiently poor water quality. These
transient point sources typically persist for 5 to 8 years and are modulated by the phase of the
moon, reflecting the influence of tides on the sourcing and transport of poliutants in the coastal
ocean. Indicator bacteria are very sensitive to sunlight; therefore, the time of day when samples are
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collected can influence the outcome of water quality testing. These resulis demonstrate that coastal
water quality is forced by a complex combination of local and external processes and raise questions
about the efficacy of existing marine bathing water monitoring and reporting programs (Boehm, et
al., 2002b). Further analysis led by co-PI Grant reveals that protocols used to decide whether to post
a sign are prone to error. Errors in public notification (referred to here as posting errors) originate
from the variable character of pollutant concentrations in the cocean, the relatively infrequent
sampling schedule adopted by most monitoring programs (daily to weekly), and the intrinsic error
associated with binary advisories in which the public is either warned or not. We derived a
probabilistic framework for estimating posting error rates, which at Huntington Beach range from 0
to 41 percent, and show that relatively high sample-to-sample correlations (> 0.4) are required to
significantly reduce binary advisory posting errors. Public misnotification of coastal water quality can
be reduced by utilizing probabilistic approaches for predicting current coastal water quality, and
adopting analog, instead of binary, warning systems (Kim and Grant, 2004).

Research lead by co-Pl Sobsey an the potential health risks of bathing water contaminated by bird
feces has lead to only preliminary findings. Specifically, Campylobacter and male specific coliphages
were identified in Talbert Marsh bird feces and in marsh surface waters near the marsh. Salmonella
was found only in bird feces samples and not water sampies. Analysis continues {o understand the
relationship between microbes in bird feces and surrounding surface waters, and potential health
impacts.

Research lead by ¢o-PI Keller indicates that stakeholders share diverse opinions about the causes of
beach poilution, the risks to beachgoers, and the responsibility to pay. In the context of a multi-
objective decision meodel, stakeholders disagree on the appropriate weights of objectives. For
example, local businesses heavily weigh economics whereas beachgoers heavily weigh health risks.
Stakeholders also disagree on the severity of pollution problems. For example, environmentalists
believe the probability of an environmental health problem is high when beaches are posted, but
beachgoers do not. Relative to beachgoers’ perceptions of potential health risks, surveys showed a
peer effect: decisions to enter the water at posted beaches were strongly affected by whether or not
others were in the water (Biswas and Keller, 2004; Biswas, et al., 2004).

Conclusions:

The vast majority of FIB loads in runoff from the Talbert Watershed are shed during storms and are
associated with particles that appear to be scoured from the water collection system, including street
gutters, storm pipes, and storm channels. Loads in runoff during dry weather periods account for

roughly 1 percent of the annual runoff load and dissipate within the tidal channels by a combination
of die-off and settling.

L.oads exported from the watershed to the surf zone during dry weather period are deflected along
the shoreline by wave driven currents and can cause exceedances of water contact recreation
standards. Model predictions show the origin of such loads is the scouring by tidal currents of FIB at
the sediment/water interface of tidal channels and Talbert Marsh. FIB at the sediment/water
interface are linked to urban runoff FIB loads during both dry and wet weather periods, bird
droppings, decaying vegetation, and bacterial regrowth. Because intertidal wetlands are to some
extent natural generators of FIB, these results call into question the exclusive use of FIB as the basis
of water contact recreation standards at beaches near the outlet of these water bodies.

Gn the basis of FIB control, the efficacy of dry weather diversions in Talbert Watershed is unclear,
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although diversions presumably serve to mitigate other types of poilution as well. A better
understanding of the cycling of FIB between the water column and sediments is needed to evaluate
the linkages between wet weather and dry weather loads in relation to sediment interactions.
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Bird Droppings Are Blamed for Bacteria
By Stanley Allison June 02, 2001 in print edition B-9

A team of UC Irvine researchers has concluded that waterfowl and other animal droppings
from a saltwater marsh and the Santa Ana River are a significant source of bacteria
contaminating the ocean waters off Huntington Beach.

In a report that will be published in the June 15 issue of Environmental Science and
Technology, the researchers point to inherent flaws in the design of the man-made saltwater
Talbert Marsh.

Stanley Grant, the UCI professor who led the 18-month study of the ocean contamination
problem at Huntington Beach, said water containing fecal bacteria, pesticides, nutrients and
other materials filters through the marsh and then flows into the ocean in about 40 minutes—
which is too fast.

For the marsh to act as a natural cleanser and remove contaminants, the water must spend at
least a week filtering through the wildlife preserve, Grant said.

Even though other sources such as urban runoff from the Santa Ana River may have
contributed to the contamination that resuited in four miles of beach closures for most of the

summer of 1999, the levels of bacteria from the marsh were hundreds of times more than the
state limits, the researchers said.

The team’s conclusions contradict the accepted environmental theory that wetlands purify
contaminated water flowing into the ocean.

The findings suggest that approximately 4.6 million saltwater marshes in the U.S. could be
similarly affected, Grant said.

Mark Gold, a spokesman for the conservation group Heal the Bay, said that finding animal

droppings in a nature preserve is nothing new, and insists that marshes still serve as a cleanser
for other, more hazardous, contaminates.

“It’s not surprising that wetlands are sources of fecal bacteria,” Gold said. “What wetlands are
great at doing is removing nutrients and metals.”

The 25-acre wetlands preserve is on the inland side of Pacific Coast Highway at Brookhurst
Street. Part of the Talbert watershed that encompasses 12 square miles in Huntington Beach
and Fountain Valley, it attracts thousands of migratory birds and other wildlife each year.

The UCI researchers also say that the nearby AES power plant contributes to the shore’s
contamination. The study suggests that partly treated sewage released four miles offshore from

the Orange County Sanitation District treatment plant is being pulled back to the shore by tides
and the plant as it draws water to cool its towers.
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Bacterial Contamination at Huntington Beach, California—
Is It From a Local Offshore Wastewater Qutfall?

During the summers of 1959 and
2000, beaches at Huntington Beach,
California, were repeatedly closed
to swimming because of high bacte-
na Ievels in the surf zone; le itys

The wide sandy beaches at Huntington
Beach, California, just south of Los An-
geles, attract residents and visitors alike.
Typically, more than 5 million people visit
these beaches each summer, helping to
support a regional tourism industry of $80
million annually.

. During the summers of 1999 and
2000, stretches of these beaches had to
be repeatedly closed to swimming or
posted with advisories against swim-
ming, becanse levels of live bacteria in
the surf zone exceeded beach sanitation
standards in the California Health and
Safety Code (Assembly Bill 411, or
ABA411). Because people stayed away
from the beaches, local recreational and
beachfront business communities suf-
fered serious economic losses.

Local agencies conducted a variety
of studies in 1999 and 2000 to try to

4.5, Dapartment of the Interior
15.5. Gaolegical Survey

determine the cause of the beach con-
tamination at Huntington Beach. They
mvestigated known sources of bacteria,
such as broken sewer pipes, outflow from
the Santa Ana River, feces of bird popula-
tions in coastal marshes, and the plume
of treated wastewater from the Orange
County Sapitation District’s (OCSD)
ocean outfall, 4.5 miles {7 km) offshore
at a depth of 200 feet (60 m). The beach
closures were caused by elevated levels
of three categories of bacteria—total co-
liform, fecal coliform, and enterococci.
These bacteria, which live in the digestive
tracts of warm-blooded animals including
humans, are alse found in the treated ef-
fiuent discharged from the OCSD outfall.
Because of this, it was suspected that
coastal ocean processes might be bring-
ing bacteria-rich effluent from the ocean
cutfall to shore.

In most years, more than 5 million peap!e visit the wide sandy beaches at Hun-
tington Beach, Cafffornia. Unfartunately, in recent summers, stretchas of these
beaches had to ba repeatedly posted with advisories against swimming or even
closed {inset}, because levels of live bacteria in the surf zone exceeded State
public-fieaith standards. Thase clasures resulted in serious economic losses to
focal business communitias.

_ To evaluate whether the OCSD out-
fall could be the source for the bacterial
contamination at Huntington Beach, sci-
entists from the U.S. Geological Survey
(USGS) and cooperating organizations

This phote shaws many enterococci bacteria (mag-
nified more than 5,008 times), one type of bacteria
indicative of contamination from feces of humans

or ather warm-biooded animals. High levels of en-
terococci have been rasponsible for many of the
beach closures at Huntington Beach. {Phato courtesy
Centers for Dissase Control and Prevention.}

USGS Fact Sheet 024-03
2003



designed and carried out an extensive
study- Begun in the summer of 2001, this
study focused on the area’s coastal ocean
circulation and fransport pathways.

It was known from the 1999-2000 stud-
ies done by local agencies that the beaches
were most often contaminated during
“spring” tides in the 2-week tidal cycle.
Spring tides occur when the gravitational
pulls of the Moon and Sun reinforce each
other, resulting in the highest high waters
and lowest low waters of this cycle. Ad-
ditionally, previous field observations
angd theoretical modeling indicated that,
in summer, the effluent plume from the
OCSD outfall remains trapped below the
thermocline, & zone of rapid change in
temperature that divides ocean water into
cold dense water below and warmer, less
dense water above. In the ocean off south-
ern California, the thermocline is typically
about 50 to 65 feet {15 to 20 m) below the
sea surface during the summer.

In light of these earlier findings, the
USGS-led study focused on coastal ocean
processes, such as tides, daily sea breezes,
upwelling, and vertical mixing, that could
move significant volumes of bacteria-laden
OCSD plume water from offshore below
the thermocline into the nearshore region

in the summer of 2001, scientists from the U.S.
Geological Survey (UISGS] and caoperating organi-
zations designed and carried out an extensive study
to gvaiuate whather the Orange County Sanitation
District’s (0CSD) eoean outfall could be the source
of bacterial comtamination at Huntington Beach.
This study focused on coastal ocean processes that
could meve significant volumes of bacteria-laden
008D wastewater into the nearshore region and
surf zone during summer months. This map shows
locations of instrument-mooring sites, hydrographic
survey lines, and surf-zone bacteria sampling sta-
tions used in the USGS-led study. At mooring sites,
arrays of instruments, such as the tripod shown
below being lowered to the sea floor; monitored .
current velocity, femperature, safinity, and meteo-
rofogical conditions, Hydrographic surveys used -
arrays of instruments towed or lowered from boats
to measure the spatial distribution of temperature,
salinity, ammonig content, bacterie concentrations,
and other properties of the water cofumn.

and surf zone during summer months. kn the
summer of 2001, scientists deployed a so-
phisticated set of oceanographic instruments
at 12 mooring sites in the coastal ocean off
Huntington Beach and Newport Beach o
monitor current velocity, temperature, and
salinity at selected depths in the water col-
umn every few minutes for 4 months. Other
instruments at these sites collected real-time
meteorological data at the sea surface. Ad-
ditional instruments were deployed in very
shallow water to monitor the transport path-
ways between nearshore waters and the surf
zone, Surf-zone water samples were collect-
ed 5 days a week in the earty moming hours
to measure bacterial levels from Huntington
Beach to Newport Beach.

A complementary hydrographic map-
ping program used arrays of instruments
towed or lowered from boats along 10 tow
Iines and at 40 sites between these lines
and the shore during six surveys centered
around periods of maximum tidal range
{spring tides). The surveys measured the
spatial distribution of temperature, salin-
ity, ammonia content, bacteria concentra-
tions, and other properties of the water
column. These properties were chosen in
part because they could be used to identify
and track the relatively low-salinity and

ammonia-rich effluent from the OCSD
plume. During these surveys, additional
surf-zone samples were collected every
hour at 11 sites along local beaches to pro-
vide additional data to evaluate the spatial
and temporal distribution patterns of bac-
teria from offshore to the surf zone.

Analysis of the data collected in 2001
show that the bacterial beach contamina-
tion at Huntington Beach is closely associ-
ated with both tidal cycles and time of day.
High values of all three categories of fecal
indicator bacteria were found preferen-
tially at times of spring tides. Additionally,
values were high mainly at night, particu-
larly for enterococci. The data show that
bacteria levels in the surf zone decreased
to very low levels during sunlit hours, even
when beaches were closed or posted for
several days. However, previous studies
have shown that the categories of bacteria
found in the OCSD outfall plume can sur-
vive for several days in the deeper, colder
water below the thermocline, where they
are sheitered from vltraviolet light.

When it enters the ocean, the treated
wastewater from the OCSD outfall rises
toward the thermocline, because it is
fresher, warmer, and therefore less dense
than the surrounding ocean water. The




wastewater plume tends to stabilize and
mix with a layer of water that has a tem-
perature of 54 to 57°F (12 to 14°C) and
for the most part is carried out of the area
by alongshore currents. However, data
show that water of that temperature was
intermittently brought nearshore during
July and August 2001. These cold-water
pulses were the result of a combination of
internal tides (tidal-cycle waves on den- -
sity boundaries within the water column,
like the thermocline) and daily circulation
induced by sea breezes. It had been hy-
pothesized that these mechanisms couid
bring wastewater from the QCSD plume
into the proximity of the cooling-water
intake and discharge pipes of the Hun-
tington Beach AES Corporation electrical
powerplant, where plume water could be
sucked up and then be injected by the dis-
charge jet into surface waters. The OCSD
effluent could then easily move into the
surf zone through buoyant spreading,
wind forcing, or other processes. How-
ever, the USGS-led study found no as-
sociation between the timing of nearshore
cold-water pulses and beach closures or
postings on the shoreline adjacent to the
AES facility, which has been a hotspot
for bacterial contamination.
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This diagram shows salinity
variations offshore of Hunting-
torr Beach in early July 2001,
measured along hydrographic
survey lines {sae map). As
shown in this diagram, salin-
ity data from the summer of
2001 clgarly show two distinct
badies of relatively less saline
water--one in deeper waler
offshore associated with the
Orange County Sanitation
Distriet’s (0CSD) wastewater
outfall plume and one in shal-
lawer nearshore waters, The
nearshore less saling water
could be 2 passible source

of the bacterial cantamina-
tion that has caused baach
closures at Huntington Beach.
This water may be coming
from the San Gabriel and Los
Angelas Rivers, to the north,
which parry urban runoffinto
the ocean.



Observations from the USGS-led
stady provide no evidence that the
bacteria found in the QCSD treated-ef-
fluent plume reached any part of the
shoreline at Huntington Beach in signifi-
cant enough quantitiés to cause beach
closures or postings. The data show that
when the beaches have high bacteria
levels, very nearshore water about .25
mile (0.4 km) from the beach also has
measurable bacteria levels, although
much below AB411 standards. However,
there was a spatial gap between this
nearshore contamination and the high
ievels of bacteria measured 2 miles (3.3
km) offshore below the thermocline in
the OCSD outfall plume. The lowest lev-
els of bacteria were consistently found

@ Printad on recycied paper

offshore about 0.5 mile (0.8 km) from
the beach. This spatial gap suggests that
the bacteria from the OCSD outfall are
not the same bacteria that contaminate
the beaches. The bacteria causing the
beach postings and closures at Hunting-
ton Beach are most likely coming from
other sources, such as water from local
storm drains, marshes, or some other as
yet unidentified source.

Salinity data from the summer of
2001 clearly show two distinct bodies
of relatively fresher (less saline) wa-
ter-—one offshore below the thermocline
associated with the OCSD plume and

. one in shallower nearshore waters. This

observation corresponds well to the
spatial gap seen in the bacterial data. Al-

though additional work needs to be done
to identify the source of the nearshore
body of fresher water, it may be coming
from the San Gabriel and Los Angeles
Rivers, to the north, which catry urban
runoff into the ocean.

Beach closures from bacterial contami-
nation continued at Huntington Beach
in the sumumer of 2002. Even though the
data show that the GCSD outfall plume
is almost certainly not the source of that
contamination, OCSD began chlorinat-
ing its wastewater discharge in the fall
of 2002. Samples taken from the OCSD
offshore cutfall plume since then show
low levels of bacteria, often below detec-
tion lirnits. However, periods of bacte-
nial beach contamination at levels above
AB411 standards have occurred at Hun-
tington Beach after OCSD implemented
chlorination, supporting the conclusion
of the USGS-led study that the OCSD
outfall plume is pot the culprit in the

" beach contamination.

USGS and its cooperators are continu-
ing to investigate how bacteria, other con-
tarninants, and seditnents are transported
by coastal ocean processes not only off
Huntington Beach but also in the larger
region off seuthern California. Such re-
search is only part of the USGS efforts to
protect people’s lives and property from
geologic and envirommental hazards in
the coastal zones of the United States.

Jingping Xu, Mariene Noble, Leslie Rosenfeld, John Largier,
Peter Hamiltor, and Burt Jores
Edited by
James W, Hendley IT and Peter H. Stauffer
. Graphic design by
Susan Mayfield and Sare Boore

COOPERATING ORGANIZATIONS

MEC Analytical Systems, nc.
Naval Postgraduate School
Grange County Sanitation District
Scientific Application Intemational Corporation
Seripps Institute of Dzeanography
Univessity of Southern Catifornia

For more information contact:
5. Geof ogical Survey
345 Middlefield Road, Mail Stop 835
Menlo Park, CA 84025
{650) 328-5042
http://walrus.wrusgs.gov/

Sew also USGS Open-File Report 03-62 (http://
geopubs wrusgs.geviopen-file/ol03-62/).
This Fagt Sheet and any updates to it are availzbie anling at:
hitp:/faeopubs wrysgs.govffact-sheet/fs024- 031
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At the outset of this study it was ot cleng what effectil;
Taibert Marsh had on surf zoae water quality-ar Hungp 5,
State and City Beaches. Onvane hand, wetlangs, pasteqt
freshwater wetlands, are nakura! treatment

remove chemical and biological. pellutams fr
and- agnculcural waslewater ahd urban

“and bird feces are a potential § §

‘ mneﬁ‘ can besl‘o

: bm 'Mgrah (Fxsure

reaches ct‘ the Open c;hannels d
and & brad@xsh mixture ot’ acea

e_tr?ng et’é&amage
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thelowérreaches of the Tulbert Watsrshgd o:pitthp tupoff
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Measurements.were carried out for 15 days stactingon Ma&r
2,2000. Duringibe 15 daystudy, punop statiens gl
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ptinp s{atlons were-gffiing; runoff at Wil TOrTi;
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&(aubr'xs'fhat was finoff ..., not pesan water] as fﬁl}ows

) measme& conduitivity of samples fron the pitmp-stationis.

. rwhera F{1) represents the fraction. 6f Ereshwaten eomputed |
Y styingen-] 1o.the condustiviy 51gnaj teasuged at the 4 73
ration and Q{f.s:the volumetyic flow.tate aithe PCH -

AN TR

R A NI

e R

ryas then used to compute hourly average values of the
Slurmetric lowrate atboth the Brookhurst and PCHStations
the study period. Water temperature atthe two sites
was fecorded byasonde (YSL Yellow Springs; OH) positioned
5 That the probe was located approximately 5 em-above the
sediment bed (Figure 1B). 3
The fow of urban runoff into the upstrea réaches of the
’raibert and Fountain Valley channels was toolow toiméasuge
usingacoustit Dopplertechnology. Consequently. low rates
b the 'faJBen and Founain Valley Stations were estimated
birrecording the time 10 different pieces ofsubmerged debris
toak: o trave! a'fixed distance. Volumelric flow rates were
ghess obtained by multiplying this average velogity by the
estimatéd €ross sectivnal area of the llowing water.
“No-witer was discharged from the pump statioiiforebays
durifig tie ArstB.days of the Marsh and Surf ZoneStudies.
The valume of waterdischarged during thelast 7. daysofthe
Stedywasestimated from City of Huntington Beach.records
o[’m votumes diverted into-the sanitazy-sewerduring the -
“First 8 ddys of the study. The conductivity offorebay water
atsgveral putripstations was elevdted (3¢ mSfomj, reflécting
the fact that some fracnon of the fm:ebay waler 1s gicean '

=] = {C~ GGy — G (1

wwhere €, and Cg are the conductivity of ogean water and
sunoffitakenas 535 and 3mSvcm, respecuve[y) and:Cisthe

fhe voiume of mnﬂff entmgthe chan nel' etwerk

SrOQu: L@

rcpmputed using the calibrated hydrodynaimicisder:
avgY. The infegral wias taken sepatately over thefivst
nd last 7 days-of tie study. o

Measirzments. At both the Brogkhiussy'Stationand |

1 stirface and bottom, of thi-walter solimp G

.. Nei ;aska} {Flguze IB) Siirface samples were. ehtaiged by
. drawing water oéer the lip of an agrylic” bagthat was.
. subme:gedappmnmatel\r L ey below mwa‘gersurface atid:

S wé?re dmwn thros
o cmabovemesedimentbedbyagole areachey fo:the bridge..
oo olitain en average measute .of water.quatity,over each. | @
haup-]ongsamphng-imewa}, the 'mtamated samplers were -

- pregrammed to-colli

é’ﬁ@ Station, HOULY Water, samplesywex

mablésdmpling units.(fscomodels: 3700 and 6700; & pto‘ln,

] ; uréiB): Bdktomsatnples.
ol & strginer suspended ap' oxmately 5

f 200:mL of water every 15.minfor a.-
tc:zﬂsamglmg 0£800 mL perbottlepechout. Semple .
Hartles ¢ ' 6f 2 disposable plasticliner (fs
sample gs} supporzed byaPIasnc cage (Isco 2

Amy s i tanerr Disfnct fPuintain Valtey, €A .
ik was xmmedlately anaiyzed for Eﬁ’,‘ir usmg‘

'Ta}

o "‘thse desembe& above: for the‘ Matsh Smdy For ihe

‘ ak_”‘ :

in'a 87 well Quanti-tray format), pH. turbidity, and con-

ductmw {temperature-corrzcted 10.20 *C}. A totdl of 1416

samp!es were collected using the automated samplers,
Automated samplers were emiployed here hecaitse they
alléwedé to-calléct hourly water sam ples ina reproducible

- manngr {from precisely the same locations in the water

column, 24 b per day, 7 days per week. One potential
disadvantage-of the automated systems is that the lublng
and samplmg system (e.g, swrainers) are not s&ermzed
befween sainpling events, so there is a possibitity that saniple-
16t sarnplecrOSS contammanonmxgh{ occur, A recent study
of sources of £ ¢oli in an estuarine system ia Florida (26)
found that automated samplers did not cause significant
CEOSS~ contammatlon when a purge step was executed
bé:ween samiling events, as was done here.

- SolarRadiation, To assess possible relativnships betwzen

' sun[;ghnand bactenal levels in.the marsh. hourlymeasure-

1y pe:&od*mmg a thermnapile ragionieter (K;pp & Zocen,

- CHI3 Theririapile Radiometer, Netherlands)located at the

San ] gum Nearsh. which is 1ppr0mmaie]y5 km westof the

i y ; UL tU qucumzv the
f.EN’i’ {: m"the 'I’albert marsh andéwatershed oo
. water qual:ty at Hunung;cu State Beach. The

‘ methods employed for this elément of thasmdv arédescribed

Study. During ebb tides, water fiom the Taibert
fied Hows irto the drainage channels (Muatington
Falbert, and Fountain Valiey), threugh the Talbeir
: ,an(iinm 1e oceatt. To determninehiow ebi Bow from

i z;zsh—and watershedipergcts W'Lth she surfzene,

ngs C Foreia) v was added fora appr 'umately 50 qila
fraar:tte Talbert’ Marsh dysing an:

swbation of the dye was reterded at'a. senes of
't refodse: By al faur chagne] radmrrxeten fDMSV MK 1

SusfiZone Stdy, foutly grab samples. (total volume af
A mx}mateiy 1[.) weae collacfed 113 stenle Na.igene bottles

: 'mumple tube: ferfn tar,lon (VITF}

B To.characierize eross-&hore vasiability
signal; ',game Sampieswerecaiiaqtedﬁam ankie
“gHch ita __rrf}k tetar of*ZGEI
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margin of the marsh, These camerés wara postt\g)ned)samaf,
together, they provided a complete picture: ‘of the upland, -

Bird Feces. To assess the amount of ENT present in bird
feces. bird feces were callected, along with any attacked
sediment frorn mud flats, in the Talbert Marsh where birds
congregate. The nawreof the feces (wet or diy]-was noted
at 1he time of collection. Sediment that appear%d ‘to contain
no bird foces was also callected 8 determine backgreund
levels of ENT. The sediment and feces samples were weighed
and placed in acid washed Nalgene bottles with 500 mL of
marsh water. The suspensions weére shakén vigorously to
disperse the-feces and sediment and then allowed to settie
for 15 min. Depending on the experiment, between 0.1 and
16 wL of superpatant was Lested for ENT using the Eniecolert
protocol deseribed in the Marsh Siudy. Corittol experiments
were conducted to nile our the possibility that chemicals
present in the feces and/or sediment night interfere with
the Enterolert system. Speczﬂcaﬂy, Enterolert analyses were
ca nduc'ed on autoclaved suspensions ofsedimént and bitd
feces

Bird Census, To quanify :he inpuraf BNT1 intathe magsh. -

From birds, a bird census was carried out as fallows, Digital
cameras [}\odak Model DC—"SO Rechester Neonrk) were

wetland. and open water habital areas. images were shat

- hourly at a resolurion of 2240 x 1500 pixelsin: 956 cutors 24
h-per day. over the sathe period of time whensamples were -

béing collected inthe massh and.in the surfZone gMay 2-—16
20003, The jmages were uploaded 10 a deskiop
dieywere: analyz.edmmﬁdobe Photoéhop (fdeb
Californifa). The birds in each image “wef

manuaily to obrain an astimatefor the eotal: nurhbér eEbirds

prasent in the marsh each hour of the 2-week study.
Urban.Runoff. To characterize the cenc&n!ranon oFENT
in urbat rmnoff, dally grab sampiés were coﬂﬂcf,ed &om all
1T pigp stations in.the Talbert Watersited -and from the
upsicear réaches of the watershed at the Talbert &hd
Fountaip Valiey.Channel Stations.{Elgure 14) Rtmo
plingocturred.over the same period.of tim
and SurfZone Studies were carried out {May 3 2
Prior to: sampi:ng the pitmp station foreba
forebay was mixed by cyelinig the stition:
Sterile Nalgene botdeswere lowered inta-(H

dE

using the: Entemleﬁ 'pmtocof desmbed in: the Marshsm o

Sed‘smexzt and Vegetaaan To assess Hhefevels

presentin sediments; cotes were: ‘eollecied from: the: marsh :

and, surf zode-with 2 Brapdford 5024 Bpbirmaric Vibeator |

(Brandford Go.,, New Britain, CD outﬁﬂed withia 3.52 m- |-
" B

batrel (00D 4.4 cm) and Burzate plastic. lin MS-
Amencan Falls, [D3. Each ©Ore Was cuf-init ch,;ee i5 em

segmenits which were sealed at che ends with Teflon Yined.

caps.and transported o, Sierra Laboratotigs; Ine. (La
Hills, CA} for bacteria) analysis. Uponarrivalat

d'samples were callected: frq;n tha
_ ble plastic bags, and C ]
Labora!‘ones Inic. Upyon, azrivel at theflab 90 of\k:g

g fon. |-
was placéd'in « sterfle containier towhich 450 ML cEPBSWhs |

added. The solution was shaken vigorously and alfowed to
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forebays, and approximately LL of waler wag cal]ectedhﬁva- 4 -shg
_ l:mn mL_ i ApI, ot‘nmoffat the'l‘aibm:t

aldtthelaboritory, | aff
50 gpf ach core section was: suspended:maﬁﬁ i 6F

serdlefor 16 minand then reshaken. A 100 mL sample of the
supernatant was analyzed for ENT using the MTF method
described in the Surf Zone Study.

Resuits and Discassion

Marsh Study: Dynam;cs Theé Tafbert Marsh is « highly
d;rmmlcsy\slem primarily becausethe flow ofwater through
the marsh is domindted by the tides (Figure 2). Because
Southérn California bas semidiurnal unequal tides (29, 30),
there are four different tidat exerema each day including high~
high. low~high, high—low, and low--low tide levels. Fur-
thermmore, the tide range, which is the difference between
the high~—high and low-low levels, oscillates over a 14—15
day period. The Marsh and Surf-Zone Studies were caried
out overa 15 day petiod thrat began shortly beforesa-spring
tide when the tide rafige is mayimal, passed-througha neap
. tide whgn the tide range i$ minimel; arid reétirped back w
X dSpL‘:\ng ﬁdﬁagzun Fhie fourdally; sitle stages and ¢he spring-
neEIpSpring. ‘wansitign- are ‘evident ify the water Jevels
measured Aithe Brookhurst and BCH Stations (top.panel in

and PCH Stamms inc:ease as warer ﬁows Erém 'the ocean.
through the marsh, and inland a!gng the chaniel nenwork.
During ebb tides{indicated by positive. 'mas} the water
Jevelgat the two stdtions decrease as water'ﬂcw.s olif of the
chazme

measured at the-Braokhurst and PEH Statiors {E’_ ifth-panel)

dsh mmure af ecean‘watel:

3. -
) ﬁnglﬁ?Sa&‘iple and geomefn
£10 M?N/mamand?am i
B

i jetwork; through the marsh; and.dnto.the gcean,., .-
- Whew-ebb iés-acour during daylight: halgs, solanheéafig
of Walee ﬂowmg ‘out.of the channgl :nétwork callsdsa .-

sipnifigant.iniereasedn-the temperatute of thesinarsh water: -
Lcompare. first, thizd, and fousth janelsh. The sauductivity: -

. co:respcnds 40 pUre arean - wa;ev.:, durng food 5 esajss 5_

O TN

-panef Flgura Zisaplatofthe rorai tmmb_er of

ited the FalbertMarshoduring theconde.of our
followed. 4 Qally-rquyne ' which: Their
a0t low - in thexmoraingipedked in the
;. and fapéred offin the- evening-Culls and:Blegant
-t&d-ﬂ;ﬂma;qmy (Ba% YAt b\rgjs visible in:ghe:

‘ehb f g(
e T h"EN‘!I‘"e!a‘ia‘“mto T gréups‘base g
samples were collected during ebb tides (F}gure SA;B} or
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refsreiced 1onfeainses level. Positivé and: nefative vélneities: cnrrcspnnd to shoreward and !audWard flow, tespectively Tha gras; \femcal ’

stnpes,reprasem right-fime ‘conditions.
fioad tldes (F;gurea(),m These darawere mm;ersegregated

fest8days Gfthe study (when the pumpstanoﬁ

cases, water enfers the marsh bélow the geametric-niean
standardfor ENT (36 MPN/100.mL; dashedlinedrithe figure)
and ems the marsh in exceedence of mest&mdard. In seVeral

witer culumn are higher than the BNT eOnsent'rauons
meagired at the bowoni of the water: colturm
) ’i‘he idsa .that the marsh is a net satm:e Gf EN"I‘ :s a.[so_ .

‘een :he ENE concentraugn
n'&zdPéﬁeSxamms (SENT ) O
h

{rmeats.

B MENFIO0 mL. Acdirect dottipasisort of the BN concetitra-

tons:afthe Brookhurst and PCH:Stations Is validoidy ffthe |
tesidenss titié ofwater in the marsh islessthar oursampling- -

" demonistrites: rhat ‘the Tatbert M’u:sh fs a net source of ENT

- “With-thie- exception of two Hood-tide -

= 2297 27 MENFT00: mi and.laghé‘;:«éﬂfhé
: '-Bm@iﬁmamfanon duﬁﬁgﬂbcé Hapsimeats NENT <27 %

" interval of ¥ h This condition appears'to be satisfied baséd,

om.a dye study cofidticted onvthe morning 6f May'18, 2000,

whiclifound thiat the tesidénce firme of water in the macsh
dulring a veak spring tide i Tess than €0 min (27);

" SurfZogeStudy: Dye! Expemment The above analysis

fmpad-su‘ o watér q\m!:fy To cllaractenze howd}b ﬂow
frgen-thie “Talbeft Marsh interacts with the ocear, a set

bya momentum‘ ;et located’at the moth of :he mz:rsh The
poitiof of the dye-entrained in-the surf zotié on'Nidy 1 was
- ddvected irtan. .upeoastdirection because, on thatday. otean
waves with dverage significant leights of 0.7 6i were Frigm,
the south (31}, During the second release an May'10, oc2an
waves With szgmf‘ cant heights of 1.4 m were fom the west,
“portion of the d‘ye entrained in the surf zohe was
ed rapidiy (013 mis) in a down'coast directiol (data
iwi). Hehice, witer flowing out of themarshi
Bhsideyisn impteésurf-zoneqvater qadity et Eim
‘ " -

" Gpeodd rec{lﬁbfw?ntéreslmglv wévetend“tmns‘ i}
- those  dbsérved ‘dusing the My 1 experiment were 4
‘présestduringithe suminer-of 1999 when large stratchies:

Hummgton State and City Beachies were cIosad torthe pub’lxq
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dusinglalling {klue bacKground}:and rising: {wmle’hackgmundi tides: Fhie ¢ Stationsare dlsplayedgfmm nnnh {1efry's
“FOH, dad 0 [see map InFigure 1) At oach ' sh
WK % respectivelyl. Eortie surf zgne's
site)-onfy a5

iitfata saniple.was-anaiyzed. ‘THe Sy
“stangardslor ENT 135 MPNATE ML,

as “wk.1" and “wk 2", respectively}, whethr the samples | appear 16 be ‘met hased on the resuits
weré collected at ankle or waist depth, and ‘whiethér the | destribed above. Based on wave uzi

samples were collected duting rising or falling tides, As | HuntingtonBeach duringthe 15 daysm
described in inore detajl in the Méthods and Materials Hew in the surf zone was du’ected in aw up
section, all of the ENT data ploted in'Figure 5 were obtained
by pesforrhing MTF analysis on grab samples. while the BNT

?I?;z data collected for the Marsh Swudy wWere obtained by
perfg‘amnng an Eiterolert analysis-en siin pIes'collécredW th

" dral” durmg ebb tides. the- geomemc nean of ENT 3
egtinatedrusing the Enteroléit/ automated sampling systein ruriof gerierated by the'[‘alberrWate
: '1aapprammate,ly60 MPR 100 L, compratedite 30.MPIN/ 100 wasfrcmdryweathersources,mclud
nL usmgM’fEigrab samples. ENT values estiiated by the :
two .apgraaches are weakly correjatéd. {r& 0.5), but the
‘magnitudeiofthe ENT values estitwated-by-the MTEigrab
sample method .Appear.io be lower Thig différence could
arise dueto diff sinthes 3 techihique employed.
i y ratert)-ar ampﬂng me;hodulagy- !

and a,nalyzed using fhe same procedure iy
sampies), we. can. dsrecz:ly compare the ENT slgnal leaviog
jarsh bb £ ;

) suri‘zon sstations (Rigore 5) were eithisr dng

€ s : Station * the purnp stations went fromzofﬂme 10 orﬁme

excep s me sampies | slightly.

colie edzu:wax depzhaze shghtky,!awe:e ggéomeulc. There are several posslbte £easens” why*the dzscﬂangevef
. S 3 ENT

. frothoe patt.lctzfat ping- Stati 2
: e siilecytle de
fey i -the’dﬁc“rla

it ety
Lempdr&él?‘itﬁpp.,‘ ;-
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TABLE 1, Ilua!m,r of Water mat Emers the Channet Retwork from Either Unr.a:mailed Sources-of Ranaff {Talbert (T} and ¥~cuntam .

unj
Valley (F.V.): Cliannels} or from Pigmp Stations (p.5.)" + at
ENT {x10°} : uni
. Lo ' — s b ral
" source conduct. [mS/om} pHd wrbidity INTU] gaometic meen IMPN/100 ml} mean [MPNAME mi} E an
Adams p.s.’ 4.5 (1.3} 79{>0.3) - 1W0.Z2(x5.1) 1.6 {(+1.7/-0.8)} 3.8(x6.0) - i N res
Atlaatas p.s. 32.3{£6.9) 7.3 (£0.3) 221 (+4.8) 1.6-{+H0.75/-0.51} 2.0 (ﬁ-.1..3) ‘.
B-anr'iiﬁg@.s. 36.3 {43.8) 7.4 {£0.3} 8:3 {£2.0} 0.7 {(+0.7/-0.3} 1.8{%32) l an
OC Adams p.s. 3.0120.8) 7602 247 11 2.87 (+2.8/-1.4) 5.2 (6.1} i th
Flounder p.s. 35 (32,4} 7.4(£0:4)  13.24213.8) 1.9 (+6.1/~1.5) 125 (£77) he
Indianapotis p.s. 1.1 {219 7.6 (0.4} 11.5{£5.3) 0.023 (+0.06/-0.02}} 0.012 (2002 .
Yorkown p.s. . 8.0 (=26} 7.4 (0.4} 27.2(£9.9) 2.2 (+5.3/-1.6 ST (214 :
Newlarid 5. 19,7 {::4.8) 7.54:0.8! 16.4 (£4.9) 1.2 {+1.1/-0.8) 2.1 (32.4)
F.\. channsl 3.1 1+4.8) 9.0 {+0.5} 2.7 (0.8} 3.5(+2.0/-1.3) 5.2{£6.3} ‘
T. chasmel 2.5 [£4.9) 8.8 (+0.5) 3.22 (2.0} 0.5 (+0.4/-0.2)} 0.9 {11 b Th
- Standard deviations and 5% conhdence intacvals are given in parenlhases for mean and fQeomelric mean \alues, respactively. 35
J | N (s
in the channel network due to the tidally driven oséillazion o ; hy
of water flow in the drainage channels, B . i in
. it teg;sating the conduct:wty depressmns evideént in gg k . - " dI
] b ptiickls na [viaIera LS ESt!Inat& Lha[’fhe ot __'?0 - E : : : -h‘i .
Volume of rynoff ﬂaw:ng into the ocesn af the FCH Station ,-% . o
during the fivst 8 days and fast 7 days was 3000 10 and-4000 A ~th
i, respedtively. Furthermore, wé éstimae the. amount of g e
fow . -entering the upper reaches of ‘the. channels'at the gL
Fourpifain, Vaﬂe}r and Talbert Stations oibe appromma&ely e 1
8000 m? (frst 8 days) and 7060 m® {last 7 days), and we Core Bopth {am) fe
estiftate the amoune of rinoff discharged froppumpstations FIGURE 6, vertical distiibution of ENT in macsh.sedi i ent d
the iast 7 ays ofths study to be-16 400 b, Hence, the neét tro -.re?:;se?tn%% g;m,deme rvals, Thé’ nurq,s_ r ofco > d
inflowandqutfiow of funoffroughly balance duting the fitst | yspd1s cafculate the gésieiic meafvvalies are Tnilcated: 1
B days (Buﬁt}andsdi}ﬂ o3, respectively). while theé netinflow |/ : - 8%
and ontfiow of runolf do not balance during the last 7 days ; - 3
growth of-certain straifis of ENT in New éea[and and d
{'72 000 and 4080 m?, respectively). These volume estimpates | u; appateritly & ki H
‘Stipportthe conglysion.thatche majority of the pumprstatibn estugrine sediments can.appaiently suppor the growhof "

EN‘I‘ in trépical 5 serihgs such:as Hawaij. -2gd Gu.am (21, 221,
Wiater dzscharged fn theast 7 days of the'stidy was ttapped . altmauch tl?e:‘é afe no%um _shed reports ofthis.occumingin
in the channel network., JInportantly, the 7000 m® per week ' | 'Medlte o California,
of ingl coritin tously enreting the c[ram;ge channe!s [mm ’ Bmi ?ecesaBud feces atersignificans, :
m,arsh, E:E}Mronmen‘t. Th s conchision. -
da bymeasuring.tie ENT levels in the following:
; ane, . (2} 509 L of marsh ‘water after
¥ F0 g.of marsk sediment,. ahd (3}
fter; addfion of appraxiriaiely. ¥
iniing b)rd feges that.

T Hnd 'e‘re]atweiy !ong‘xeszdencenme (~1 weelx}ef runoff
in the draifiage channiels may limit the dowmstreant intpact
ofu;B off {F3~35). The fate and transpormf bacterial

j ge: systerr! ar Hunﬂngton Beach is3

Sedifent zszegetation ‘s"ecﬁmem: 1 &
S colacied 5o Hay 2210 Tune 5, 2000 aloné a set é\?;‘i i&ﬁfﬁfﬁfﬁ;ﬁr “‘,ﬁﬁ
oft;ansects {dotred-lines in Figute LAY located both in the: | - :rhné feces thatwée wet af the
‘zone. ENT levels In the sedimient tores dre tme R Rsranved fron 9050.
r:ons;stemmzﬁthema:sh beingasigritficant sousce ofthese 04 TG et . m
-hactests, Nineteen percent of sediment samplés from the
maishy{n =96) were positive for ENT. comipacedte 2% ofthe |-
sedip nt:samples fom the suf Zone {z = 121}, A fotal of |
) £ t,?e suif?%ce sediment-samples in the. marsh were
‘gositive Tor ENT. Vertical profiles. of ENT the-matsh oo
' Scélmemmdlmm that the bacteria are cencemmxed inthe 68 mzdzfiegez’v;gﬁl 58 ; :0: ‘; gé,;: } Séwif b
{6 T eifrof thé“cores {Figure 6}. The largest cqncantranon Tespeds Express these geome 4 mﬁ )
GfED he sediment cores {50 000 MBN/00 g} was from - dfgcf: refvai o geametric means and-confi
.asﬁxﬁac,e sample <collected from the nereﬁaast cﬁmer Qf the

ining foces th twere -di¥ atthe.
P i ENT- cox).cemmuons ra:tgmgfrom o
1 920 Mi!?l\’l[ @mL (n = 10). The geomatric mean and
ELITAI; thieERETT Ingasuted ingmarsh water

ey e A bt n T s i g o
CHRTIALN R i Ay et N Tl e A L~ o]

& on a-per feces basis, we obrain §,9 x 105+
% 10‘-‘ 311!1'3,4 X, I{f' + 1g % HRA38 % 103

£ 1ging from 810450 m:mwm:)

;:m an ufzz% MBNI1H0: B T crealso -
m; The'fact il

hd vegetanan are: enriched-in %Tsnggeststhac

argariSmis are surviving, and perhagsever growing in A

the marsh savironment. Marine vegetation supporis the G= C°“‘Q°“‘ B i“Qiﬂ &

AUST e perfenned a §xmple
: ,u!a.tian asTolloivs; -
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Here Gis the rate of generation of bacteria in the marsh with
tanits Of [MPNITY, Caw and Gy are the condentrations of ENT-
at the vutlet and inlet of Talbext Marsh, respectively, with
Units of [MPN/L3, and Qou and Q, are’ e volumetric flow
rates of water at zhe outlet and inlet of Talbert Marsh with
usilts [L¥/T), where L and T represent Iennth and time scales,
respectively.

During ebb tides. in-situ measurements of Bow velogity -
and water clevation at Brookhurst and PCH Stations indicate
that the flow in and out of Talbert Marsh rouglily balance so
that Gour = Qm and eq 3 simplifies as follows:

G= QA 4
The parameter AC Is the increase in ENT measured in water
ag it flows through Taibert Marsh.

Using average ebb tide values-of AC = 29 MPN/i00 mk

(5pe Figure 3B) and Q = 837 m’/s from the calibsated |

1fdrodynamic model, we estimate 3 generation rate for ENT

in the marsh-to be G = 10" MPN/h. Assuming each bird
dropping has 10° MPNffeces (the geometzsic-mean for wet

- bird feces), then 10%wer feces! hwould be needed to decsiing

fpt-the gstimated generation rate. Our bird cénsus diéares

*

correspends 1o a deposition rate of more-thap 1 feces Per
bird every six minutes. I instead we use the maxdimum
nurabier ofENT Liberated from the wet bird feces (E08 MPN/

feces and the average number ofbirds presentin themarsh |

doring the day (228 bitds), the depoesition rdite required
decteases to approvitnately 1 feces per bird &véry 3 h. This

lateer' deposition fate is comparabletd rates abservedtfor the g

‘samé bird: SpEClSS in captivity, typically one deopping every
3t (persomalcommunisation, J. Paviat, Wildife Caie Fatility,
“Huntingron Beach, CA).

. The above amalysis does not consider the porential
contrBions of dlder, diied, bird feces, which wete also
‘found to-contain significant levels of ENT. Fortdons ‘of the
wud-ATats i Talbert Marsh fnay reTnain expased over niany
tide cytles, allowing theqizantity of bird fecas di
16 nitrease: Diifinga sptingtide, when’high
high: tidgs otcur, these older feces mzwbecome suspended
in thé:Trarsh water and dlereby idorease tigconcerrration
ofE‘N’?m the walter cojumnn. TIis ideaiy-consistent with the
atthehighestleve] of ENT- recoiBied axthe Brbgkhrsty

-and"PCH Stations scuurfed durisg spring tides when e

uﬁﬂats are mpst likély. 16 be' washed

_ trcfal acemn (see

. andithe residence time of water is:
: the ﬂov, \aelecmes in- the Ta}bert
T ihat, atmost, 1U° birds are present 1 The THaTsh, WoiCh ]

* This work was supported by agrant fromth ;

hian average-::

marsh ouller, the marsh is probably not the only souree of
ENT at Huntington State and City.Beaches. Dusing the
sumnimers of 1938 and 2000, for-examptle; syrf zene: station
9N {see Figure 1}'was frequenty: posted ot ‘closed ftotalof .
70 days) due to elévated levels of ENT, even duting pericds
of time when the concentration of ENT at stations fiéar the

- Taibert Marsh gutietwere relatively law (3). Given thisspatiai

distribution of ENT, it is unlikely that the bacteria at 9N are
coming solely from the Talbert Marsh, and their exact source

- s @ matter of ‘ongoing investigition. Indeed, we anticipate.

that thre irnpact of marsh efftuent oo-surf zone water quality
will be relazively localized. giveni the factor two dilution that

. gocuss as the nyarsh water mixes-into the su:f Zone, and the

fact thay ENT die-off in oceqit ‘water {3, 35
Based on the results presented in this paper. there may
be a tradeoif between the reftoration of &oaseal wetlands
anid compliance with masite water contact stagndaids. This
tradeoff could be ameliorated by speszﬁcaiI_L “desigring:
wetlands to. remove bactetia from fhe waxe cols.rmn T@r

most efﬁczenﬂy when the f]owve’[am {

: and xeponmg Gf c’oasta! water quélity{_ : '
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