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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. Previous work has shown that notification errors 
occur often because RS vary more quickly than monitoring 
results can be obtained (typically 24 h). Rapid detection 
technologies (such as quantitative polymerase chain reaction) 
that allow FIB quantification in hours have been suggested 
as a solution to notification errors. In the present study, I explore 
variability of enterococci (ENT) over time scales less than a 
day that might affect interpretation of RB 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 
quiescent bay. ENT vary with solar and tidal cycles. as has 
been observed in previous studies. Over short time scales, ENT 
are extremely variable in each environment even the quiescent 
bay. Changes in ENT concentrations between consecutive 
samples (1 or 10 min apart) greater than the single-sample 
standard (l04most probable number per 100 mLi 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 1/1 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 epidemiology 
studies. are cautioned that a single sample of water reveals 
little about the true water quality at a beach. Multiple samples 
must be taken to gain a snapshot into the patchy structure 
of microbial water quality and associated human health risk. 
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Introductian 
The United States Clean Water Act and BEACH Act require 
coastal states to monitor recreational waters forfeea! indicator 
bacteria (FIB) to 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, 98% 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)1l00 mL (6). 

United States Environmental ProtectionAgency approved 
methods to measure FIB require an 18-96 h incubation 
period as they are 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-eompliance 
beaches remain open duringtbe 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 (la, 11). Transitioning 
to rapid methods has been proposed as a 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 test result can be obtained, a single 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 (I2, 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 an hour 
in a turbulent surf zone and attributed this to rip ceU mixing 
(14). In this case, variation did not appear [0 be predictable. 
More work is needed to examine FIB variability at short time 
scales (less than an hour) at diverse beach environments to 
determine if short-period variability is present along all 
coastlines or only present in turbulent surf zones. Such 
extreme variability could have profound influence on the 
policy outcomes (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 biological 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 srudies found that parameter variability, or "patchi-
ness", is not confined to a set of frequencies, nor did they 
find that the variability is random (ie., 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 (E) with frequency (jj (16). The power 
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TABLE 1. OescriJlioI. af Experimeots I.eluded il lIIe Stilly (he,. is lIIe Fre,lelCy at W.ich Sam, ... Were Collected darilg 
lIIe u,erimeots: .... ildiog" I.dicate. l1li1 lIIe Waves Ilcreased fram I 101m ove, tile Course of tile Ex,erimell) 

site location start end freq. ~1/minl tide range (m) breaker height (m) 

HSB02 Huntington Beach 411210216:00 411310210:00 0.1 1.4 1 
LPS05 Lovers Point, South 10/22105 11 :00 10/23/05 9:00 0.1 1.5 0-1 (building) 
LPS07 Lovers Point, South 213/07 11:00 214107 11 :00 0.1 1.7 0 
LPN07 Lovers Point, North 213107 11:00 214107 11 :00 0.1 1.7 0 
LPmin Lovers Point. South 10/23105 2:00 10/23/05 3:00 1 0.2 1 

law~exponent /3 in E(/J---jIJ can be related to the fractal 
dimension D as follows: D = 2 - O.S(fi - I} where D varies 
between 1 and 2 (16). Dandj3 are useful for describing how 
energy in a time 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., variation in 
growth and grazing rates) processes (15, 18). If f3 = 0, the 
signal in the time domain is referred to as white noise because 
E(fJ 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 {3 = 1, the signal is 
fractal and classified as Ilfnoise 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(fJ and fare related, the 
signal in the time domain is considered structured. When 
turbulent velocities are responsible for advecting a passive 
scalar, {3 = 5/3 as described by Kolmogorov {I5}. 

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. I report five 
new ENT data sets, collected at 10 and 1 min periodicities. 
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 surf zone). In addition, I examine howvariation 
at different time scales or frequencies contributes to the 
overall ENT signal using Fourier analysis. In particular. I 
examine if high frequency variability is random or fractal in 
nature. The implications ofthe results for monitoring beaches 
for ENT and human health risk are discussed. 

Materials lid Metllods 
Enterococci (ENT) are the focus of this study because they 
correlate best to human health outcomes in marine waters 
(5). ENT concentrations were measured every 10 min for 
18 h at Huntington State Beach (HSB, 33°38' N. 11 ;058' W) 
in 2002, and every 10 min for 22 and 24 h in 2005 and 2007, 
respectively, at Lovers Point, CA (LF, 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 location, 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 expetiment, tide 
level and range were obtained from XTide (http://www. 
fiaterco.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 
a well-developed surf zone, and during HSB02 breakers were 
1 m high. During 2005 and 2007, samples were collected at 
LP. which is sheltered from waves under the majority of 
conditions except during long-period northwest (NW) swell. 
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During 2005. J sampled LP at a single location on the beach 
once every 10 and I min. as described above (hereafter 
referred to as LPS05 and LPmin for 10 and I min period 
experiments. respectively, Table 1). The experiments began 
under quiescent 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 atLP, I coUected samples 
at two locations on the beach, approximately 50 m apart 
(sites Nand 5) (hereafter referred to as LPN07 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 fOT 1 h at LP (LPmin) 
during which the water level barely changed. 

Fifty mL of water was collected in stenle containers and 
immediately stored on ice and analyzed within an hour of 
coUeetion. 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-well fonnat (lDEXX, Westbrook, ME). 
An interlaboratory 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 to perfonn well in the 
present study. Ten mL of well-mixed sample water and 
reagent were dispensed into 90 mL of Buttemelds buffer. 
This allowed detection of ENT between 10 and 24192 most 
probable number (MPN) 11 00 mL Concentrations and 95% 
confidence intervals were detennined from MPN tables. The 
95% confidence intervals represent a measure of the method 
uncertainty. For data analysis purposes, ENT concentrations 
below the lower limit of detection (10 MPN/I00 mL) were 
assigned a value of 5 MPN 1100 mL. 

Data were analyzed using SPSS v.II (SPSS) and Matlab 
v7.0.4 (Mathworks). Kruskal-Wallis tests were used to 
compare ENT concentrations measured between sites or 
conditions. FollowingWhitman 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 (x) given the standard deviation 
(s) was calculated as n = (sICVX)"l . 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 detennine whether spectral densities decayed as 
power laws with frequency and were thus fractal, spectral 
density estimates were averaged within equal logarithmically 
spaced intervals fonowing Lovejoy et al. (15). Linear regres­
sions were applied to determine power -law exponents {3 and 
their 95% confidence intervals. This approach assumes that 
a single fractal dimension can be used to describe data (16). 

Results 
Ten Minute Time Series. Time series of ENT measured once 
every 10 min are illustrated in Figure I along with tide level 
(HSB02, LPSOS, LPS07, LPN07). High frequency variability is 
evident that cannot be explained by measurement uncer-
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AGURE 1. ENT time series analyzed in the present study. Shaded areas represent 95% confidence intervals about each measurement 
as determined from MPH tables, black lile is measured ENT. Heavy black line is tide level (shown on right axes). The code in the 
upper right comer describes the location and time of experiments (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 detennined by the MPN tables and ranged 
from 37 to 311 MPNllOO mL (Figures SI 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 LPN07 and LPS05 which are 
similar (p> 0.05) (Figure 2). The highestENT concentrations 
were measured at site LPS07, followed by LPN07 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 diurnal patterns: ENT con~ 
centrations are Significantly higher at night compared to the 
day (p < 0.05). This supports repons of the sunlight 
inactivation of indicator organisms in natural waters (25). 
All sites show significant variation with tide. ENT concentra­
tions at LP sites (LPS05, 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 
flood tides (p < 0.05). These results are in agreement with 
previous reports of semidiurnal variation of ENT at these 
beaches and are likely due to tidal modulation ofENT sources 
(26,27). 

The average change in ENT concentration between 
consecutive samples during the experiments ranges from 26 
(HSB02) to 45 (LPS07) MPNIIOO mL per 10 min (Table 2). 
The maximum change in ENT concentration between 
samples is 345 MPN 11 00 mL per 10 min measured at LPS05. 
At an sites, the maximum change in ENT concentration 
between consecutive samples is greater than the California 
single-sample ENT standard of 104 MPN 1100 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/IOO 
mL is assigned as the lower limit of detection and thus may 
be an artifact of our detection limit. 

The difference between ENT concentrations measured 
in consecutive samples relative to the experiment average 
(b) was calculated (Table 2). The distributions of 15 are not 
different between experiments (p > 0.05) and range from 0 
to 7 (10 min) I and average 0.6 {IO min)-l. 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 (LPS05), 25 (LPS07), and 25 (LPN07) samples to obtain an 
estimate of concentration within a coefficient of variation of 
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AGURE 2. Box and whisker plots show the range of ENT 
concentrations measured during each study_ The lower, middle. 
and top box edges correspond to the 25th, 50th. and 75th 
percentiles of the indicated set of measurements, the 
"whiskers" indicate the 10th and 90th percentiles, and the 
symbols show measurements lower and greater than the 5tb 
and 95th percentiles. respectively. 

TABLE 2. ENT Co.e.lllratio. Mea .... me.t Results" 

ave change ave b 
experiment N UD ave SD GM (min-max) (min-max) 

HSB02 102 24 33 41 19 26 (0-234) 0.8 (0-7.1) 
LPS05 131 14 54 60 31 35 (0-345) 0.6 (0-6.4) 
LPS07 144 22 96 95 44 45 (0-318) 0.5 (0-3.3) 
LPN07 144 28 60 59 32 36 (0-238) 0.6 (0-4.0) 
LPmin 49 0 62 39 51 34 (0-140) 0.5 (0-2.3) 

a N is the number of samples collected and UD is the 
number of samples with ENT below the lower detection 
limit of 10 MPNI100 ml; ave is arithmetic average, SO is 
standard deviation. GM is geometric mean. all with units of 
MPNf100 mL; ave change is the average change between 
consecutive samples with minimum and maximum given 
in parentheses and units of MPN/100 ml per 10 min except 
for LPmin where units are MPN/100 mL per min; ave a is 
the average change between samples relative to the 
experiment average with units {10 min)-l except for lPmin 
where units are {min)-'. 

20% about the experiment mean. If a coefficient ofvariation 
of only 50% were desired, 6 (HSB02), 5 (LPS05), 4 (LPS07), 
and 4 (LPN07) 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 exponentsp for each 
spectra are within 95% confidence of 1 with the exception 
of LPS05. j3 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 LPN07. During the 
LP experiment during 2007, samples were coUected concur­
rently at two sites on the beach approximately 50 m apart. 
The measurements at these sites are well correlated to each 
other (Spearman'sp = 0.71, P < 0.05); however the two data 
series are significantly different (p < 0.05) with LPS07 having 
higher ENT concentrations than LPN07. 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 LPS07 and LPN07 collected at the same time 
is 56 MPN/100 mL and the maximum is 379 MPNJ100 mL. 
Importantly, 59/144 (41%) measurements at LPS07 are over 
the California Single-sample standard of 104 MPNIlOO mL 
whlle only 271144 (19%) are over the standard at LPN07. 
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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 of 50 m. One 
explanation for the higher concentrations at LPS07 is that 
the site is located closer to a stann drain on the beach than 
LPN07. However, 28% of the simultaneous samples were 
actually higher at LPN07. the site further from the storm 
drain, indicating that proximity to the stonn drain is not the 
only factor that impacts ENT concentrations. 

One Minute Time Series. I measured ENT every minute 
for one hour during the LPSOS experiment (LPmin, Figure 1). 
ENT were extremely variable (average change of 34 MPNJ 
100 roL per minute, maximum change of ]40 MPN/IOO mL 
per min). As with the 10 min timeseries, 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 ando between 
consecutive samples during this hour are not Significantly 
different from those observed during the LPS05 lO-min 
experiment (p > 0.05). If an estimate of ENT concentration 
with a coefficient of variation of20% and 50% relative to the 
1 h experiment mean were desired, then 10 and 2 samples 
would be required, respectively. 

Spectra1 density decays as a power law with frequency 
withj3 = 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 f3 = 0.6 ± 0.3, suggesting that the scaling observed 
with the lower frequency LPS05 data set applies to a greater 
range of frequencies. 

Discissilll 
ENT concentrations collected at 10 and 1 min intervals 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 1 04 MPN 1100 roL are not unusual. 
Extreme variability is present in experiments conducted in 
a turbulent, well-mixed surf zone (HSB02), in waters tran­
sitioningfrom quiescentftide-dominated to wave-dominated 
(LPS05 and LPmin), and in a quiescent tide-dominated 



environment (LPN07 and !.PSO?). 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. 

It should be noted that the extreme vartabilitydocumented 
here is not a result of the method used to enumerate ENT. 
In another 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 wiD 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 (lDEXX) 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. It 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. It is interesting that neither diurnal nor semidiurnal 
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 II/noise (3D) 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(jj of their data series declined more rapidly with increasing 
[. compared to those in Figure 3. Relative to my data 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// 
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, nonunifonn currents, 
turbulent 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· 
pIing plans to protect human health is not clear. Bydefinition, 
a fractal 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 not 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 fuDy 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 1/ noise, but so are human pathogens and 
human health 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 risk 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 quality. 
At minimum. consecutive samples collected at 1 min intervals 
could be composited to obtain a better estimate of water 
quality. Policy makers. as well as scientists designing field 
campaigns for microbial source tracking and epidemiology 
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. 

Acbawledgmeats 
R. Martone, M. Caldwell, D. Sivas. K Yamahara. M. Pappas, 
L Katz, and H. Gates assisted in organizing and implementing 
the field experiments. The students of "The California Coast: 
Science, Policy, and law" class at Stanford University are 
acknowledged for their assistance in data collection. This 
work was supported by Stanford University's Law School 
Innovation in Teaching Fund and NOAA Oceans and Human 
Health Grant NA040AR4600195. Some laboratory supplies 
were donated by S. Grant (UC Irvine). The author acknowl· 
edges K. Willis, N. Nidzieko. M. Stacey. G. Shellenbarger, T. 
Julian. J. Hansel, D. Keymer, and two anonymous reviewers 
for comments that improved the manuscript. 

Supporting Infarmatiaa Availa.le 
Figures Sl and S2. This information is available free of charge 
via the Internet at http://pubs.acs.org. 

Inerature Cited 
(1) Kay, D.; Fleisher, J. M.; Salmon, R. L: Jones, F.; Wyer, M. D.; 

Godfree, A F.; Zelenauch, J.; Shore, R. Predicting likelihood of 
gastroenteritis from sea bathing·Resuits from randomised 
exposure. Lancet 1994, 344, 905-909. 

(2) Haile, R. W; Witte, J. S.; GoJd,M.; Cressey, R.; McGee, C.; Millikan, 
R. c.; Glasser. A.; Harawa, N.; Ervin, c.; Harmon, P.; Harper, J.; 
Derrnand, J.; Alamillo, J.; Barrett, K; Nides, M.; Wang, G. The 
health effects of Swimming in ocean water contaminated by 
storm drain runoff. Epidemiology 1999, 10,355-363. 

(3) Cabelli, V. J.; Dufollr, A. P.; McCabe, L J.; Levin, M. A. SWimming­
associated gastroenteritis and water quality. Am. J. EpidemioL 
1982, 115,606-616. 

(4) National Resources Defense Council. Testing the Waters; 2006; 
http://www .nrdc.org/water I oceansl ttw I titinx.asp. 

(5) Wade, T. J.; Pai, N.; Eisenberg, J. N.; Colford, J. M., Jr. Do U.S. 
Enviro~ental Protection Agency water quality guidelines for 
rec:-eatlonal waters prevent gastrointestinal illness? A systematic 
revJ.ew and meta· analysis. i:.lwiron. Health Perspecl. 2003, 111, 
ll02~1l09. 

(6) U.S. Environmental Protection Agency. Ambiem Water Quality 
Criteria/or Bacteria, EPM40/5-84·0021986; U.S. EPA Office of 
Water. Washington, DC. 

VOL. 41. NO. 24,2007 I ENVIRONMENTAL SCIENCE & TECHNOLOGY. 8231 



(7) Leecaster, M. K.; Weisberg. S. B. Effect of sampling frequency 
on shoreline microbiology assessments. Mar. Pollut. Bull.2001, 
42, 1150-1154. 

(S) Kim, J. H.; Grant, S. B. Public mis-notification of coastal water 
quality: A probabilistic evaluation of posting errors at HUn­
tington Beach, California. Environ. Sci. Techncl. 2004, 38, 2497-
2504. 

(9) Rabinovici, S. M.; Bemknopf. R. L; Wein, A. M.; Coursey. D. L.; 
Whitman, R. L Economic and health risk trade-ofts of swim 
closures at a Lake Michigan beach. Environ. Sci. Technol. 2004, 
38, 2737-2745. 

(lO) Haugland, R. A.; Siefring. S. C.; Wymer, L J.; Brenner. K. P.; 
Dufour, A. P. Comparison of Enterococcus measurements in 
freshwater at two recreational beaches by quantitative poly­
merase chain reaction and membrane filter culture analysis. 
Water Res. 2005, 39, 559-568. 

(11) Morgan, R.; Morris, c.; Uvzey, K; Hogan.I.; Buttigieg, N.; Pollner, 
R.; Kacian, D.; Weeks, I. Rapid tests for detection and quan­
titation of Enterococcus contamination in recreational waters. 
J. Environ. Monit. 2007, 9, 424-426. 

(12) Whitman, R L.; Nevers, M. B.; Korinek, G.; Byappanahallj, M. 
Solar and temporal effects on Escherichia coli concentration at 
a Lake Michigan swimming beach. AppL Environ. Microbiol 
2004, 70, 4276-4285. 

(13) Boehm, A. B.; Weisberg, S. B. Tidal forcing of enterococci at 
marine recreational beaches at fortnightly and semi-diurnaJ 
frequencies. Environ. Sci. TechnoL Z005, 39, 5575-5583. 

(14) Boehm, A. B.; Grant, S. B.; Kim, J. H.; McGee, C. D.; Mowbray, 
S,; Clark, C. D.; Foley, D.; Wellmann, D. Decadal and shorter 
period Variability of surf zonewater quality at Huntington Beach, 
California. Environ. Sci. Technol 2002, 36, 3885-3892. 

OS) Lovejoy, S.; Currie, W. J. S.; Tessier, Y.; Claereboudt, M. R; 
Bourget, E.; Roff, J. C.; SchertZer, D. Universal multifractals and 
ocean patchiness: phytoplankton, physical fields and coastal 
heterogeneity. J. Plankton Res. 2001,23, 117-141. 

(16) Seuront, L: Genti1homme, Y.; Lagadeuc. Y. Small-scale nutrient 
patches in tidally mixed coastal waters. Mar. EroL: Prog. Ser. 
200Z, 232, 29-44. 

(I7) Palmer, F. E.; Methot, R. D., fr. Staley, J. T. Patchiness in the 
distribution of planktonic heterotrophic bacteria in lakes. Appl. 
Environ. MicrobioL 1976, 31, 1003-1005. 

(lS) Duarte, C. M.; Vaque. D. Scale dependence ofbacterioplankton 
patchiness. Mar. Eeal: Prog. Ser. 1992, 84,95-100. 

(19) Seuront, L; Lagadcuc, Y. Variability, inhomogeneity, and 
heterogeneity: Towards a terminological consensus in ecology. 
J. BioL Syst. 2001,9,81-87. 

(20) Zhang, Y.-K; Schilling, K. Temporal variations and scaling of 
streamflow and baseflow and their nitrate-nitrogen concentra­
tions and loads. Adv. Water Res. 2005, 28, 701-710. 

(21) Voss. R. F. Evolution of long-range fractal correlations and 11 f 
noise in DNA base sequences. Phys. Rev. r.ete. 1992, 68, 3805-
3808. 

8232. ENVIRONMENTAL SCIENCE & TECHNOLOGY r VOL. 41. NO. 24, 2007 

(22) Hou, D.; Rabinovici, S. J.; Boehm, A. B. Enterococci predictions 
from a partial least squares regression model can improve the 
efficacyofbeach management advisories. Environ. Sci. Technol 
2006,40,1737-1743. 

(23) Griffith, J. F.; Awnand, LA.; Lee, I. M.; McGee, C. D.; Othman, 
L. L; Ritter. K J.; Walker, K. 0.; Weisberg, S. B. Comparison and 
verification of bacterial water quality indicator measurement 
methods using ambient coastal water samples. Environ. Monit. 
Assess. 2006, II6,335-344_ 

(24) Whitman. R. L.; Nevers, N. B.Escherichiacolisamplingreliability 
at a frequently closed Chicago beach: Monitoring and manage­
ment implications. Environ. Sci. Technol. 2004, 38, 4241-4246. 

(25) Sinton, L W.; Hall, C. H.; Lynch, P.A; Davies-Colley, R. J. Sunlight 
inactivation offecal indicator bacteria and bacteriophages from 
waste stabilization pond effluent in fresh and saline waters. 
Appl Environ. Microbiol 2002, 68, 1122-1131. 

(26) Yamahara, K M.; Layton, B. A.; Santoro, A. E.; Boehm, A. B. 
Beach sands along the CaHfornia coast are diffuse sources of 
fecal bacteria to coastal waters. Environ. Sci. TechnoL 2007, 41, 
4515-4521. 

(27) Santoro, A. E.; Boehm, A. B. Frequent occurrence of the human­
specific Bacteroidesfecal marker at an open coast marine beach: 
Relationship to waves, tides, and traditional indicators.Environ. 
Microbial 2007, 9, 2038-2049. 

(28) Palmer, C. J.;Tsai, Y.L.; Lang,A L;Sangermano, LR Evaluation 
of Colilert-marine water for detection of total collforms and 
Escherichia coli in the marine environment. Appl. Environ. 
Microbial 1993, 59, 786-790. 

(29) Dick, L K..; Bernhard, A. E.; Brodeur. T. J.: Domingo, J. W. 5.; 
Simpson, J. M.; Walters. S. P.; Field, K G. Host distnoutions of 
uncultivated fecal Bacteroidales bacteria reveal genetic markers 
for fecal source identification. AppL Environ. MicrobiaL 2005, 
71, 3184-3191. 

(30) Bilk. P.; How Nature Works; Springer-Verlag: New York, 1996. 
(31) Seuront, L; Lagadeuc, Y. Spatia-temporal structure of tidally 

mixed coastal waters: variability and heterogeneity. J. Plankton 
Res. 1998, 20, 1387-1401. 

(32) Boehm, A. B.; Keymer, D. P.; Shellenbarger, S. G. An analytical 
model of enterococci inactivation, grazing, and transport in the 
surf zone of a marine beach. Water Res. 2005, 39, 3565-3578. 

(33) Kay, D.; Wyer, M.; Crowther, J.; Stapleton, Co; Bradford, M.; 
McDonald, A; Greaves, I.; Francis, G.; Wat.lcins, f. Predicting 
faecal indicator fluxes using digital land use data in the UKs 
sentinel Water Framework Directive catchment: The Ribble 
study. Water Res. 2005, 39.3967-39S1. 

(34) Nevers, M. B.: Whitman, R L. Nowcast modeling of Escherichia 
coliconcentrationsat multiple urban beaches of southern Lake 
Michigan. Water Res. 2005, 39, 5250-5260. 

(35) Francy, D.; Darner, R. A.; Bertke, E. E. Models for Predicting 
Recrmlional WaterQuaJityat Lake Erie Beaches, Technical Report 
2006-5192; U.S. Geological Survey,200S; http://pubs.usgs.gov/ 
sir/2006/5192/. 

ES071807V 



0 .. 8 





Policy Analysis 

Public Mis-NotHicationof Coastal 
Water Quality: A Probabilistic 
Evaluation .-fPosting EmJrs. at 
Huntington Beach, California 
JOON HA KIM' AND STANLEY B. GRANT· 

Department of (;'hemkal Engineering and Materials Science. 
The Henry SamueJi School of Engineering, 
University of California. Irvine. California 92697 

Whenever measurements of fecal pollution in coastal 
bathing waters reach levels that might pose a signijicant 
health risk, warning signs are posted on public beaches in 
California. Analysis of historical shoreline monitoring 
data from Huntington Seach, 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 errorsl originate from the variable character 
of pollutant concentrations in the ocean, 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 In this paper, we derive a probabilistic 
framework for estimating posting error rates, which at 
Huntington 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 quality can be 
reduced by utilizing probabilistic approaches for predicting 
current coastal water quality, and adopting analog, 
instead of binary, warning systems. 

InII'Oductlon 
Many government-sponsored environmen£ai moni[Oring 
programs issue health advisories whenever pollutant con­
centrations reach levels that might pose a chreat to human 
health. The utility of health advisory programs logically 
depends on their ability to disseminate timely and accura[e 
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 progr.un 
in California. Health advisories take the form of warning signs 
tha(.are posted a( public beaches whenever shoreline water 
quality (as measured by fecal indicator bacteria) fails to meet 
one or moce of seven different state standards.1be California 
health advisory program is one of a growing number of such 
progmms nationwide, sponsored in part by the Federal 
Beaches Environmental and Coastal Health Act passed by 
the U.S. Congres.'i in October 2000 ( 1-4). A noteworthy aspect 
of the California program is its binary nature, in which 
information about coastaJ 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 I through 

l' Corresponding author e-mail: sbgrant@uci.edu;phone: (949)8'>..4-
7320; fax: (949)824~2S41. 

October 31 of every year. This binary approach stands in 
contrast to other long-standing reporting programs, for 
exampk:. weather forecasts. in which the information pro­
vided to the public is probabili.stic in nature (5). 

In this paper, we set out to answer several questions: (1) 
What is the magnitude of error associated with binary health 
advisories? (2)How are theseerrorralesaffectedby the degree 
to which' die concentrations of bacreria in consecutive 
samplesarecom::Jared'l (3)Can' the accuracy and effectiveness 
of be,wtb advi,sories be improved. by changing the way data 
arec-oUeered and analyzed andlor by changing the way water 
quality irifoJmation is conveyed to the public? To answer 
these queStions, we develop a probabilistic 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 a wide 
range of sampling frequencies (6-8). 

Publit: NoUflcation of Shoreline Water Quality In 
callfll'oJa 
BeginningJuly 1, 1999. the State of Cali fomi a mandated fecal 
indicator bacteria monitoring at all public beaches with more 
than 50 000 annual visitors and established seven statewide 
concentrotion standards for fecal indicator bacteria in the 
surf zone. When the concentration of indicator bacteria at 
a monitoring site ex.ceeds any of the California standards, 
the locaJ 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 sun to public access (surf zone 
closure). 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 (fC), fecal coliform (FC). and Enterococcus species 
(ENT). 1be California single-sample standards for TC, Fe, 
and ENT are respecrively 10 000.400, and 104 mOSt probable 
number(MPN)o(coionyformingunits(cfu)llOOmL;afourth 
single-sample standard for lC of 1000 MPN or cfullOO mL 
applies when the TCIFC ratio falls below 10. The remaining 
standards are 3Q..day geometric mean standards, for which 
a monitoring site is considered to be out of compliance if the 
geometric means ofTC. FC, and Em in all samples collected 
within a 3D-day period exceed 1000, 200, and 35 MPN or 
cfu/lOO mL, respectively. These standards correspond, at 
[east theoretically, to a threshold rate of bather illness of 19 
cases of highly credible gastrointestinal di~a'iC for every 1000 
bathers. (3, 9-11) There are many historical reasons for 
choosing this particular threshold, including the fact that it 
represents the background rate of gastrointestinal illness 
among the general population (J 2). 

Observations of Posting Errors at Huntington Beach 
TIle surf zone posting protocols described above were 
adopted with [he goal of conveying to the public up-to-date 
information about surf zone water quality, However, a post 
de faero comparison of posting records and water quality 
test results indicates that the public is often mL"i~notified 
about current water quality conditions. This point is H­
lustf'.::lted in Figure IA where we compare measurements of 
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ENT in the sud wne at Huntington Beach (color ranging 
from blue to black) with the posting and closure history (black 
and red polygons. respectively) over the period May 1-
October 31. 1999. This time period was selected because it 
include. .. the ~ummer of 1999 when Huntington Beach 
experienced a record number of postings and closures, and 
it straddles the start of California's new water quality 
regulations that went into effectJuly I. 1999. Most (95%) of 
the postings indicated in the figure were triggered by the 
single-sample and geometric mean standard" for ENT. Yet 
there are many instances when the concentration of ENT 
exceeded the single-sample standard but signs were not 
posted (refeITed to here as underprotection errors) or where 
the concentration of ENT was below the single-sample 
standard but signs were posted (overprotection errors). Often. 
overprotection errors immediately follow underprotection 
errors (e.g .• see events 1-3 in Figure I A). Presumably. posting 
errors caused by the single-sample standards originate from 
the variable nature of water quality in the surf zone (see next 
section) and the inherent time delay (ca. 2-3 d) between 
when a sample is collected and when a sign is posted or 
taken down. The geometric mean standard also triggered 
overprotection errors involving multiple shoreline stations 
and lasting several weeks (see last half of event 4 in Figure 
IA). The geometric mean is computed from test result~ 
collected at a particular site over the preceding 30 days (the 
so-called 30-day geometric mean standard); therefore, once 
a violation has occurred, a relatively large sequence of 
compliant samples are required before the geometric mean 
falls back below the standard. It should also be noted that 
the u~e of geometric means for evaluating human health risk 
has been challenged on theoretical grounds (13). 
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Importantly. we note that beach closures can be more 
accurate predictors of poorwater qualirythan beach postings. 
Beginning on July 1. 1999, the local health officer closed 
sections of Huntington Beach out of concern that the surf 
zone contamination might be from a source of sewage (red 
polygon in Figure 1A).From personal observations. the health 
officer was aware that the concentration of fecal indicator 
bacteria in the surf zone at Huntington Beach was generally 
highest during full and new moow> (when the daily tide range 
is max.imal, compare Figure I.panels AandB) (14), Awareness 
of these lunarcydes influenced the health officer's decisions 
about when to close the beach and was one of the factors 
that allowed him to correctly anticipate the large pollution 
event that occurred during the fun moon in early September 
(see large closure event in Figure I A). This anecdote suggests 
that posting error rateS might be reduced if posting protocols 
were designed to take into account factors known, through 
past ex-perience. to influence loea-' water quality_ Some of the 
factors affecting surf zone water quality are described next. 

Pattems and Randomness in ShOreHne Water Quality 
Surf zone water quality has both periodiC patterns and 
random fluctuations. The concentration of fecal indicator 
bacteria in the sun zone at Huntington Beach. for example. 
elthibits a cascade of periodic patterns including (6-8): (I ) 
tidal cycling in which the concentration is higher during ebb 
tides and lower during flood tides (or vice versa); (2) diurnal 
cycling in which the concenlr'ation is higher at night and 
lower during the day; (3) spring-neap cycling in which the 
concentration is higher during spring tides and lower during 
neap tides (evident in Figure I A):; (4)seasonal cycling in which 
the concentration is higher during the winter SlOan season 
and lower during the summer dry season; (5) El Nifio cycling 



in which the concentration is higher during stormy EI Nino 
winters and lower during dry La Nina winters; (6) multi­
decadal patterns in which periodic large-scale investment in 
sewage and stonn runoff infrastrucrure improves coastal 
water quality. 

Monitoring programs can detect these periodic patterns 
only if the time interval between samples is smaller (by at 
least 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 sire once per day to once per week, can detect patterns 
3-6 described above depending on the length of time 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 (17). In the next 
several sections, we develop and test a probabilistic model 
that can accountforthe repeating patterns and random noise 
inherent in water quality measurements. To make the results 
of the probabili.. .. tic 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. 

ProIIabIIIty of SIngIe,Sample Exceetlences 
Question: Can rhefntction of samples violating single-sample 
standards be predicted from statistical features oflocal water 
quality. such as measures of central tendency and spread? 
Answer: The fraCtion of samples violating single-sample 
standards can be predicted from the log-mean and standard 
deviation of fecal indicator monicoring data. provided thal 
[he duta are well de$Cribed by a Jog-normal disrribution. 
Furthermore. the theory predicts and observations confirm 
chat, under certain conditions. a marginal change in water 
quality caD lead to a substantial change in tht: 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 fonows: 

PO' = p[C > sJ = .r: (de) de (I) 

where Cis a random concentration variable, c is a particular 
realization of the random variable, and fdc) 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: Pu, - 1 if water quality is very 
poor, and Pl:1 - 0 if water quality is very good, 

The monitoring data at Huntington Beach conform rea­
sonably to a log-normal distribution (based on Kolmogorov­
Smirnov nonnality tests ( 18); maximum difference K - S = 
0.08 at the significant level a. < 0.01) (see Figure SI in the 
Supporting Information) as do monitoring data at other 
coastal sites throughout the world (19-21). Accordingly, we 
replaced C with log C in eq I and substituted the Gaussian 
probability distribution function for floe c (log c). After 
simplification, the following relationship was obtained 
between the exceedence probability and a nondimensional 
variable referred to here as 5*: 

log s - Plor; C 

hOk;,gC 

(2a) 

(2b) 
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Hunlington Bo.ch thet oxcoodod the oi0918-_plo Sllndanl for 
£NT plolled against the pal'lllll8l8r ~. Tho _cal and horizontal 
error llelS.......,. ... \0 ±JF .. (1-F.,lln and ±1/.Ji. respec­
tively. wiler. n is the number 01 data points In .. ch data bin (0 = 
45-651 

In these equations, erfc is the complementary error function, 
andpJoc candGloJ crepresentthe mean and standard deviation 
of the log-transformed bacterial concentrations, respectively. 
This simple theoretical result predicts that the exceedence 
probability' decreases with increasing values of the par..uneter 
5-, ranging from Pe; > 99% when S* < -2 to Pe>; < 1% when 
S- > 2 (solid line in Figure 2). tn turn, the value of S* depends 
on local water quality (,ulo& c and 010, c) and the magnitude 
of the single-sample 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 summerof 1999; for the purposes of this analysis, summer 
is defined a.'i the time period June I-August 3 t. From each 
data bin. we calculated the fraction Fel. of samples that violated 
the single-sample standard for ENT and an empirical 
approximation of the parameter S- denoted here as S* (see 
Supporting Information, note that the circumflex or "hat" 
denotes empirical approximations of population parameters). 
Values of Fcl. and S- track the theoretical prediction closely 
(compare solid line with data points in Figure 2); hence, eq 
2a appears to caprure the relationship betwttn measured 
water quality (jllo£ C and o!os c) and the fraction of samples 
that exceed a single-sample standard (Fex). At Huntington 
Beach, the percentage of samples exceeding the single-sample 
standard for ENT ranges from a low of 0% (Fool. = 0) at surf 
zone station 0 during the summer of 2000 to a high of 40% 
(Fel. = 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 $'-. In particular, eq 2a predicts that Pex is sensitive 
to marginal changes in water quality when IS*! <:. 1 and 

VOL. 38. NO.9. 2004 I ENVIRONMENTAL SCIENCE Be TECHNOLOGY. 2499 



insensitive to marginal changes in water quality when 1S*1 
> 1. This observation helps to explain why the number of 
signs posted during Ute summer at 9N decreased precipi­
tously from 26 in 1999 to 12 in 2000. despite the relatively 
small change in the log-mean ofENT over these two summers 
(1.7-1.4 units of log(MPNII 00 mL»(see two arrows in Figure 
2). 

Probability of Binary Adlisory Posting EITors 
Question: How ;s the posting error rate influenced by the 
degree to which bacterial concentrations in consecutive 
samples are correl.ated? At Huntington Beach. are bacterial 
concentrations in consecutive samples correlated or inde­
pendent realizations? 
Answer: Theory predicts very high posting error rates when 
S'~ is close to zero, even in the case whell:' the concenerations 
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 HuntinglOn Beach. 
Posting error rates at Huntington Beach are indistinguishable 
from the predictions ofBernouIIi trial rheory, which is premised 
on the idea that test outcomes are independent realizations. 
When S· is close CO zero, posting error rates are predicted to 
range from 35% (for moderately correlated sampJes) to 50% 
(for weakly conelated samples). 

Let c(it) represent the measured concentration of fecal 
indicator bacteria at a particular site at time ti. The single­
sample standard posting protocol can be stated succinctly 
as follows. A water sample is collected at a particular site at 
time ti-I. and the concentration of fecal indicator bacteria 
in that sample c(ti-I) is compared to a single-sample standard 
s. If c(ti-\) > So a sign is posted at the site; if c(ti-I) < s. a sign 
is not posted at the site (or an existing sign at the site is 
removed). If tj denotes the time at which a sign is posted (or 
removed), four possible outcomes can be identified: (1) c( ti-I) 
> sand c(l;) > s.(2)c{t;-I) < sandc(ti) < $,(3)c(ri_') < sand 
c(til > s. and (4) c(ts-I) > sand c(t;) < s. No error occurs in 
ca.<;es 1 and 2 because the public has been correctly informed 
that water quality exceeds standards (case t) or does not 
exceed standards (case 2). Posting error occurs when the 
public is incorrectly informed that water quality meets 
standards (case 3). or incorrectly informed that water quality 
does not meet standards (case 4). Consistent with the 
discussion of Figure IA (see above). we refer to cases 3 and 
4 as underprotection and overprotection posting errors, 
re.c;pectively. 

Letting the superscripts U, 0, and T represent under­
protection. overprotection. and total posting error (defined 
as the sum of underprotection and overprotection errors), 
the foUowing expression& can be derived for the probability 
(hat posting errors will occur at a particular site (see 
Supporting Information): 

~tt ~ P.'tt~~rfC SO[l -~rfc SOG(SO.P(1»] (3a) 

P;tt~erfc SO[l -~rfC SOG(SO.P(l»] (3b) 

The function G(S*,p{l» depends On the value of S* and 
p(1). where S- has been defined previously (see eq 2b) and 
p(l) is the correlation coefficient between fecal indicator 
bacteria concentrations at times t;_1 and ti. A mathematical 
definition and graphical representation of 0(S',p(l) is 
included with the Supporting Information (Figure S2). The 
total posting error predicted by eq 3b is plotted against ~ 
in Figure 3. The different lines in the figure correspond to 
different choices of the correlation coefficient p( I}, ranging 
from strong positive correlation (P(I) := 0.95) to strong 
negative correlation (P(l) = - 0.95). For the choice of p(1) 
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RGURE 3. Predicted IVlationship between tile probability of a 
posting error P.rr and, the "imensionless parameter S-- (solid and 
dashed c ...... eq 311). TIle diffe"'nt curves correspond to different 
choices of the cone.lllion coefficient P(I). Points represent posting 
error rates calculated from Ihe sud zone monitoring data at 
Huntington Beach. Vertic.land .... izOlllal."or be .. cOlr_nd to 

±p," J P."(l-P,,,)Jnand ±11.J:i, respectively, whelV n repre­
sents the number,'of points in a ,p:anicular data bin {see textl.lnset 
is a plot of file conelatian cdc ... between bacterial concentra­
tions in consecutive SlRlJlIeS ~II against file parameter~. The red 
points co"_nd~surf.zone _and years where the posting 
error rate fen _ntiafly below the error rate predicted by 
Bernoulli trial -I'( (P(1I ~ 0). 

= O. the concentrations of bacteria in consecutive samples 
are completely uncorrelated (i.e., every concentration meas­
urement is independentoftheone before it). and the function 
G(.$"I,p(l» reduces to unity for all choices of .$"I. In this limit. 
referred to here ao;; the Bernoulli trial theory limit, the 
probability of an overprotective or underprotective posting 
error peaks at P:rr = 0.5 when S* = 0 (dashed line in Figure 
3). Put another way. when the concentrations of bacteria in 
consecutive samples are uncorrelated (,0(1) = 0) and half of 
samples exceed the single-sample standard (~ = 0, Pc~ = 
0.5). theory predicts that beach signage will be posted (or 
not posted) in error 50% of the time (P:' = 0 . .5). 

The peak. error rate, which always occurs at S' = 0, 
decreases wilh increasing p( I). approaching zero (Le .• no 
error) in the limit where the concentrations of bacteria in 
consecutive samples are perfectly correlated (p{ 1) = 1) (Figure 
3). In the event thatconcentrationsofbacteria in consecutive 
samples are negatively correlated (P(1) < 0), the peak error 
rate exceeds 50%. approaching 100% in the extreme limit 
where p( 1) = -1. Even in case~ where the concentrations of 
bacteria in consecutive samples are reasonably well­
correlated. say pO) = 0.5. relatively large peak posting error 
rates are predicted (prerr = 0.35). 

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



samples, referred to here as p(l) (see inset in Figure 3). 
Empirical correlation coefficients range from p(I) = 0.04 to 

0.58; averaging across all bins, we obtain P(l) = 0.32 ± 0.13. 
The concentration of ENT in consecutive samples are not 
completely uncorrelated (Le., p( 1);;e 0); however, the sample­
to-sample correlation is sufficiently weak such that total 
posting error rates are indistinguishable, within the resolution 
of our estimates of Ffl;' from the predictions ofBemoulli trial 
theory. An exception may be the three data bins with the 
highestcorreiation coefficients: station 6N in 1998, station 
3N in 1999. and station 9N in 2000 (compare red points and 
dashed line in Figure 3). 

can 1_11\9 the Samplil\9 Frequency Reduce Posting 
ErlOrs? 
Question: Would the sample-to-sample correlation be higher 
and the rate of single-sample posting errors be lower if surf 
zone sample.,> were collected more frequently? 
Answer: An analysi.'>, ofENT data at Huntington Beach reveals 
that posting decisions would have co be updated every 40 min 
(or moce frequencJy) to significantly reduct: posting errors. 
Even if posting decisions were revised every 10 minutes, when 
S't is close to zero as much as 30% of the signage would be in 
error. This result will Ukelyapply to any shoreline site where 
the sampling time inteTVai is longer than the pe~jscence 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 between when a 
sample is: taken and the bacterial indicator concentration is 
known (22). The answer derives from an analysis of auto­
correlation functions computed from four different time 
series (Figure 4): (I) Routine ENT monitoring data at station 
9N. subsampled [0 yield a sampling frequency of once per 
week. (tlt = 1 week. panel A). (2) Routine ENT monitoring 
data at station 9N subsampled to yield a sampling frequency 
of once per 3 days (tll = 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 (tlr = 1 h. 
panel C). (4) A second special ENT monitoring study at station 
6N in which water samples were collected every 10 min for 
a total of 12h(tlt= 10min. panel D) (7). The autocorrelation 
functions in Figure 4 represent the correlation ?J(tltj) between 
a time series and itself after introducing a lag of j points or, 
equivalently, a time Jag of tltj = jill. For comparison. also 
plotted in each panel of the figure are autocorrelation 
functions calculated from a sequence of random numbers 
ranging in magnitude from I [0 - I (black lines in each panel). 

C(}(l"elation p(tltj) falls offvery rapidly with increasing lag 
tltj for sampling intervals of 6t = I week and 3 d (red curves 
in panels A and B. respectively). When tlt = 1 week (panel 
A). a broad peak is evident at time lags of 40-50 weeks (i.e., 
approximate 1 yr), presumably due to the influence of 
seasonal rainfall on bacterial concentrations in the surf zone. 
Spring-neap cycling of bacterial 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 calcubt.ted for these 
two cases are generally within the range calculated from a 
sequence of random numbers (black lines). Correlation peaks 
are present at multiples of24h when the surf zone is sampled 
every hour (At = I h. panel C). This diurnal cycle probably 
arises from the gennicidal affect of sunlight (7), although 
tidal processes may also playa role (e.g .• during the sununer 
at Huntington Beach there is typically just one large ebb tide 
per day). Remarkably. the sign of p<tltj) in Figure 4C is 
periodically negative. implying that posting error rates might 
increase 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. Autocorrelation functions calculated from four different 
time series (red lines in each panel) and from a sequence of 
uaconelated (rendom) numbon (black lines in _ panel). The 
time intlll/8l""-. samples (AI) is noted i .... h pa.el (seetext 
for details). The _be, of samples used lor the ... lysis in each 
pa.81 is. = 216 (panel A). 528 {panel Bj. 337 (panel C) •• nd 61 (panel 
OJ. 

when P(l) < 0 in Figure 3). Compared to the other auto­
correlation functions, p(tllj ) decays with tllJ more slowly when 
samples are collected every 10 min (panel D). Even in this 
case, however. the correlation coefficient for a lag of to min 
(P(tltl = tOrnin.) =O.6)is such that substantial pos[ingerrors 
(:::::: 30%) are predicted when S* ~O(see Figure 3). Put another 
way, jfthe time interval between when a sample is taken and 
a sign is posted (or removed) was reduced to just 10 min, as 
much as 30% of the signage could be in error. The technology 
for rapid detection of fecal indicator bacteria is maturing 
such that near real-time measuremen(S of these organisms 
may be feasible soon. Even if bacterial measurements could 
be carried out instantaneously (i.e., tlt - 0 and p(l) - I), 
however, it is not clear how that infonnation would be used 
in practice. Given the highly variable nature of the coa. .. tal 
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 
£NT monitoring data at Huntington Beach (inset in FIgure 
3), it appears thatp(l)SO.4is typical of sampling frequencies 
in the once-per-day to once-per-week t"'.mge. Because the 
posting error rates calculated from the daily to weekly 
monitoring data closely fonow the predictions of BemouUi 
trial theory (see Figure 3). it seems reasonable to adopt 0.4 
a.<; the critical correlation value above which Bernoulli trial 
theory begins to break down (pc~ 0.4). Referring to Figure 
4D. the correlation p(l:!.tj) falls below 0.4 for lag times greater 
than approximately40 min (see dashed arrow in figure). This 
lag is very close to the time it takes tidally generated patches 
offecal pollution in the Huntington Beach surf zone to advect 
past a fixed location by wave-driven long-shore currents (z 
= Uu = 50 min, where L = 1 Jon is the approximate length 
of an average pollution patch and u = 0.3 mls 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 previoussampJes (and hence 
Bernoulli trial theory applies) so long as the time interval 
between samples (1'; longer than the persistence time of 
pollution patches. While the persistence time scale will vary 
by site, given the highly dynamic nature of ocean currents 
at most coastal sites it is unlikely that the persistence time 
scale will ex.ceed 1 d, the sampling frequency of the most 
aggressive shoreline monitoring programs. Hence, the 
large posting error rates reported in this paper are prob~ 
ably not unique to Huntington Beach. Rather. large errors 
can be expected at any marine or freshwater beach when 
15*1 < I and the time interval between samples is greater 
than the persistence time scale for patches of contaminated 
water. 

Toward an Analog Public HeaHh AdvIsort System 
Question: Can less error-prone approaches be developed for 
asse5SingcuIrenr waterquality and repot1ing thar infonnation 
to the pUblic? 
Answer. Several different approaches can be adopred co predict 
(or "now-cast'J current coastal water quality and report that 
information to the general public. At Huntington Beach. the 
current concentration olENT at a partiCUlar ,.;urfzone station 
is generally more rorrelated with the maximum daJly tide 
range. than with the concentration of bacteria in the last 
sample. 

An approach that fonows naturally from the probability 
theory pre~-entcd above involves computing analog (i.e .• 
continuously varying) estimates of current water quality and! 
or hUman 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 quality te.~t results and real-time (or 
near-real-time) measurements of quantities known to cor­
relate with local surf wne water quality. Now-casts, in turn, 
could be conveyed to the public through a combination of 
web sites. newspaper reports. andlor beach signage either 
in mw form or using a grading scale like that employed by 
Heal the Bay (23). 

As an example, 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 (24)) and water 
quality measurements coUected over the previous 30 d. At 
the heart of the algorithm is the assumption that current 
water quality is conditioned on maximum daily tide range. 
as expressed quantitatively through the conditional prob-
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ability density function. lior QL(log ell). Here, log C and L 
represent random variables: for the log-transfonned bacterial 
concentration and m8x.imum daily tide range. respectively, 
and log c and /. are s.pecific realizations of the nmdom 
Variables. For afixed value of the tide range 4 the probability 
of single-sample exceedence and expected value of the 
bacterial concentration can be calculated as follows: 

p~v EPIlog C> log sjL = I) = J:. /10, q,(xJ!) dx (4a) 

1'10, cv E Ellog qL = I] = r: xr.o, q,(xV) dx (4b) 

An analysis of maximum daily tide-range predicted for 
Huntington Beach reveaL~ that L coruorms reasonably well 
to a normal distribution (based on Kolmogorov-Smimov 
nonnality tests~ maximum difference K - S = 0.04 at the 
significant level a. < -0.01) as do the log-transformed 
concentrations of fecal indicator bacteria (see earlier). This 
implies thateqs 4a.b can be written explicitly as follows (see 
Supporting Inrormation): 

Olog q[. = 0log d I - P2t. (Sc) 

where I~ = (/- Ild/( J200. PeL is the correlation coefficient 
between log C and L, tAL and OL are the mean and standard 
deviation of the maximum daily tide range. and the other 
parameters have been defined previously. Equation 5b is a 
linear model for the dependence of fllos at on t, with 
coefficients equivalent to those obtained by a mean-square 
regression of PIos- C-.I against / (25). To develop an expression 
for bather illness rate. we utilized the linear relationship for 
gastrointestinal illness rate per J 000 bathers (Y) reported by 
CabelU et al. ,(9): Y = a + b log GMc. where GMc represents 
the geometric mean of ENT measurements, and a = - 5.1 
and b = 24.2 are empirical constanL~. Rewriting Cabelli et 
aL's model in terms of the conditional log-mean Plea C!I we 
obtain: 

(6a) 

-J 2 2 2 b' 2 Oy- 0a +Obf.LloSCV + OIogC1L (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 5a-c and 6a,b) were 
employed to now-cast water quality at surf zone station 6N 
over the period May l-Qctober31,1999(i.e.,thesameperiod 
of time encompassed. by Figure JA). Now-castsforaparticu!ar 
day were generated using the current day's maximum tide 
range / (estimated from WXTIde32) and updated estimates 
for {lq c. Gq C./4L, at. and ?tt calculated,from daily tide range 
and ENT measurements collected over the previous 30 d 
(see Supporting -Information). Values for (). = 6.35 and 
db = 4.15 were estimated from data reported in Cabeili 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 
Jlt,og QI ± lalo;. ClL (blue band in second panel) and ± 2b"lot CL, 

respectively. Now casts of illness rate (third panel) are 
generally above the threshold level of 19 in 1000 (dashed 
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horizonralline), peakingat about 60 excess illnesses per 1000 
bathers; these illness attack rates are in the range estimated 
by other researchers for the Huntington Beach area (26). 
Now-casts for the exceedence probability (fourth panel) 
exhibi[ spring-neap cycling. and importantly. periods of high 
exceedence probability (e.g .• Pc~11 > 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 (p( I), red line) and between ENT 
concentration and maximum dally tide range (Pet, blue line). 
These two coefficients were updated every day in the 6-month 
period encompassed by Figure 5. using ENT and maximum 
daily tide range data collected (ENT) orcalculated (tide range) 
over the previous 30 d. In general. PeL is larger than 0.4 (i.e., 
PeL> Pc. see earlier) and larger than the correlation between 
the concentrations of bacteria in consecutive samples COCL 
~ P(l». The exception is an approximately I-month period, 
centered around August 1. when PeL:::::::: O. Not surprisingly, 
this was also the ~riod when our now-cast model 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 pa.'it experience to 
correlate with coastal water quality andlor by adopting 
altemati ve now-casting methodologies (e.g., artificial neural 
networks (27-29» that tolerate nonlinear relationships 
between dependent and independent variables. As men­
tioned above. the ideal advisory system will be analog in 
nature; however, even if the current binary approach is 

retained. posting decisions based on now-cast methodolo~ 
gies, like the one described here, would be an improvement 
over the staEus quo. If the now~casts of ENT presented in 
Figure 5 had been used as the basis for posting decisions at 
Huntington Beach during the sununer of 1999, for example. 
the tota.! 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 health 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 pollution. 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 pollution 
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 Diego, 
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 aI., 2003). FIB pollution at Huntington State Beach is 
thought to be caused by a combination of sources, including dry and wet weather runoff from the 
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surrounding community, bird droppings deposited in the Talbert Marsh, and regrowth of bacteria on 
vegetation and marsh sediments (Grant, et aI., 2001; Reeves, et aI., 2004). Additional potential 
sources of FIB include the offshore discharge of partially treated sewage effluent (Boehm, et aI., 
2002a), the offshore discharge of power plant cooling water that contains FIB from plant wash-down 
and other activities (Boehm, et aI., 2002b), resuspension of contaminated sediments (Sanders, et aI., 
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 aI., 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, commercial 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 Talbert Marsh was restored in 
1990 when a new tidal inlet 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). Pickle weed (Salicomia 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 
pollution. 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, multi-objective beach pollution 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 warning signs posted on the 
beach. Co-PI Keller 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 pollution 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 also developed a method to identify and rank the sources of pollution to the 
surf-zone using high-frequency monitoring 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 coli phages. 

During dry weather, concentrations of FIB were highest in inland urban runoff, intermediate in tidal 
channels harboring 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 pollution. 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~Qn, 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 model that assumes FIB in storm runoff originate from the erosion of contaminated 
sediments in drainage channels or storm sewers. (Reeves, et aI., 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 aI., 2001; Arega and Sanders, 2004; Sanders, 
et aI., 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 controls. For 
example, if erosion of sediments is driving the loading of FIB, then regular removal of contaminated 
sediments accumulating in the storm sewer system might be an appropriate management strategy. 
The creation of distributed wetland treatment systems, in which contaminants in urban runoff are 
removed near their source, might also prove useful for reducing downstream impacts (Reeves, et aI., 
2004). 

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. coli or enterococci, both 
in terms of magnitude and tidal variability. 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 non pOint 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 aI., 
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 associated 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 aI., 
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, EI Nino events, seasonal variations in rainfall, spring-neap tidal cycles, sunlight­
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 pollutants 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 results 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 
ai., 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 ocean, 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-PI Sobsey on 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 samples. Analysis continues to understand the 
relationship between microbes in bird feces and surrounding surface waters, and potential health 
impacts. 

Research lead by co-PI Keller indicates that stakeholders share diverse opinions about the causes of 
beach pollution, the risks to beachgoers, and the responsibility to pay. In the context of a multi­
objective decision model, 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 beach goers' 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 ai., 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. 

Loads 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. 

On 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 pollution 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 ofUC 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 pointto 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 resulted 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 fmdings 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 Outfall? 

During the summers of 1999 and 
2000, beaches at Huntington Beach, 
California, were repeatedly closed 
to swimming because of high bacte­
ria levels in lihesw1 z.>ne, 

The wide sandy beaches at Huntington 
Beach, California, just south of Los An­
geles, attract residents and visitors alike. 
'IYpically, more thau 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, because levels of live bacteria in 
the s.nn zone exceeded beach sanitation 
staudards in the California Health and 
Safety Code (Assembly Bill 411, or 
AB411). Because people stayed away 
from the beacbes, local recreational and 
beacbfront business communities suf­
fered serious economic losses. 

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

U.S. Department of the Interior 
U.S. Geological Survey 

In most years, more than 5 million people visit the wide sandy beaches at Hun­
tington Beach, California. Unfortunately, in recent summers, stretches of these 
beac.hes had tf! be repeatedly posted with advisories against swimming or even 
closed (inset), because levels of live bacteris in the surf zone exceeded State 
public-hea/th standards. These closures resulted in serious economic losses to 
focal business communities. 

determine the cause of the beach con­
tamination at Huntington Beach. They 
investigated known sources of-bacteria, 
such as broken sewer pipes, outflow from 
the Sauta Ana River, feces of bird popula­
tions in coastal marshes, and the plume 
of treated wastewater from the' Orange 
County Sanitation District's (OCSD) 
oceau 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 
humaus, are also 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 
outfall to shore. 

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 orgauizations 

This photo shows many enterococci bacteria (mag­
nified more than 5,000 times), one type of bacteria 
indicative of contamination from feces of humans 
or other wann-bJooded animals. High Jevels of en­
terococci have been responsible for many of the 
beach closures at Huntington Beach. (Photo courtesy 
Centers for Disease Control and Prevention.) 

USGS Fact Sheet024-03 
2003 



designed and carried out an extensive 
study_ Begun in the summer of 200 I, this 
study focused on the area's coastal ocean 
circulation and transport 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 
and theoretical modeling indicated that, 
in summer, the effluent plume from the 
OCSD outfall remains trapped helow the 
thermocline. a 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 thennocline 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 thennocline into the nearshore region 

In the summer of 2001, scientists from the U.S. 
Geologica/ Survey (USGS) and cooperating organi· 
zatians designed and carried out an extensive study 
to evaluate whether the Orange County Sanitation 
District's (OCSD) ocean outfall could be the source 
of bacterial contamination at Huntington Beach. 
This study focused on coastal ocean processes that 
could move significant volumes of bacteria·laden 
OCSD 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-fed study. At mooring sites, 
arrays of instruments, such as the tripod shown 
be/Dw being lowered to the sea floor; monitored. 
current velocity, temperature. salinity. and meteo­
rological conditions. Hydrographic surveys used 
arrays of instruments towed or lowered from boats 
to measure the spatial distribution of temperature. 
salinity,. ammonia content,. bacteria concentrations, 
and other properoes of the water column. 

and surf zone during surruner months_ In the 
summer of200l, scientists deployed a so­
phisticated set of oceanographic instruments 
at 12 mooring sites in the coastal ocean off 
Huntington Beach and Newport Beach to 
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 early morning 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 
lines 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 he 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 I 1 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 thennocline. where they 
are sheltered from ultraviolet lighL 

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 alo~gshore currents. However, data 
show that water of that temperature was 
intennittently brought nearshore during 
July and August 200 I. 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 could 
bring wastewater from the OCSD plume 
into the proximity of the cooling-water 
intake and discharge pipes of the Hun­
tingtot;! 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. 

FRESHER WATER 

Th;s diagram shows salinity 
variations offshore of Hunting­
tOfT Beach in early July 2I1ot 
measured along hydrographic 
survey lines (see map). As 
shown in this diagram, salin­
ity data from the summer of 
2001 clearly-show two distinct 
bodies of relatively less saline 
water--one in deeper water 
offshore associated with the 
Orange County Sanitation 
District's"(OCSD} wastewater 
outfall plume and one in shal­
lower nearshore waters. The 
nearshore less saline water 
could be a possibfe source 
of the bacterial contamina­
tion that has caused beach 
closures at Huntington Beach. 
This water may be coming 
from the San Gabriel and Los 
Angeles Rivers, to the north, 
which carry urban runoff into 
the ocean. 



Observations from the USGS-led 
study provide no evidence that the 
bacteria found in the OCSD treated-ef­
fluent plume reached any part of the 
shoreline at Huntington Beach in signifi­
cant enough quantities to cause beach 
closures or postings. The data show that 
when the beaches have high bacteria 
levels, very nearshore water about 0.25 
mile (0.4 km) from the beach also has 
measurable bacteria levels, although 
much below AB4ll standards. However, 
there was a spatial gap between this 
nearshore contamination and the high 
levels 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 * Printed on recycled paps: 

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 beach~s. 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 carry q.rban 
runoff into the ocean. 

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

, beach contamination. 
USGS and its cooperators are continu­

ing to investigate how bacteria, other con­
taminants, and sediments are transported 
by coastal ocean processes n'ot only off 
Huntington Beach but also in the larger 
region off southern California. Such re­
search is only part of the USGS efforts to 
protect people's lives and property from 
geologic and environmental hazards in 
the coastal zones of the United States. 
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Bro""11 Pelican, 
At the ourset of this study it 

Talbert Marsh had on surfzoae 
Slate and City Beaches. On one 
freshwater wetlands; are 
remove chemica! and- biologi~al 
and:agricwcural and­
theotherhand.colllitid,oru~hes"[~~~:~~4~~tl~;a£~ 
and' bird feces are a potential 
the "environmental growth-of U:~~~ o,gal\iS'~Si~tli;;:; 
m:enrs and- on- vegetati6n rJ3-26}: 



I".va~ {hen used to compute hotlrly average values or the 
vdlurn,etri:c fl,owrate at both tile Brook.lurst and'PCftSt.t;ons 

Water temperature at .. i:he- L~o sites 
s.onde,(YSl, Yello\vSprlngs;·OH) positioned 

iocafe:d appro:dmately S em.ahov~ the 
IE). 

was eoo 
Conseq.uently. now rates 
Stations_y.ere. e~timated 

i>yre(;Or,ditlglhetirrle 10 different pieces of.sub~e~ged.debris 
distance_ Volumetric flow (ares· \'Iere 

:;'~ibl:;~~:~;:bY multiplying this average v~I.<?~i~y by the 
sectional area ohhe flowing wa~~r. 

(1) 

·where Co and ell -are the conductivity of c.tean water and 
1:·tiiJ.oJfuhlce~as S3:Sand3'mS1 em •. [espeetiV~ly) ap:d'Cis the 
rtlea:mr.e4.c:onduC:tivity. of sampt~- from th~·plrmp.;;:tati.~:ps·. 

The vo19me of-t1:H).o ffexiriog the c.ha_rtOetlle-t~lElrktbi0itgb 
,tb.e::9~~et· {C! the ocean :WqS quarttHiea .ft.o-i!1: -til~.qq~g.qI~~e 
oft9'e' cbn~ 11.CtiVlty~ ~press)ons and.the v6h.tI!i._~.tQ.¢.fIow. ·~at.e 

. ·'a{·tp,e: pea Station:. by nurneridUly evaluating th~fqJlowing 
:iA{~grru . - '. , 

f F(t)Q(cl.dc (2) 

well Quanti-tray format), pH, turbidity,_ and con. 
I ",llt:tiviW (temperature-corrected [p·20 "'C). A total of 1416 

.~~~::\:~t:::riC:O~I~l:eCted llsing the automated samplers. were employed hel:e beca'll'Se they 
hourly water samples in-a rep_roducible 

. _ -from precisely the same locations 'in th.e water 
crilumn, 24 b· per day; 7 days per week. One -potentiaJ 
disadv~>.'ltage:o[ the'uuromated systemS is tha.t the lubing 
and 'sa¢pliog system (e.g., strainers) are qot sterili.zed 
~~ .. twe€,z:t.Sa,in_pling eVents. So ~ere is a possibilirythat saniple­
(o~sample·.ctos:s~contaminati6ri might occur. A recent" study 
of sourtes ·o(e. ca(l. in an estuarine system in floricia (261 
found that autofl?;ated samplers did not cause: significant 
cross •. ~.J?tamiriation whim a purge step \-~a.s executed 
betWeen -sampHng>evenrs, as was done here. 

To assess possible relationships; between 
leVels in, the marsh. hburly measure­

were recorded dUring-:thc IS da\' 
(I<ipp & Zonen. 

Netberl¥ictsJ,.:Jocateo. a,t lhe 
approximately 6 kIn westofthe 
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Bird Feces. To as:se~ the amount .of ENT present in bird 
feces. bird fec~s were collected, along with an}: att~ched 
sediment from mud flat~,. in the Talbert Marsh where.birds 
congregale. The nature-of the fee~s {wet 'or dryh·vas .n~t~d 
allbe time of collectie:n. Sediment that appe.~:rE?d to. contam 
no bird feces was also collected t6 deteimine-ba~$ro~nd 
levelsofENT. The sediroenr and fecessarnplcs w¢rc .. veig~ed 
and placed in acid washed Nalgene hotrtes. with SQO roL oJ 
marsh water. The suspensions were shaken vigorously to 
disperse fhe-feces and sedimem and then allo~ed to settle 
for 15 miD. Depending on the experiment. between 0 .. 1 and 
10 mL of supernatantwas lested for EN'f using the En.te!olen 
protocol descril:!ed in the Marsh $(udy. Control ~xperjmems 
were conducted to nile our the po.ssibiliry that chemicals 
preSent in the feces and/or sediment might int~ere with 
the Enterolert system. Specifically. Enterol~.rtal'laIyses were 
conduc)ed on auioclavcd suspensions ofsedimenfand bli"d' 
feces. , . 

Bird (cnsus, To quantify me iUpm-qfENTh}tQ-tbe,m:ar-m 
from birds. a bird census was carried out as, fQno:Ws, Pigttal 
ca:me.ra:s'(Kodak Model DC-290, R(j~hester, ~ewYotrq· .~e 

they 
wetland. and-'open water 
hourly- at a resolution of.224.0 ;-: :1500 . 
h.per dar. over the same period ¢f time ~b.efl;samples w~re 
being,collected i,n U?_~rn.ar.sh ~d.m rpes~rf~9 . .q,e~ay-2~"I6:; 
2000}. The images were J~ploa.ded i.0 a de5ktpp ·FC w.l;l.ere 
theY';'er~ana!Y;<:ed "!imMobePhotoSbQP(i'i4~pe, $aWJQ~. 
Califo.ru,ia}. The birds ,in each image '-w:~_r:e ·,en.wn~~ted 
manually to o_btain an estima:teior the (ofarnu.mh~:r ofhi.rd.s 
present in the marsh each hour of the-2~v..'eek study. 

The solution was shaken vigoLously 

settle.for 15 min and then. reshaken. A.lOO mLsample of the 
su_pen-Iatant was an~~L.ed for ENT lIsjng1he:MTF method 
described in me Surf Zone Study_ 

Results~~d .Discussion 
M~h Study: -Qyn~it;S. TIle Talbert Mar.sh is a highly 
dyuamicsystem, primarily because-the fiow,ofwater through 
thc,xnarsh is dominated by the tides {Figure 2). ·Because 
Soumem California has semidiuma1l1nequ~1 tides (29,30), 
thel'eare [ourdifferet:lttidal exrrema each day inducting higp­
high. low-high. high,-low, and low-low tide-Ie~'els. FUf~ 
thermore. the tide range. wbich is the difference berwcen 
the i;ligh-high and l~w-lo .. devels, QscUlates ovt::r a 14-15 
day,per'ind. The Marsh and:Sm:f-Zi:me:Studies were.c~rried 
out over '3 15 pe~od that . 

.ocean.; 
. network. 
(he water 

', .. :,: 



I 

Oate.in'MCI!y.20oo 

fl(;U~f:2: The dynamic~ ot. marsf(p~ram~ter? m~al>.Ured·.du(in,.~:tIie -15 d~y:~~dy peri.,?d. T~~. soUd "artd dashe:d Iines··(wa~e(l~~~t·fI~w· 
velocity, -~etnperatu[e -pan"ats)- corre"spoA~ ;fu-'the Pea ii~rl~~_~Q1cfnii'sf stat!,o~s. ~~p_ectiyely. 111e key- fo~ contfuc.tiviti~~~: EN1jl~ce_$':ls: 
iQd~cated:in the fiiJuie."l1i"e-:!far« :ani:[ light b!~e lines-.ife!1'0~-tbe slngle:,san1p-,e.~ajlqe9rnetrl~ mean standards ior·E~.)Vateifeyer·H_ 
refer.efJ~:'el:l t~'mean :sea· leVel. Positive.·and, nega(ive iJeIQt:ities:corrciipoodJo"$horewaro and·!and'!"'ard "flow. respc.ctivetY; Tha:grav vertical 
strip~~;repfe~ent'.8ight-time . conditions. . 

cases, water enters 
standartiJor ENT (35 
and-exiIs the marsh in ~xGeed"ence of the.staadar~ lfi,$e"eral 
t'_~~Si .the. E~'·col1Centr.atio,?s me~ured a~·.t).le·:t0:p 
water .column are higher than the "Em c6i1t':entr<itiohs 
mea"SmEx3:" at:· the bOltOni -of the warer,'colUrrin. 

rhe-'ide'a-that the marsh is a net sowCe.ofJMr is alSo 
~~,6~d~9)h~'i&ute 3.E,- -~here- w~, ploe"th,e'·p:oUrMby-lkiiir· 

, q1fi~entr~q,,;niSh!litie~,attl)~ PCHsra;oolJ}dili\i)jiiJl1iptlqes; , 
'(inean.4JlN1' ~ '"29' ± '7 MPNHOlhrtJJ) ifu,Ltilgh¥ll\:lhe 
''lltod~t<lfafii;b·<lUi\flg-Jl6dd!t1d~'{m'i!tii,t.~'£2Y·± 
£ii&Nit40rriL:l; Ad~ctcbmp$l»' of tiilm-i1rcbht:e!#rc 
t(ons:at:die·'Brookhurst 'and PCf!$tatitms'lsvjlllilionly tf;tt!e 
resi4ep.e~tfr:ri e ofwatet in the marsh is'les:fr:h~'oLi.r:sainPlirig.· . 

interval of r h. This. 
on:.a' 

a 
bY. 

carried;dIte.i:dy.oi'fsh'ote 
the mdurh ofihe"marSh:'The 

surf- zone o'n':~ay"1 was 

;~;,~,t;~~~~!~'~i~~:~:]~~~l~~::~'on that!jay. oc~n' of 0., ttl w.E'h:e fii?m. 
on M<iy'·W, ocean 

• the'w¢st, 
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TABlt'lJluality.of Water ThaH~ter. the Channel Network'uom Either Uncontrolled Source.~ol Runoff (Talbert (T.) and fountain 
Vall~y {F:V.)·Channels) or from Pump Statio.ns (p .•• )'. . 

Hel 
Un! 
a! I 

ENT{x;O') uni 

sowce conduct [mS/em} pHI"] tumidity INTU) 
rat' 
tl~ 

geometric metln [MPNI1ClO mtJ mean (MPNnOO nil) 

Adams p.s. 4.5 (±l:3t .7.7 (±O.3) 10.21±5.1) 1.6 (+1.7/-0.811 3.8 (±6.0) res 

! an· 
Atlal)ta p.s. 32.31±6.91 7.3 1±0.3) ·11.1 1±4;S) 1.61+0.75/-0.51) 2.01±1.31 
8annirig·p,s. 36.3tH.81 7.4 (±O.3) 9:3 (±2.01 0.71+0.71-0.31 1.8 (H.2) 

the 
{h. 

OC Aqam.s p.s. 3.0'(,"0.81 7.6 (±0.21 24.7 (±1J) 2.87 (+2,S/-1.4) 5.2 (±I5.l} 
Flounder: p.s. 3".5 {±2.4} 7.4 (±O.4} 13.8 {±19.8} 1.9 (+6.1/-' .5) 12.5 (±171 
Indianapolis p.s. 11.11±1.9) 7.6 (±O.4) 11.5 {±5.31 0.023 (+0.06/-0.0211 0.0121±(2) 
Yorktown p.s. 8 .. 0 (',"2.61 7.4 (±0.41 27.21±9.91 2.2 (+5.1/-1.61 9.7 (±11t 
Newland' p,s. 19.7 (==4.5) 7.5 (±0.31 1.0.,4 (±4.9) 1.2 {+1.1/-0.6) 2.1 (±2.4) 
_F~ V. cnannel 3.; (±4.8) 9.0 (±0.5) 2.i (±0.81 3.5'(+2.0/'-1.3) 5.2 (±6.31 

I: 
Ti: 
as 

. 

~' 
!' 

T. channel 2.5 (:;!;4.91 8.8 {±0.51 3.22. (±2.0) 0.5 (+0.4/-0.2)) 0.9 (±1.1) 

• s~andar;deViatiOns, and 95% confidence intervals ar~_giyen in pare~theses.tor mean _and ~eometric mean va'lues, respec~ively. 

10 tl:ie ch~nel network due 'to the tidally driven osclllation 
(low.in the channe;ls. 

. ,~ 
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Here Gis th,e rateofgenera!ion of bacteria in the marsh \ .. ith 
units of.[MPN iTI, Co.m and C" are the concentrations -of E.NT 
at the·-outlerand-inlet of Talbett Marsh. 'respectively, ,",ith 
units of [MPN/!}!, and QOUI and Qn are'me-volumetric floy .. 
rates oJ "rater at the outlet and inlet ofJ:-albert Marsh with 
units IV/T], where L a'nd Trepreseflt length and-time scales. 
respective1y. " 

During ebb tides. in"situ measure~,ems of flow' velocity . 
and water elevation at Br.aokhurst and PCH Stations' indicate 
that the'.f1owinan:d out ofTalben M.arsh,roughly balance so 
tJlat Q"UI ~ 'Qn and eq 3 simplifies as fol.lo\Vs; 

G = Q(6.G) (4) 

The parameter aCis Ule increase in ENT measured In warer 
asjfflows·through Talbert Marsh" 

Using average ebb tide values' of fie:= 29 MPNJ toO mL 
(s,e Figure 3E) and Q = 1:L37 ml /$ from the c;:atibrAt~d 
:11drodynamic model, we estima.te il genera~ion raleTor ENT 
,m the marsh· to .be G ~ l010 MPNlh. ,eaGh bi.rd 

has .106 (the 

I 

corresponds·.m a deposition rate of more· thart 
bird every six. minutes. If instead we use t!ie- m,Xiinw" 
number o.f-:ENT"liberared- frqrn the \'.let b~d ~ (lOS' MPN I 
feCC$) and_the average number of birds presentin the· marsh 
dU.an .• ·theday (228 bicds), the deposition rate required 

[e«" per bird every 3. J,. This 

marsh outler, the marsh is probably not the only source of 
EN! at Huntington St~te and City.·8eaches. Dur.lng t6e 
iuintne"rs of 1999 and-LOGO. fonmunple.'.sv.l'f-z.one:st~liQn 
9N lsee Figl1~e 1} 'was'frequently posted ar"(i:lOsed (1o:tai·of· 
10 days) due to elevated levels afENT" even during periods 
of dmewhen the concentration ofEI\t'T at stations near the 
Talbert Marsh qutletwere retativelYl~w(3L). Given thisspatial 
distribution ofEN1, it is unlikl3:ly that the bacleiia at 9N are 
coming solely from the Talbert Marsh, and theire.,<:actschl.:rce 
is a: matter of'ongoing investig~tion. [ndeed, we' artt~crpate_ 
that the impact- of marsh effluent on-surf zone water qmilin­
"viltbe relatively localized. given the factor Mo-dil9til;m.th~a 
Qccuts as the m.arsh water mL'(es,into rhesuifidne, and-the 
fact tha~ ENT die-off in occi1n water (3~, 35): -

Based'on the results presenred In. this paper. __ th~.re may 
be a "tradeoff beTWeen the re~tor-ation 'or' wetlands 
and compHance with marine . This 

tradeoff coold be a~:~:~~~;~~o~; wetlands tQ remove 
, :t:reshwater 
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