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Dear Mr. Unger,

At the request of the Natural Resources Defense Council, I am submitting the following
comments on the Draft Municipal Separate Storm Sewer System (MS4) Permit for Los
Angeles County.

T am an Associate Professor with tenure in the Civil and Environmental Engineering
Department at the University of California Los Angeles. I earned my B.S., M.S., and Ph.D.
~ from the Civil and Environmental Engineering Department at the Maésachusetts Institute of
Technology. At UCLA, I have taught the following courses: Applied Environmental
Microbiology, Aquatic Chemistry, Chemical Fate and Transport, Climate Change, Water
Quality, and Ecosystem Functioning: A Service Learning Course, and Environmental

Applications of Geochemical Modeling.




B e L T H et ERCETTRRRR IS -

I run an active research program spanning several areas of environmental engineering: coastal
water quality, mercury methylation, and arsenic contamination of groundwater. Our coastal
water quality work includes source identification of fecal pollution in local watersheds, and
the development of an in-field rapid method for detection of fecal indicator bacteria (FIB). 1
have co-authored 32 peer-reviewed journal articles (see Appendix A for list of peer-reviewed,
published articles,) one book chapter, and one peer-reviewed conference proceedings. Of my
published journal articles, five are directly related to FIB and source identification. IThave
also co-authored three additional papers to be included in a special issue of Water Research
on source identification this summer, and two additional manuscripts in this research area

currently in review with other journals.

I have received the National Science Foundation Early CAREER award (2003), the
Presidential Early Career Award in Science and Engineering (PECASE) (2003), the Northrup
Grumman Award to Excellent in Teaching (2005), a Carnegie Fellowship for Service
Learning (2007), and a Pritzker Fellowship for innovative courses in sustainability (2011 and
2012.)

Stormwater in Los Angeles

Santa Monica Bay reccives significant year-round inputs of runoff from Los Angeles County,
reaching volumes of well over a billion gallons during some storms. Some fraction is treated
by small treatment facilities before discharge and another fraction is diverted to the
wastewater treatment plant at Hyperion Wastewater Treatment Plant (the largest facility
providing treatment of municipal wastewater in the Los Angeles Metropolitan Area,) while

the remainder flows untreated into the ocean.

Runoff can contain elevated levels of many types of contaminants including fecal indicator
bacteria (FIB), oils and greases, heavy metals, and volatile organic compounds. While FIB
are not themselves the organisms that in most cases make swimmers ill, they are used as

proxies due to their prevalence in fecal matter and ease of measurement. Elevated FIB levels




are commonly observed in stormwater in Los Angeles, and have been observed up to 100

yards from flowing stormdrains (Gold 1994).

Noble et al. (2006) studied microbial contamination in Ballona Creek, which drains the largest
watershed contributing runoff to Santa Monica Bay (Noble et al. 2006). Over a six-hour
period, they sampled six main-stem and four major tributaries to Ballona Creek. FIB levels

were ubiquitous and high, with all tributaries contributing significant FIB loéding.

My lab has recently investigated the distribution of FIB (and human-associated Bacteroidales
(HF183), discussed below) in Santa Monica Canyon in both wet and dry weather. Water
samples were collected on 20 days from January 2008 to February 2009 (17 dry days, three
wet days), There were a total of 11 sampling sites throughout the channel system, and a total
of eight storm drain samples were also collected. Widespread FIB contamination was
observed in both channels throughout the sampling period. Marine water quality standards
were exceeded in 94% of samples for enterococci (maximum values > 62,700 MPN 100 mL~
1) and 81% of samples for E. coli (maximum values up >24,100 MPN 100 mL™"). Exceedance
rates were higher during wet weather than dry; wet-weather samples exceeded 100% of the
time (12/12) for both enterococei and E. coli. During dry weather, E. coli exceeded 73% of
the time (47/64) and enterococci exceeded 83% of the time (39/47) (Mika et al. 20xx).

Elevated levels of FIB in stormwater are not only observed in Los Angeles. For example,
work by Noble and colleagues in North Carolina showed FIB levels in stormwater often
exceeding water quality guidelines by orders of magnitude (Parker et al. 2010). Work by
Jody Harwood (another well-respected expert in water quality} and colleagues showed high

levels in stormwater in Florida (Brownell et al. 2007).
Impacts on health due to recreational coastal water use in Southern California
Previous studies have shown that there is a correlation between the levels of FIB in

recreational waters and incidence of illness. Landmark studies (Cabelli et al. 1982; Kay et al.

1994) provide dose-response curves between levels of FIB and observed ailments in




swimmers. At both of these study sites, there was a likely source of human fecal

contamination.

At beaches in Santa Monica Bay, Haile et al conducted a carefully designed study on health
effects due to swimming in coastal water impacted by storm drain runoff (as opposed to a
likely human source as in the previous studies) (Haile et al. 1999). The study took place at
three beaches that all have a high density of swimmers: Santa Monica, Will Rogers, and
Surfrider. “Swimming” was defined as immersing one’s head in the watei', rather than simply
walking in the water, While most epidemiological studies compare swimmers with non-
swimmers, this study compared only swimmers, and took into account the distance from a
storm drain and the water quality at that time and location. Water quality parameters included
traditional FIB (total coliform, fecal coliform, Escherichia coli and entercocci) as well as

human enteric viruses.

Swimmers within 100 m of a stormdrain and those swimming greater than 400 m from a
storm drain were targeted for the study, except those who swam on multiple days. 15,492
swimmers were determined eligible and interviewed at the beach. Nine to 14 days later, a
phone interview was conducted to inquire about the occurrence of a wide variety of ailments.
Highly credible gastrointestinal illness I (HCGI 1) was defined as experiencing one or more
of the following: 1) vomiting, 2) diarrhea and fever, or 3) stomach pain and fever. Highly
credible gastrointestinal illness 2 (HCGI 2) was defined as experiencing vomiting and fever.
The classification of significant respiratory discase (SRD) was used for cases of: 1) fever and

nasal congestion, 2) fever and sore throat, or 3) coughing with phlegm.
The Haile et al. study had three major findings:

1) The risk of many ailments was higher among subjects swimming near the storm
drain. A relative risk (RR) was calculated by comparing the risk at a particular distance
within 100 m of the storm drain (grouped into 0 m, 1-50 m, and 51-100 m) with the risk
calculated for individuals swimming greater than 400 m away. RR indicates the factor by

which the background risk (that observed at greater than 400 m) is exceeded at the distance of




interest; for example, a RR of 2 for a particular ailment indicates swimmers were twice as
likely to experience that health outcome. A RR greater than 1 (meaning that there was an
increased risk of a particular ailment) was observed for numerous ailments, including both
HCGI 1 and HCGI 2 for those swimming right at the storm drain. The entire 95% confidence
interval for RR was exceeded at 0 m for fever (RR 1.61 (95% CI 1.16-2.24),) chills (RR 1.60
(95% CI 1.03-2.50),) ear discharge (RR 2.09 (95% CT 1.01-4.33),) coughing with phlegm (RR
1.65 (95% CI 1.11-2.46),) and SRD (RR 1.78 (95% CI 1.29-2.45).) Of'these five outcomes,
SRD had the highest magnitude of risk at the storm drain (risk of 7.6% compared to 4.6% at

the background location.)

2) There was a positive association between adverse health outcome and the levels of
bacterial indicators. The RR of occurrence of ailments was also compared at different levels
of measured FIB. For example, at levels of total coliform above 400 colony forming units
(cfu)/100 mL, the RR (when compared with the risk calculated for waters with less than 200
¢fu/100 mL) was greater than 1 for eleven of nineteen ailments; the entire 95% confidence
interval was greater than 1 for skin rash (RR of 1.86 with the 95% confidence range between
1.17 and 2.95.) Similarly, at levels of fecal coliform between 200 and 400 cfu/100 mL, the
RR. (compared with less than 200 cfu/100 mL) was greater than 1 for fifteen of nineteen
outcomes, with the 95% confidence range greater than 1 for cough (RR 1.34 (CI 1.03-1.74))
and sore throat (RR 1.4 (CI 1.07-1.82).)

Exposure to enterococei levels above 104 ¢fu/100 mL resulted in RRs greater than 1
(indicating increased risk relative to the background of less than 35 c¢fu/100 mL) for eleven of
nineteen ailments (the highest RR was observed for diarthea with blood (RR 2.90 (CI 0.66 —
12.68).) E. coli levels above 320 cfu/100 mL also resulted in RR greater than one in fourteen
of the nineteen ailments studied; for skin rash, the entire 95% CI was above 1 (RR 2.04 (CI
1.11-3.76).)

3) The RR was in general higher for swimming in water containing observable levels of
enteric viruses. While there was high variability observed in the 95% confidence interval,

the most notably high RRs (indicating increased risk after swimming in water with detectable




viruses compared with water with no detectable viruses) were observed for diarrhea with
blood (RR 5.82 (CI 0.45-75.72),) HCGI 2 (RR 2.32 (CI0.91-5.88),) eye discharge (RR 1.86
(CI 0.85-4.09),) and vomiting (RR 1.86 (CI 0.92-3.90).)

Another very important local epidemiological study was conducted at Doheny Beach in
Orange County (which would have similar conditions to Los Angeles County) in 2007 and
2008 (Colford et al. 2012). San Juan Creek is the largest source of FIB to this beach. In this
study, 9,525 individuals were studied to determine the relative illness rates at various levels of
exposure (non-swimming, body immersion, head immersion, and swallowed water.) Water
quality parameters were measured traditionally; in addition, enterococci were measured by
three rapid methods. Some notable findings from this study include:
1) The risk of diarrhea was significantly increased among all swimming groups
compared to non-swimmers.
2) Eye infections and earaches occurred at higher rates for swimmers.
3) TFIB levels were strongly positively associated with diarrhea. The strongest
association was observed for those swallowing water on days San Juan Creek was

flowing into the ocean.
Markers of human contamination present in southern California stormwater

Notably, markers of human waste have also been observed in storm drains, even when levels
of FIB were low, indicating that pathogens may be present even in storm water that meets
safety standards for FIB. Prof. Sunny Jiang at UCI has investigated the presence of human-
associated viruses in Southern California stormwater. She is an expert in detection of
pathogens in environmental samples and her laboratory is well-versed in various quantitative
polymerase chain reaction (qPCR) methods. Ahn et al (2005) studied how stormwater from
the Santa Ana River, which drains a large Southern California watershed, impacted water
quality at 17 stations along the shoreline as well as offshore sites (Ahn et al. 2005). These
authors found the runoff to be a significant source of turbidity, FIB, fecal indicator viruses,
and human pathogenic adenovirus and enterovirus to the coastal ocean. In some cases, FIB

levels were low even when observable levels of human pathogenic viruses were present in




offshore samples. In my opinion this demonstrates that while the level of FIB in storm water

is associated with illness, the lack of FIB in storm water does not indicate that it’s safe.

In the Noble et al. study of Ballona Creek (mentioned above), the authors, well-known experts
in detection of microbial markers, saw evidence of widespread contamination with human
markers (Noble et al. 2006). The HF183 marker was present in 86% of the samples analyzed,
and enteroviruses were quantifiable in 39%; the Cochran storm drain had the highest levels of
enterovirus present (up to 3255 genomes/L), with 86% if the samples having quantifiable
levels. In my opinion, this demonstrates that there appears to be widespread FIB and human

contamination in Los Angeles storm water.

As in the Ballona creek study, in my lab’s investigation of FIB and human-associated
Bacteroidales (HIF183) in Santa Monica Canyon, the presence of human-associated marker
was widespread in both channels of Santa Monica canyon. Human-associated marker was
observable on every sampling day throughout both channels in Santa Monica Canyon. Of 78
samples tested for this marker, 45 (58%) had detectable levels (Mika ét al. 20xx).

Occurrence of illness and related costs due to swimming in Southern California beaches

Given, Pendleton and Boehm studied the occurrence of gastrointestinal illness due to
swimming at Southern California Beaches and the associated costs of such illnesses (Given et
al. 2006). Dr. Boehm is a highly-respected expert in coastal water quality and Dr. Pendleton
is a well-regarded economist specializing in issues pertaining to water quality. The authors
combined water quality data obtained for 28 beaches in Los Angeles and Orange Counties
with daily attendance data for each beach to estimate the number of cases of illness. Using
the two most widely-known dose-response models for the risk of illness {Cabelli ét al and Kay
and Fleischer), the authors estimate between 427,800 and 993,000 cases of illness occurring
due to swimming at the beaches in Los Angeles County alone (the total region including
Orange County had between 627,800 and 1,479,200 cases of swimming-related illness.)
While the dose-response curves used in this study were not attained in Southern California,

the Haile et al study, conducted in local water, is in general agreement with these models.




Using a conservative estimate of the cost per illness, this occurrence of iliness translates to an
annual economic cost ranging from $14 to $35 million, depending on which dose-response
curve was applied, for Los Angeles County alone (the total region including Orange County

had costs between $21 to $51 million.)

The work by Given et al. presents an underestimate of the actual cost of illness occurrence in
these counties because: 1) only a subset of beaches were considered, 2) only gastrointestinal
illness was considered, while other ailments have been shown to be important at Southern
California beaches, and 3) the cost per iliness only included direct medical costs and lost
work. The willingness-to-pay to not get sick and losses due to decreased tourism were not

considered.
Importance of human-markers versus animal sources

1t is often stated that human feces likely pose a larger risk to humans than animal feces. This
is widely believed because viruses are almost always host-specific; thus, viral pathogens in

animal hosts would pose low risk to humans.

However, more research is needed before we can assess overall risk due to exposure to non-
human feces. Although many in the waterborne illness field believe that the majority of
illnesses seen in swimmers is due to exposure to human viruses, the literature demonstrates
that non-viral infections are quite common. In facf, areview of i]lness outbreaks due to
recreational water found that fully three-fourths of outbreaks, and incidences of disease, had
either bacterial or protozoan etiology; only 7% of outbreaks and illnesses had known viral
causes (Craun et al. 2005). In addition, recent research indicates that animal-human
transmission of illness occurs more frequently than had been believed, and often with more

significant health outcomes.

There are numerous bacterial and protozoan pathogens with animal hosts that do pose a

serious health threat to humans, such as enterohemorrhagic E. coli (EHEC). And importantly,




animal waste is often discharged to receiving water without treatment. Leptospira species,
bacterial pathogens, are frequently found in wild animal urine, and can cause illness in
humans through contact, ingestion, or inhalation of contaminated water, especially in tropical
areas (Narita et al. 2005). Animal urine was the likely source of contamination leading to
outbreaks of leptospirosis associated with recreational water use in Japan (Narita et al. 2005)
and among participants in an adventure race in Guam (Lee et al. 2002). While some species
of the pathogen protozoan Cryptosporidium are host-specific, and many outbreaks are clearly
from human fecal contamination, other species are truly zoonotic (Dillingham et al. 2002,
King and Monis 2007). Runoff contaminated by cattle is the likely source for outbreaks of
cryptosporidiosis in Indiana and Nebraska (Levy et al. 1998).

Health risk from swimming in mostly non-human impacted water is impossible to assess
accurately until the data gap surrounding health impacts due to animal fecal sources is
addressed. Determination of particular pathogens of concern at animal-influenced sites is an
important future research need; however, epidemiological studies are the preferred approach

to risk determination at this time.

Associate. Professor

Department of Civil and Environmental Engineering
UCLA _

5732H Boelter Hall

Los Angeles, CA 90403
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APPENDIX A

Jennifer A. Jay, Associate Professor
UCLA Civil and Environmental Engineering
5732H Boelter Hall
Los Angeles, CA 90095
Phone: (310) 267-5365
Fax: (310) 206-2222

Email: jjay@seas.ucla.edu

Education

Ph.D. 1999 Environmental Engineering, Massachusetts Institute of Technology, Camb., MA

M.S. 1993 Civil and Environmental Eng., Massachusetts Institute of Technology, Camb., MA
B.S. 1991 Civil and Environmental Eng., Massachusetts Institute of Technology, Camb., MA

Appointments

2002-present Assistant then Associate Professor, Civil and Environmental Engineering
Department, University of California, Los Angeles.

2000-2002  Postdoctoral fellow, Tufts and MIT Collaboration, Cambridge, MA.
1999-2000  Postdoctoral fellow, Harvard School of Public Health, Boston, MA.

Selected Awards and Honors

Northrop Grumman Award for Excellence in Teaching (2007)

Carnegie Foundation Faculty Fellow for Service Learning for Political Engagement (2007-
2008)

Presidential Early Career Award in Science and Engineering (PECASE, 2004)
Martin Fellow for Global Sustainability (1999),
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NSF Superfund Graduate Fellowship, (1993 — 1998)
NSF Traineeship at Harvard School of Public Health (2000)
Parsons Fellowship (1991)

National In View Award for Outstanding Contribution to the Preservation of the Environment
(1991) :

Chi Epsilon

Professional Affiliations

Society for Environmental Toxicology and Contamination (SETAC)

Board member for SoCal SETAC Chapter

Association of Environmental Engineering and Science Professor (AEESP), member
American Society for Microbiology (ASM)

American Chemical Society (ACS)

Technical Advisory Committee for the Santa Monica Bay Restoration Commission

member of Clean Beach Task Force organized by Southern California Coastal Water
Research Project (SCCWRP) '

Teaching experience

CEE 254 Aquatic Chemistry (2002 — present)

CEE M166/CEE 266 Environmental Microbiology (2003 — present)

CEE M166L Environmental Microbiology Laboratory (2004 — present)*

CEE 154 Fate and Transport of Chemicals in Aqueous Environments (2003 — present)*
CEE 58SL Wetlands and water quality: service learning course (2004)*

* Developed

Courses CEE 154 and CEE M166/266 have an innovative service learning component in
which UCLA students work with middie school students to conduct community-based
research projects. Middle school students visit UCLA to present their results.
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In all classes, I pursue varied teaching methods to maximize engagement and active learning:
1) create many opportunities for in-class small group problem solving; 2) incorporate
numerous demonstrations as well as inquiry-based field activities into normally
lecture-based classes; and 3) draw heavily from the primary literature.

Papers published in peer-reviewed journals

1. Durant, ., Jay, J.A. (p.k.a. J.J. Zemach), and H.F. Hemond. (1990) The history of leather
industry waste contamination in the Aberjona Watershed: a mass balance approach. Civil
Engineering Practice. 5(2):41-66.

2, Jay, I.LA., F MM, Morel, and H.F. Hemond. (2000) Mercury speciation in the presence of
polysulfides. Environmental Science and Technology, 34:2196-2200.

3. Liu, C, I.A. Jay, R. Ika, J. Shine, and T.E. Ford. (2001) Capping efficiency for metal-
contaminated marine sediments under conditions of submarine groundwater discharge.
Environ. Sci. Technol., 35(11): 2334-2340.

4, Liu, C,, J.A, Jay, T.E. Ford. (2001) Evaluation of environmental effects on metal transport
from capped contaminated sediment under conditions of submarine groundwater discharge.
Environ. Sci. Technol. 35(22):4549-4555.

5. Ryan, R.L., K.L. Lachmayr, J.A. Jay, and T.E. Ford. (2001) Developmental effects of
PCBs on the Hard Clam Mercenaria mercenaria. Journal of Environmental Science and
Health, A36(9): 1571-1578.

6. Jay, J.A., K.J. Murray, A.L. Roberts, R.P. Mason, C.C. Gilmour,
F.M.M. Morel, and H.F. Hemond. (2002) Mercury methylation by Desulfovibrio

desulfuricans ND132 in the presence of polysulfides. Applied and Environmental
Microbiology, 68(11):5741-5745.

7. Harvey, C.F., C.H. Swartz, A.B.M. Badruzzaman, N, Keon-Blute, W. Yu, M.Ashraf Ali, J.
Jay, R. Beckie, V. Niedan, D. Brabander, P.M. Oates, K.N. Ashfaque, S. Islam, H.F. Hemond,
M. Feroze Ahmed (2002) Arsenic mobility and groundwater extraction in Bangladesh.
Science, 298(5598):1602-1606.

8. Jay, J.A., N. Blute, H.F. Hemond, and J.I.. Durant. (2004) Arsenic-sulfides confound
anionic exchange resin speciation of aqueous arsenic. Wat. Res. 38(5):1155-1158.
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9. Swartz, C.H., Keon, N.E., Badruzzman, B., Ali, A., Brabander, D, Jay, J., Islam, S.,
Hemond, H.F., Harvey, C.F., (2004) Subsurface geochemistry and arsenic mobility in
Bangladesh, Geochemica Acta, 68(22):4539-4557.

10. Jay, J.A., N.K. Blute, K. Lin, D. Senn, H.F. Hemond, J.L. Durant. (2005) Controls on
speciation and solid-phase partitioning of arsenic in the sediments of a two-basin lake.
Environ. Sci. Technol. 39(23):9174-9181.

11. Ford, T.E., I. Jay, A. Patel, M. Kile, P. Prommasith, T. Galloway, R. Sanger, K. Smith,
M. Depledge. (2005) Use of ecotoxicological tools to evaluate the health of New Bedford

Harbor sediments: a microbial biomarker approach. Environmental Health Perspectives.
113:186-191.

12. Harvey, C. F.,, Swartz, C.H., Badruzzman, B., Keon, N.E., Yu. W, Ali, A, , Jay, ],
Beckie, R., Niedan, V., Brabander, D, Oates, P., Ahsfaque, K., Islam, S., Hemond, H.IF,,
Ahmed, F. (2005) Groundwater Arsenic Contamination on the Ganges Delta:
Biogeochemistry, Hydrology, Human Perturbations, and Human Suffering on a Large Scale,
Comptes-Rendus: Geoscience 337(1-2):285-296.

13. Najera, 1., C.C. Lin, G.A. Kohbodi, J.A. Jay. (2005) Effect of chemical speciation on
toxicity of mercury to Escherichia coli biofilms and planktonic cells. Environ. Sci. Technol,
39:3116-3120.

14. Lee, CM.,, T. Lin, C.-C. Lin, G. A. Kohbodi, A, Bhatt, R. Lee, J.A. Jay. (2006)
Persistence of fecal indicator bacteria in Santa Monica Bay beach sediments. Water Research.
40:2593-2602.

15. Kampalath, R., S. Gardner, C. Mendez, L., ILA. Jay. (2006) Total and methylmercury in
three species of sea turtles of Baja California Sur. Marine Pollution Bulletin. 52(12):1816-
1823.

16. Lin, C.C. and . A. Jay. (2007) Mercury methylation by Desulfovibio desulfuricans in
both biofilm and planktonic cultures. Environmental Science and Technology. 41:6691-6697.

17. Senn, D.B., I.E. Gawel, J.A. Jay, H.F. Hemond, I.I.. Durant. (2007) Long-term fate of a
pulse arsenic input to a eutrophic lake. Environmental Science and Technology. 41:3062-
3068.
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18. Lattanzi, P.R., D.B. Senn, J.A. Jay, V. Monastra, K.M. Regan, J.I.. Durant. (2007)
Persistence and remobilization of arsenic in Massachusetts (USA) lakes treated with arsenical
herbicides. Lake & Reservoir Management. 23(1):59-68.

19. Rothenberg, S.E., X. Du, Y.-G. Zhu, J.A, Jay. (2007) The impact of sewage irrigation on
the uptake of mercury in corn plants (Zea mays} from suburban Beijing. Environmental
Pollution 149;246-251. -

20. Rothenberg, S.E., R. Ambrose, J.A. Jay (2008) Mercury cycling in surface water, pore
water, and sediments of Mugu Lagoon, CA. Environmental Pollution, 154(1):32-45.

- 21. Rothenberg, S.E., R. Ambrose, J.A. Jay (2008) Evaluating the potential efficacy of
mercury total maximum daily loads on aqueous methylmercury levels in coastal watersheds.
Environmental Science and Technology. 42(15):5400-5406.

22. Blute, N.K., J.A. Jay, C.H. Swartz, D.J. Brabander, and FHL.F. Hemond (2008) Aqueous
and solid phase arsenic speciation in the sediments of a contaminated wetland and riverbed.
Applied Geochemistry. Accepted.

23. Berberoglu H., Pilon L., Jay J. (2008) Effect of nutrient media on photobiological

hydrogen production of Anabaena variabilis ATCC 29413, International Journal of Hydrogen
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Field studies were conducted to assess the coastal water
quality impact of stormwater runoff from the Santa Ana
River, which drains a large urban watershed located in
southern California. Stormwater runoff from the river leads
to very poor surf zone water quality, with fecal indicator
bacteria concentrations exceeding California ocean bathing
water standards by up to 500%. However, cross-shore
currents (e.g., rip cells) dilute contaminated surf zone water
with cleaner water from offshore, such that surf zone
contamination is generally confined to <5 km around the
river outlet. Offshore of the surf zone, stormwater runoff
ejected from the mouth of the river spreads out over a very
large area, in some cases exceeding 100 km? on the
basis of satellite observations. Fecal indicator bacteria
concentrations in these large stormwater plumes generally
do not exceed California ocean bathing water standards,
evenin cases where offshore samples test positive for human
pathogenic viruses (human adenoviruses and enteroviruses)
and fecal indicator viruses (F* coliphage). Multiple

lines of evidence indicate that bacteria and viruses in the
offshore stormwater plumes are either associated with
relatively small particles (<53 um) or not particle-associated.
Collectively, these results demonstrate that stormwater
runoff from the Santa Ana River negatively impacts coastal
water quality, both in the surf zone and offshore. However,
the extent of this impact, and its human health significance,
isinfluenced by numerous factors, including prevailing ocean
currents, within-plume processing of particles and
pathogens, and the timing, magnitude, and nature of
runoff discharged from river outlets over the course of a
storm.
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Introduction

Oceans adjacent to large urban areas, or “urban oceans”, are
the final repositories of pollutants from a myriad of point
and nonpoint sources of human waste (I). Pollutants are
transported to the urban ocean by surface water runoff
(1—4), discharge of treated sewage through submarine outfalls
(5), wet and dry deposition of airborne pollutants (6), and
submarine discharge of contaminated groundwater (7). Until
recently, effluent from sewage treatment plants was often
the primary source of urban coastal pollution, including
nutrients, pathogens, pesticides, and heavy metals (8).
However, pollutant loading from many sewage treatment
plants has declined over the past several decades because of
improvements in civil infrastructure (e.g., separation of the
storm and sanitary sewer systems to prevent combined sewer
overflows), pollutant source control, and disposal/treatment
technology (9). As a result, surface water runoff, in many
cases, has supplanted sewage treatment plants as the primary
source of pollutant loading to the urban ocean (3, 10).

The focus of this study is the coastal water quality impact
of surface water runoff during storms, or “stormwater runoff”,
from an urban watershed in southern California. The study
was motivated by several considerations. First, beneficial use
designations for the coastal ocean in southern California
apply year-round and, consequently, watershed managers
are legally required to develop stormwater management plans
for reducing wet-weather impairments of the coastal ocean
(11). The impact of stormwater runoff on coastal water quality
is of particular concern in arid regions such as southern
California because, on an annual basis, a large percentage
(>99.9% according to Reeves et al. (2) and >95% according
to Schiff et al. (10)) of the surface water runoff and associated
pollution flows into the ocean during a few storms in the
winter. Second, while recreational use of the coastal ocean
in southern California is lighter in the winter, compared to
the summer, winter ocean recreation is still very common,
particularly among surfers who surf the large waves that often
accompany storm events (R. Wilson, personal communica-
tion). Third, to the extent that particles in stormwater runoff
are associated with pathogens and other contaminants, their
discharge to the ocean during storms may serve as a source
of near-shore pollution that persists long after the storm
season is over (10, 12). Finally, in many urban watersheds
in southern California and elsewhere, the flow of stormwater
runoff is highly regulated by civil infrastructure (e.g., dams)
designed to minimize flood potential and maximize water
reclamation. As will be demonstrated later in this paper, the
regulated nature of stormwater runoffimplies that the ocean
discharge of stormwater runoff from urban watersheds can
occur days after the cessation of rain, when the potential for
human exposure to pathogens by marine recreational contact
is significant.

This paper describes how stormwater runoff from several
major rivers in southern California, with particular focus on
the Santa Ana River in Orange County, impacts coastal water
quality, as measured by turbidity, particle size spectra, total
organic carbon, fecal indicator bacteria, fecal indicator
viruses, and human pathogenic viruses. The present study
is unique in the combination of data resources utilized,
including data and information from routine surfzone water
quality and wave field monitoring programs, an automated
in-situ ocean observing sensor, shipboard sampling cruises,
and satellite sensors. Further, this is the first wet weather
study to examine the linkage between water quality in the
surf zone, where routine monitoring samples are collected
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University of California, Irvine (UCI).

and most human exposure occurs, and water quality offshore
of the surfzone. The work described in this study was carried
outin parallel with a watershed-focused study that examined
the spatial variability of fecal indicators, and the relationship
between suspended particle size and fecal indicators, in storm
runoff from the Santa Ana River watershed (13). Background
information is available elsewhere on coastal water quality
impairment at our Orange County field site (2, 14—18) and
the transport and mixing dynamics of sediment plumes as
they flow into the coastal ocean from river outlets in southern
California (4, 19, 20).

Materials and Methods

Rainfall and River Discharge. Weather information and Next
Generation Radar (NEXRAD) images for planning the field
studies and interpreting rainfall patterns were obtained on-
line from the National Weather Service (http://www.

nwsla.noaa.gov/). Precipitation and stream discharge data
were obtained at two sites, one located where the Santa Ana
River crosses 5th Street in the City of Santa Ana and another
located where the San Gabriel River crosses Spring Street in
the City of Long Beach (black squares in inset, Figure 1).
These data were obtained, respectively, from the U.S. Army
Corps of Engineers and the Los Angeles County Department
of Public Works. Both of these gauge sites are located relatively
close (within 11 km) to the rivers’ respective ocean outlets,
and hence streamflow measured at these sites will likely make
its way to the ocean.

Surf Zone Measurements: NEOCO Data. Time series of
water temperature, conductivity, chlorophyll, and water
depth were obtained from an instrument package deployed
at the end of the Newport Pier, where the local water depth
isbetween 6.5 and 9 m (blue star in Figure 1). This instrument
package is part of a recently deployed network of coastal
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sensors in southern California called the Network for
Environmental Observations of the Coastal Ocean (NEOCO).
The NEOCO sensor package contains an SBE-16plus CTD
(Sea-Bird Electronics, Inc., Bellevue, WA) and a Seapoint
Chlorophyll Fluorometer (Seapoint Sensors, Inc.). These
instruments are mounted on a pier piling at a depth of
approximately 1 m (below mean lower low water) and are
programmed to acquire data at a sampling frequency of 0.25
min~!.

SurfZone Measurements: Fecal Indicator Bacteria and
Breaking Waves. The concentration of fecal indicator bacteria
in the surf zone was measured at 17 stations (black circles
along shoreline in Figure 1) by personnel at the Orange
County Sanitation District (OCSD). The stations are desig-
nated by OCSD according to their distance (in thousands of
feet) north or south of the Santa Ana River outlet (e.g., station
15N is located approximately 15 000 ft, approximately 5 km,
north of the Santa Ana River outlet). Water samples were
collected 5 days per week (not on Friday and Sunday) from
5:30 to 10:00 local time at ankle depth on an incoming wave,
placed onice in the dark, and returned to the OCSD (Fountain
Valley, CA) where they were analyzed within 6 h of collection
for total coliform (TC), fecal coliform (FC), and enterococci
bacteria (ENT) using standard methods 9221B and 9221E
and EPA method 1600, respectively. Results are reported in
units of colony forming units per 100 mL of sample (CFU/
100 mL). Wave conditions, including both the direction and
height of breaking waves, were recorded by lifeguards at the
Newport Beach pier (near surf zone station 15S, Figure 1)
twice per day, once at 7:00 and again at 14:00 local time.

Offshore Measurements: Satellite Ocean Color Imagery.
The satellite images used in this study were collected by
NASA’s Moderate-Resolution Imaging Spectroradiometer
(MODIS) instruments. These instruments operate onboard
two near-polar sun-synchronous satellite platforms orbiting
at 705 km altitude: Terra (since February 24, 2000) and Aqua
(since June 24, 2002). Terra passes across the equator from
north to south at ~10:30 local time, while Aqua passes the
equator south to north at ~13:30 local time. As such, all the
images were acquired within 2 h before or after local noon
or between 18:00 and 22:00 UTC. The MODIS sensors collect
data in 36 spectral bands, from 400 to 14 000 nm. We utilized
bands 1 (250-m spatial resolution, 620—670 nm), 3, and 4
(500-m resolution, 459—479 and 545—565 nm, respectively)
to produce “true color” (i.e., RGB) images, with band 1 used
for the red channel, band 4 for the green channel, and band
3 for the blue channel. Using a MATLAB program, the 500-m
green (band 4) and blue (band 3) monochrome channels
were “sharpened” to 250-m resolution using fine details from
the higher resolution red channel (band 1). Then, the contrast
of each of these monochrome channels was increased to
emphasize maximum details in the coastal ocean region of
interest. Finally, all three monochrome channels (i.e., red,
green, and blue) were combined to form a single true color
image. In all, 16 satellite images from February 23 to March
5 were acquired and processed for this study; four of them
were selected as most illustrative, on the basis of their quality
and observed features. The timing of these satellite acquisi-
tions relative to the storms and sampling periods is indicated
at the top of Figure 2.

Offshore Measurements: Sampling Cruises. The offshore
monitoring grid (red triangles in Figure 1) was sampled during
three separate cruises on February 23, February 28, and March
1, 2004, coinciding with a sequence of storm events in late
February 2004. Table 1 provides a summary of activities
performed during each cruise. A short description of the
offshore sampling and analysis protocols is presented here;
details can be found in the Supporting Information for this
paper. All offshore water samples were analyzed for salinity
and fecal indicator bacteria, specifically, total coliform (TC),
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Escherichia coli (EC, a subset of FC), and enterococci bacteria
(ENT), using the defined substrate tests known commercially
as Colilert-18 and Enterolert (IDEXX, Westbrook, ME)
implemented in a 97-well quantitray format; results are
reported in units of most probable number of bacteria per
100 mL of sample (MPN/100 mL). A subset of the offshore
water samples was analyzed for total organic carbon (TOC)
by U.S. EPA Method 415.1, fecal indicator viruses (F*
coliphage) by a two-step enrichment method (U.S. EPA
Method 1601), and human pathogenic viruses (human
adenovirus and human enterovirus) by real-time quantitative
polymerase chain reaction (Q-PCR), nested PCR, and reverse-
transcriptase (RT)-PCR using published protocols (21—-25).
Details on the PCR protocols used here can be found in the
Supporting Information for this paper.

Coincident with the collection of the offshore water
samples, temperature, particle size spectra, and light trans-
missivity were measured using an LISST-100 (laser in situ
scattering and transmissometry) analyzer (Sequoia Scientific,
Inc., Bellevue, WA). The LISST-100 estimates the particle
volume per unit fluid volume (AV) resident in 32 logarithmi-
cally spaced particle diameter bins ranging in size from d,
= 2.5 to 500 um. At least 10 replicates of the particle size
spectra were collected at each offshore station. Following
the recommendation of Mikkelsen (26), AVwas taken as the
median of all replicate measurements. The LISST-100 data
are presented in this paper in one of three ways: (1) particle
size spectra represented by plots of AV/Alog d,, against log
dp, (2) the number of particles per unit fluid volume or total
number concentration (TNC), and (3) the number-averaged
particle size, d. The last two parameters were computed from
the particle size spectra as follows (26, 27):

32 AV
TNC = (1a)
1= ﬂdpf
3 32
_ E: _EAV
d=Af2 Ll (1b)
T TNC

Results and Discussion

Rainfall and River Discharge. Over the period of study
(February 18 through March 3, 2004), four rain events were
recorded by the rain gauge on the Santa Ana River in the City
of Santa Ana (black curve, top panel, top axis, Figure 2). The
first event accumulated 16.0 mm of rain in the afternoon of
February 21 (RE, in Figure 2), the second event accumulated
23.4 mm of rain in the afternoon of February 22 (RE,), the
third event accumulated 51.3 mm of rain in the evening of
February 25 (RE;), and the fourth event accumulated 6.8 mm
ofrain in the evening of March 1 (RE,). The rain gauge located
on the San Gabriel River in the City of Long Beach did not
record RE; but recorded a fifth rain event on February 18
(red curve, top panel, top axis, Figure 2). The difference in
rainfall recorded at the Santa Ana River and the San Gabriel
River sites is a consequence of the spatial variability of rainfall
near the coast (see Figures S1 and S2, Supporting Information,
for NEXRAD maps acquired during RE,; and RE;). Records of
stream discharge (in units of m3/s) at the Santa Ana River
and the San Gabriel River sites are also quite different (black
andred curves, top panel, bottom axis, Figure 2). While rainfall
and stream discharge are coupled at the San Gabriel River
site (i.e., stream discharge increases shortly after locally
recorded rain events, compare set of red curves in top panel,
Figure 2), rainfall and stream discharge are frequently
uncoupled at the Santa Ana River site. For example, the Santa
Ana River discharge events DE; and DE, do not obviously
correlate with records of local rainfall. Instead, these two
discharge events can be traced to stormwater runoff gener-
ated from inland regions of the Santa Ana River watershed
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that was released from inland dams after the cessation of top panel, Figure 2) of treated sewage discharged from the
rain (13). For comparison, we have also included in the plot Orange County Sanitation District (OCSD) sewage outfall
hourly volume discharge records (unit of m3/s, blue curve, (courtesy of OCSD).
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Surf Zone Measurements: NEOCO Data. Water level,
salinity, temperature, and chlorophyll measurements at the
NEOCO sensor, located on the end of the Newport Pier at
the offshore edge of the surf zone, are presented in Figure
2 (second and third panels). The largest rain event (REs) and
the largest discharge of stormwater runoff from the Santa
Ana River (DE,) occurred during a neap tide when the daily
tide range was small (see quarter moon and water level
measurements in the second panel, Figure 2). The other
rainfall and stream discharge events occurred during periods
of time when the daily tide range was larger, either during
the transition from spring to neap tide (RE;, RE,, DE,, DE,,
DEjs) or during the transition from neap to spring tide (RE,,
DEs).

Salinity recorded at the NEOCO sensor is characterized
by a series of low salinity events, relative to ambient ocean
water salinity of 32.5—33.0 ppt (salinity events SE,—SEg, Figure
2). These low salinity events may be caused, at least in part,
by stormwater discharged from the Santa Ana River (e.g., SEs
appears to be related to DE,). However, correlating discharge
and the low salinity events is complicated by the fact that
once river water is discharged to the ocean, its offshore
transport is controlled by a complex set of near-shore currents
(28). These near-shore currents, and their impact on the
spatial distribution of stormwater runoff plumes, are explored
in the next several sections. Temperature and chlorophyll
records at the NEOCO sensor appear to be relatively
unaffected by rainfall or discharge from the Santa Ana River.
Surf zone temperature exhibits a diurnal pattern consistent
with solar heating (i.e., temperatures are higher during the
day and lower at night). Chlorophyll measurements indicate
a bloom event occurred early in the study period (bloom
event 1, BE)), but this bloom event mostly dissipated prior
to the rain and discharge events that occurred later. While
the chlorophyll fluorometer was being maintained during
this period, we cannot rule out the possibility that the
downward trend in the chlorophyll signal is related to
instrument fouling.

Surf Zone Measurements: Wave Data and Along-Shore
Currents. Wave conditions, including the direction and
height of breaking waves, were recorded twice per day by
lifeguards stationed at the Newport Pier (surf zone station
15S, Figure 1). These wave data, which are plotted in the
fourth panel of Figure 2, can be divided into five events,
depending on whether waves approach the beach from the
west (WE;, WE3, and WEs) or from the south to southwest
(WE; and WE,). Because this particular stretch of shoreline
strikes northwest—southeast (see Figure 1), waves approach-
ing the beach from the west are likely to yield a down-coast
surf zone current (i.e., directed to the southeast). Likewise,
waves approaching the beach from the south are likely to
yield an up-coast surf zone current (i.e., directed to the
northwest) (28, 29).

This expectation is consistent with the salinity signal
measured at the NEOCO sensor, which is located ap-
proximately 5 km down-coast of the Santa Ana River ocean
outlet. The onset of low salinity event SEs at the NEOCO
sensor coincides very closely in time with the change in wave
conditions from WE; to WE3 and a likely change in the
direction of the surf zone current from up-coast to down-
coast (Figure 2). Discharge from the Santa Ana River was
particularly high during this period (discharge event DE,
overlaps wave events WE, and WE;). Hence, the onset of SEg
was probably triggered by a change in the direction of wave-
driven surfzone currents from up-coast during WE, to down-
coast during WE; and a consequent down-coast transport of
stormwater runoff entrained in the surf zone from the Santa
Ana River during DE,.

Employing the same logic, low salinity events SE;—SEs,
which occurred during a period when waves were out of the



south to southwest, may have originated from stormwater
discharged by river outlets or embayment located down-
coast of the NEOCO sensor (e.g., the Newport Bay outlet).
Low salinity events SE; and SE;, which occurred during a
period when waves were out of the west, may have originated
from stormwater discharged by outlets located up-coast of
the NEOCO sensor, although no significant discharge from
the Santa Ana River was recorded during this period of time.

Some of these low salinity events may have originated
from the cross-shore transport of lower salinity water from
offshore, perhaps from surface runoff plumes or submarine
wastewater fields associated with local sewage outfalls (16),
or from the submarine discharge oflow salinity groundwater
(7). While the power-plant cooling water intake and outfall
appear to affect local circulation patterns offshore of
Huntington Beach (30), the power-plant effluent consists of
pure ocean water and therefore is very unlikely to be a source
of the low salinity events documented in Figure 2. It is
theoretically possible that the OCSD sewage outfall is a source
of SE; and SE,, although there is nothing unusual about the
sewage discharge rates observed during these two periods
of time (compare SE; and SE, with the blue curve, top panel,
Figure 2).

SurfZone Measurements: Fecal Indicator Bacteria. The
concentrations of the three fecal indicator bacteria groups
(TC, FC, and ENT) in the surf zone are presented as a set of
color contour plots in Figure 2 (bottom three panels). Fecal
indicator bacteria concentrations were log-transformed to
visualize the temporal and spatial variability associated with
these measurements. For comparison, the California single-
sample standards for the three fecal indicator bacteria (10*
for TC, 1025%2 for FC, and 102°'7 for ENT, all CFU or MPN/100
mL) are indicated by a set of arrows on the scale bar in the
figure. The concentration of fecal indicator bacteria was
frequently elevated around the ocean outlet of the Santa Ana
River (near surf zone station 0), particularly during and after
rain events when stormwater was discharging from the river.
For example, during stormwater discharge events (DE; and
DE,), water quality around the Santa Ana River outlet was
very poor (see water quality events TC,, FC,, and ENT; in
Figure 2). During this period of time, fecal indicator bacteria
concentrations around the Santa Ana River outlet frequently
exceeded one or more state standards, in some cases by as
much as 300—500% (depending on the fecal indicator group).

The spatial distribution of fecal indicator bacteria in the
surf zone around the Santa Ana River outlet appears to be
controlled by local wave conditions, in a manner consistent
with the earlier discussion of wave-driven surfzone currents.
When waves approach the beach from the west and down-
coast currents are likely to prevail, the concentration of fecal
indicator bacteria in the surf zone is higher on the down-
coast side of the ocean outlet (compare WE; with TC,, FC;,
ENT,; and WE3 with TCs, FC3, ENT3). Likewise, when waves
approach the beach from the south and up-coast currents
are likely to prevail, the concentration of fecal indicator
bacteria in the surf zone is higher on the up-coast side of the
ocean outlet (compare WE, with TC,, FC,, ENT,). The
exception is a short period of time when relatively small waves
(wave height < 0.5 m) approach the beach from the southwest
and the concentration of fecal indicator bacteria is higher on
the down-coast side of the river (compare WE, with TCy4, FCy,
ENT,). This exception can be rationalized by noting that waves
out of the southwest break with their crests parallel to the
beach, and hence the direction of long-shore transport in
the surf zone is likely to be unpredictable under these
conditions. The apparent time delay between change in wave
direction (e.g., from WE, to WE,) and change in the spatial
distribution of fecal indicator bacteria around the Santa Ana
River outlet (e.g., from TC; to TC,) is, at least in part, a
sampling artifact. Wave height and direction were recorded

twice per day while fecal indicator bacteria concentrations
in the surf zone were sampled at most once per day (the gray
dots in the color contour plots indicate the timing of surf
samples at each station).

Stormwater runoff discharged from the Santa Ana River
appears to severely impact water quality in the surf zone
over a fairly limited stretch of the beach (<5 km either side
of the river between surf zone stations 15N and 15S). This
spatial confinement of stormwater plumes in the surf zone,
which is particularly evident for FC and ENT, could be the
result of physical transport processes (e.g., dilution by rip
cell mediated exchange of water between the surf zone and
offshore) or nonconservative processes (e.g., the removal of
fecal indicator bacteria from the surf zone by die-off or
sedimentation) (28, 29). An analysis of historical fecal
indicator bacteria measurements at Huntington Beach
concluded that the length of surf zone impacted by point
sources of fecal indicator bacteria, such as the Santa Ana
River, is influenced more by rip cell dilution and less by
nonconservative processes such as die-off (31). The decay
length scale reported here of 5 km is very close to the length
scale predicted by rip cell dilution alone (2—4 km, assuming
a rip cell spacing of 0.5 km) (31). Hence, die-off probably
plays a secondary role, compared to dilution, in limiting the
distance over which water quality is impaired in the surf
zone by stormwater runoff from the Santa Ana River.

Fecal indicator bacteria events also occur in the surf zone
at the northern (events TCg, TC7, ENTs, ENT;) and southern
(events TCs, FCs, and ENTs) edges of our study area. Possible
sources of these fecal indicator bacteria events include
stormwater discharged from the Huntington Harbor and
Newport Bay Harbor located at the extreme northern (5 km
up-coast of station 39N) and southern (stations 27S and 29S)
ends of the study site and, possibly, from river outlets located
outside of the study area (e.g., the Los Angeles River and San
Gabriel River, see inset in Figure 1). Boehm and co-workers
(32, 33) suggested that the OCSD sewage outfall might be a
source of fecal indicator bacteria in the surf zone at
Huntington Beach, particularly during dry weather summer
periods. However, compared to the Santa Ana River, the
sewage outfall probably had a negligible impact on surf zone
water quality at Huntington Beach and Newport Beach during
the storm events sampled in this study. This conclusion is
based on the following evidence. First, during our study
period, sewage effluent discharged by OCSD was chlorinated
and the fecal indicator bacteria concentrations in the final
effluent (mean of 6000, 400, and 100 MPN/100 mL for TC,
EC, and ENT, n = 17, C. McGee, personal communication)
were significantly below the concentration of fecal indicator
bacteria measured in stormwater runoff from the Santa Ana
River (mean 17000, 5000, and 8000 MPN/100 mL for TC, EC,
and ENT, n = 30, Surbeck et al. (13)). Second, the peak
discharge rate from the OCSD outfall (ca. 13 m3/s) is much
smaller than the peak discharge rate of stormwater runoff
from the Santa Ana River (ca. 300 m3/s) (compare blue and
black curves, second panel, Figure 2). Third, the sewage
effluent is discharged 6 km offshore of the surf zone through
al-km-long diffuserlocated at the end of OCSD’s submarine
outfall ata water depth of approximately 60 m (hatched region
ofthe outfall pipe in Figure 1). By contrast, stormwater runoff
from the Santa Ana River is discharged into the ocean directly
at the surf line.

Offshore Measurements: Satellite Ocean Color Imagery.
The spatio-temporal distributions of offshore stormwater
runoff plumes sampled during this study are revealed by
MODIS true color satellite imagery of a 100-km stretch of the
coastline centered around our field site (Figure 3). The
monitoring grid sampled during the offshore cruises is
depicted on the satellite images by yellow dots. The timing
of the satellite passes, relative to rain events, discharge events,
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(A) 23 Feb. at 13:00

FIGURE 3. MODIS Terra and Aqua true color satellite imagery of stormwater runoff plumes along the San Pedro Channel, California, with
nominal spatial resolution of 250 m. Yellow dots indicate location of field sampling stations offshore of Huntington and Newport Beach;
black arrows denote the Los Angeles River (LAR) outlet, San Gabriel River (SGR) outlet, Santa Ana River/Talbert Marsh (SAR/TM) outlet,
and Newport Bay outlet. (A) MODIS-Aqua, February 23, 2004, at 21:00 UTC (13:00 local time), (B) MODIS-Aqua, February 27, 2004, at 20:35
UTC (12:35 local time), (C) MODIS-Aqua, February 28, 2004, at 21:20 UTC (13:20 local time), (D) MODIS-Terra, February 29, 2004, at 18:50

UTC (10:50 local time).

wave events, surf zone water quality events, and offshore
sampling cruises, is indicated at the top of Figure 2.

Generally speaking, in this collection of true color imagery
the stormwater runoff plumes appear to be characterized by
a band of turbid water turquoise to brown in appearance
that is observed along the entire imaged region, although
both cross-shelf and along-shore gradients in the color
signature are evident. Following the rain events on February
21-22 (total of 39.4 mm, see RE; and RE; in Figure 2), a
MODIS Aqua imagery from February 23 demonstrates the
cross-shelf extent of the runoff plume to be variable, ranging
from under 1 km in some places to more than 10 km offshore
of the Los Angeles River and San Gabriel River (Figure 3A).
At our study site, which is centrally located within this broad
region, a distinct and apparently heavily particulate-laden
runoff plume was observed in the vicinity of the Santa Ana
River outlet and nearby station 2201 (see Figure 1 for
numerical designation of offshore sampling sites). The Santa
Ana River plume extended offshore past station 2203, with
an apparent turn down-coast (i.e., southeast), continuing
paststations 2104 and 2024. During this time, breaking waves
were out of the south and the transport direction of fecal
indicator bacteria in the surf zone was directed up-coast,
opposite the apparent transport direction of stormwater
plumes offshore of the surf zone (compare timing of satellite
image 1 with WE, and fecal indicator bacteria events TC,,
FC,, and ENT,, Figure 2). It also appears that a portion of the
Los Angeles River and the San Gabriel River stormwater
plumes may have advected south and comingled with the
Santa Ana River stormwater plume. Further south, offshore
particulate loadings off the Newport Bay outlet (station 2001)
do not appear to be as large as those off the Santa Ana River
outlet.

A MODIS image on February 27 revealed two distinct
plumes of considerable size and offshore extent (Figure 3B).
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This satellite acquisition preceded by 1 day the sampling
cruise on February 28 (described in the next section), followed
the large precipitation event on February 25—26 (total of
51.3 mm, see RE; in Figure 2), and followed the large discharge
event from the Santa Ana River (DEy4, in Figure 2). The plume
to the northwest in this image appears to be associated with
the Los Angeles River or the San Gabriel River outlets, with
an approximate areal extent of 450 km?2. The plume to the
southeast appears to be distinct from the former plume and
likely originated from the Santa Ana River outlet, with an
approximate areal extent of 100 km? (the presumptive Los
Angeles River, San Gabriel River, and Santa Ana River plumes
are delineated by red lines in Figure 3B). The February 27
Santa Ana River stormwater plume is considerably larger in
size than the one observed on February 23 (compare Figure
3A and 3B), consistent with the very large volume of water
discharged from the Santa Ana River just prior to this satellite
acquisition (approximately 4 x 107 m?, see DE, in Figure 2).
Further, the Los Angeles River, San Gabriel River, and Santa
Ana River runoff plumes on February 27 differed from those
on February 23 in that they penetrated farther offshore (30
km compared to 10 km) and thus potentially transported more
sediments into the deep waters of the San Pedro Channel.
The jetlike appearance of the presumptive Los Angeles
River, San Gabriel River, and Santa Ana River stormwater
runoff plumes in Figure 3B has been observed elsewhere in
the Southern California Bight, for example, off the Santa Clara
River discharge (4, 29), and is potentially the result of inertia-
driven flow. At the time of this second satellite acquisition,
breaking waves out of the west, and along-shore transport
in the surf zone and offshore of the surf zone, appear to be
directed down-coast (compare timing of satellite image 2
with WE; and fecal indicator events TC;, FC3, and ENTj).
Subsequent MODIS true color imagery on February 28
(Figure 3C) and February 29 (Figure 3D) indicates that both
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FIGURE 4. Particle measurements collected during the three sampling cruises. The bottom row of panels indicates the sampling track.
TNC is an abbreviation for total particle number concentration. TNC and number-averaged particle size were calculated from measured

particle size spectra using eq 1a, b.

the Los Angeles River/San Gabriel River and the Santa Ana
River runoff plumes had significantly decreased in size,
consistent with reduced flow out of the respective rivers
(compare stream discharge curves with timing of satellite
images 2 and 3, Figure 2). However, particulate matter
appeared to remain high in the general vicinity of the Santa
Ana River outlet. Whereas this zone of elevated particulate
matter extended south to at least station 2021 on February
27-28, by February 29 it had receded somewhat and was
fairlylocalized around station 2201. Unfortunately, no satellite
imagery was available the following day (March 1) to
complement the third sampling cruise, given persistent
regional cloud cover that day.

Offshore Measurements: In-Situ Turbidity and Number-
Averaged Particle Size. In-situ turbidity measurements
collected during the three offshore cruises are presented as
aseries of color contour plots in Figure 4. During the February
23 cruise, a region of high turbidity, as evidenced by low
transmissivity and high TNC, is evident offshore of, and to
the south of, the Santa Ana River outlet (left-hand column
of panels, Figure 4). The number-averaged particle size is
depressed in this same region, as well as in the region offshore
of the Newport Bay outlet. During subsequent cruises, the
ocean became progressively less turbid closer to shore
(although not necessarily offshore), as evidenced by increas-
ing transmissivity and decreasing TNC, and the number-
averaged particle size progressively increased (second and
third columns, Figure 4). These results suggest that, offshore
of the surf zone, particle size was steadily increasing and

particle concentrations were steadily decreasing following
therain and stream discharge events that ended on, or before,
the evening of February 27. The above turbidity patterns are
generally consistent with the plume signatures and gradients
observed in the true color satellite imagery (Figure 3),
although some differences exist which could result from the
offset timing (up to several hours) between the acquisition
of the satellite images and the field measurements. As a
technical aside, the number-averaged particle size (d, see eq
1b) and the median particle size (dso) follow similar trends
(i.e., they both rise and fall together), although the magnitude
of dso was approximately 16-fold larger (Figure S3, Supporting
Information). For the results presented here, d was chosen
because it emphasizes changes in the small end of particle
size spectra.

Offshore Measurements: Fecal Indicator Bacteria. Water
quality test results from the three offshore cruises are
presented as a set of color contour plots in Figure 5. During
the February 23 cruise, the concentration of fecal indicator
bacteria exceeded the California single-sample standards for
TC, ENT, and EC in several samples collected just offshore,
and to the south, of the Santa Ana River and Newport Bay
outlets (left-hand column of panels in Figure 5). Nevertheless,
the highest concentrations measured offshore of the surf
zone are generally lower, in many cases by several orders of
magnitude, compared to the highest concentrations mea-
sured in the surf zone (compare concentration scales for EC,
FC, and ENT in Figures 2 and 5). The difference in offshore
and surfzone fecal indicator bacteria concentrations is even
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FIGURE 5. Fecal indicator bacteria concentrations measured during the three sampling cruises. The bottom row of panels indicates the
sampling track (blue arrows) and the detection of F* coliphage and human viruses. SAR/TM is an abbreviation for the outlet of the Santa

Ana River and Talbert Marsh.

more pronounced during the later cruise dates. For example,
none of the samples collected during the February 28 and
March 1 cruises exceeded state standards for fecal indicator
bacteria, yet several of the samples collected from the surf
zone during the same time period exceeded single-sample
standards for one or more fecal indicator bacteria groups
(compare concentrations measured during the second cruise
date with TCs, FC3, and ENT3 and concentrations measured
during the third cruise date with TC,, FC4, and ENT,, Figures
2 and 5).

Offshore Measurements: F" Coliphage and Human
Viruses. Offshore samples tested positive for F* coliphage (n
= 8, see Table 1), with the exception of a single sample
collected on the February 28 cruise from offshore of the
Newport Pier (blue, green, and red plus symbols, bottom
panels, Figure 5). Human adenoviruses and enteroviruses
were detected by real time Q-PCR, nested PCR, and RT-PCR
in a sample collected from station 2201 located directly
offshore of the Santa Ana River outlet during the February
28 cruise (red plus, middle bottom panel, Figure 5). The
concentration of human adenoviruses in this sample is
estimated to be 9.5 x 10% genomes per liter of water, which
is approximately equivalent to 10 plaque forming units per
liter of water, according to a laboratory study comparing
Q-PCR results with plaque assay (35). Human enteroviruses
were also detected in a sample collected directly offshore of
the Santa Ana River outlet (station 2201) on the February 23
cruise (green plus, bottom left panel, Figure 5). While
relatively few samples were tested for human viruses
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(n = 8), these results demonstrate that human viruses are
present in surface water offshore of the Santa Ana River outlet
following storm events, even when the fecal indicator bacteria
concentrations are below state standards (e.g., station 2201
during the February 28 cruise, Figure 5). These results are
consistent with previous observations that human pathogenic
viruses and fecal indicator viruses persist longer than fecal
indicator bacteria in ocean water (36). Direct PCR measure-
ment of pathogenic viruses in highly turbid water is chal-
lenging because of PCR inhibition (35).

Offshore Measurements: Relationship between Fecal
Indicator Bacteria, Turbidity, and Number-Averaged Par-
ticle Size. Turbidity has been suggested as a possible proxy
for water quality (37, 38). However, on the basis of our offshore
data, turbidity per se appears to be an inconsistent proxy for
the concentration of fecal indicator bacteria. For example,
during the February 23 cruise, there is good coherence
between turbidity and TC, EC, and ENT concentrations off
the Santa Ana River outlet and Newport Pier (compare
transmissivity and TNC with fecal indicator bacteria results,
left-hand column of panels, Figures 4 and 5). However,
turbidity is low off of the Newport Bay outlet where the
bacteria concentrations are particularly high. In addition,
there are no consistently robust relationships between
shipboard measurements of fecal indicator bacteria and
shipboard measurements of TOC, temperature, or salinity
(see Figure S4, Supporting Information). The number-
averaged particle size, on the other hand, comes close to
matching the along-shore spatial pattern of fecal indicator
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bacteria measured during the February 23 cruise. Specifically,
elevated fecal indicator bacteria concentration appears to
correlate with depressed number-averaged particle size
(compare fecal indicator bacteria and number-averaged
particle size results for the February 23 cruise, left-hand
column of panels, Figures 4 and 5). When all of the fecal
indicator bacteria data collected during the three cruises are
aggregated and plotted against number-averaged particle
size, an inverse relationship between these two parameters
emerges; specifically, samples with elevated fecal indicator
bacteria concentrations also exhibit small number-averaged
particle size (Figure 6A). Moreover, the concentration of fecal
indicator bacteria in water samples collected during the first
two cruises is the same, within error, before and after filtration

through a 53-um sieve (Figure 6B), implying that fecal
indicator bacteria are either adsorbed to particles smaller
than 53 um or are not particle-associated. TOC also appears
to pass through the 53-um sieve (Figure 6B) as do human
viruses and fecal indicator viruses (data not shown). The
co-occurrence of small particles and indicators of fecal
pollution (fecal indicator bacteria, fecal indicator viruses,
and human pathogenic viruses) does not necessarily imply
that the latter are adsorbed to the former. The inverse
relationship evident in Figure 6A, for example, may reflect
atemporal evolution of stormwater plumes as they age, from
a predominance of small particles and high concentrations
of fecal indicators initially, to larger particles and lower
concentrations of fecal indicators later.
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of where it flows over the beach and into the ocean.

Offshore Measurements: Particle Size Spectra. Particle
size spectra acquired during the three cruises are presented
in Figure 7. Each plot displays the normalized particle volume
(vertical axis) detected in 32 logarithmically spaced particle
diameter bins ranging in size from 2.5 to 500 um (horizontal
axis). The particle size spectrum measured at a particular
offshore location and time appear to be related to the specific
stormwater plume the particles are associated with and,
possibly, the elapsed time stormwater has spent in the ocean.
Stormwater flowing out of the Santa Ana River during the
February 23 cruise, for example, is characterized by two
modes at the small end of the size spectrum, one in the <5
um bin and another in the 10—50 um bins (set of red curves,
Figure 7). These modes are present in stormwater runoff
sampled at several locations in the Santa Ana River watershed
(13), in samples collected at the ocean outlet of the Santa
Ana River (panel labeled “SAR Outlet” at top of Figure 7), and
in samples collected just offshore (red curve at station 2201,
Figure 7) and down-coast (red curve at station 2101, Figure
7) of the Santa Ana River outlet. Particles discharged from
the Santa Ana River appear to dilute and merge into a
background turbidity characterized by a single broad mode
in the 50—300 um size range (evident in the red curves at
most stations, Figure 7).

Referring to Figure 3A and the earlier discussion of this
satellite image, the 50—300 xm mode observed on February
23 may be characteristic of a large runoff plume originating
from one or more up-coast sources of stormwater runoff,
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most likely the Los Angeles River or the San Gabriel River.
Several factors can lead to artifacts in the particle size spectra
estimated from the light-scattering instrument deployed in
this study (39). However, in our case this caveat is mitigated
somewhat by the observation that particle volume fractions
calculated from the particle size spectra are strongly cor-
related (Spearman’s rank correlation Sp = 0.90, p = 0.02)
with independent measurements of total suspended solids
(data not shown).

During the second and third cruises, the particle size
spectra progressively coarsen with the result that, by March
1, virtually all of the particle volume is associated with the
largest size bin (>500 um, green curves in Figure 7). The
observed temporal evolution in particle size spectra, from
high turbidity and multiple modes at the lower end of the
particle size spectrum to low turbidity and a single mode at
the large end of the particle size spectrum, may reflect
decreasing particle supply (i.e., reduced stormwater discharge
from major river outlets) coupled with within-plume co-
agulation of particles into larger size classes and, ultimately,
removal of the largest particles by gravitational sedimenta-
tion. Coagulation time scales estimated from these particle
size spectra measurements are short (minutes to hours or
longer) compared to time scales associated with the genera-
tion and offshore transport of stormwater plumes (hours to
days), and hence coagulation cannot be ruled out as an
important mechanism at our field site (see Supporting
Information for details on the time scale calculations).
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Whether coagulation, in fact, plays a role in the fate and
transport of particles and particle-associated contaminants
in stormwater plumes will likely depend on the coagulation
efficiency (i.e., the fraction of particle—particle collisions that
result in sticking events) and shear rates present at a given
location and time (40, 41). Alternatively, the observed
temporal coarsening of particles in the offshore may reflect
changes in the particle size spectra of the stormwater runoff
before it enters the ocean, from a predominance of smaller
particles during the peak of the hydrograph, to a predomi-
nance of coarser particles during the falling limb of the
hydrograph. Further studies are needed to determine whether
observed coarsening of the offshore particle size spectra is
caused by within-plume coagulation or by temporal evolution
of the particle size spectra in stormwater runoff before it
enters the ocean.

Data Synthesis. Results presented in this paper are
represented schematically in Figure 8, including potential
offshore transport mechanisms (panel A) and the resulting
distribution of particles, bacteria, and viruses (panel B). As
stormwater is discharged from the river outlet and flows over
the beach, a fraction is entrained in the surf zone and the

rest is ejected offshore in a momentum jet. Measurements
of fecal indicator bacteria in the surf zone suggest that, once
entrained, contaminants are transported parallel to shore
by wave-driven currents, in a direction (i.e., up- or down-
coast) controlled by the approaching wave field. When waves
strike the beach so that a component of wave momentum
is directed up-coast (the scenario pictured in Figure 8), fecal
indicator bacteria in the surfzone are carried up-coast of the
river outlet. Conversely, when waves strike the beach so that
a component of wave momentum is directed down-coast,
fecal indicator bacteria in the surf zone are carried down-
coast of theriver outlet. The buildup of water in the surfzone
from breaking waves drives a cross-shore circulation cell,
which can transport material between the surf zone and
offshore of the surf zone. At our field site, this cross-shore
circulation appears to limit the length of beach severely
polluted with fecal indicator bacteria to <5 km around the
river outlet, by diluting contaminated surf zone water with
cleaner water from offshore. While the transport processes
described here are based on measurements of fecal indicator
bacteria in the surf zone, it is likely that other contaminants
in stormwater runoff, in particular, human viruses and toxic
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contaminants associated with suspended particles (13, 42),
will behave similarly.

Further offshore, stormwater runoff plumes are common
and readily detected through a variety of geophysical
parameters (e.g., salinity, transmissivity, surface color). A
clear linkage between these parameters and fecal indicator
bacteria could not be established here. However, fecal
indicator bacteria did appear to be associated with the
smallest particle sizes, on the basis of both fractionation
studies (Figure 6B) and the inverse relationship observed
between fecal indicator bacteria concentrations and number-
averaged particle size (Figure 6A). Particle size spectra in the
offshore plumes coarsen with time post-release, and fecal
indicator bacteria concentrations steadily drop (see the
schematic representation of particle size in the various
offshore plumes, Figure 8B). These results have several
implications. First, they suggest that high concentrations of
fecal indicator bacteria in the surf zone at our field site are
probably not brought into the study area by coastal currents
from distal sources (e.g., the Los Angeles river or the San
Gabriel river). Second, cross-shore transport of water between
the surf zone and offshore of the surf zone, for example, by
rip cell currents, is likely to improve surf zone water quality
by diluting dirty river effluent entrained in the surf zone with
relatively clean ocean water from offshore.

While the concentrations of fecal indicator bacteria in
the offshore plumes are generally below surf zone water
quality standards, particularly during the latter two cruises,
fecal indicator viruses (F' coliphage) were detected in nearly
all offshore samples tested, and human adenoviruses and
enteroviruses were detected in several offshore samples,
including two collected offshore of the Santa Ana River outlet
(station 2201 on February 23 and 28, see Figure 5). It is likely
that the virus results presented here represent a conservative
estimate of viral prevalence, because a limited numbers of
samples were tested (n = 8). In addition, the presence of PCR
inhibitors in stormwater reduces the efficiency of PCR
detection of human pathogenic viruses, as mentioned earlier.
At present, there are no water quality standards for fecal
indicator viruses and human pathogenic viruses, largely
because epidemiological data are not available to link adverse
human health outcomes (e.g., gastrointestinal disease) to
recreational ocean exposure to these organisms. However,
the offshore detection of human pathogenic viruses begs
several questions: First, do these viruses constitute a human
health risk, either by contaminating the surf zone directly
(see arrow with question mark, indicting the possible transfer
of contaminants from offshore into the surf zone, Figure 8B)
or by sequestering in offshore sediments? Second, given the
fact that the Santa Ana River has separate storm and sanitary
sewer systems, what is the source of human fecal pathogens
in the wet weather water runoff? Many studies have shown
that human fecal pathogens are associated with storm runoff
from urban areas located throughout the United States
(25, 43—45), so the association between stormwater runoff
and human fecal pathogens observed here is certainly not
unique. Possible sources of human pathogens in stormwater
runoff from urban areas include leaking sewer pipes, illicit
sewage connections to the stormwater sewer system, home-
less populations, and so forth.

Taken together, the results presented in this paper
demonstrate that stormwater runoff from the Santa Ana River
is a significant source of near-shore pollution, including
turbidity, fecal indicator bacteria, fecal indicator viruses, and
human pathogenic viruses. However, relationships between
variables (e.g., between turbidity and fecal indicator bacteria
and between fecal indicator bacteria and human viruses)
vary from site to site (at the same time) and from time to
time (at the same site) suggesting that the sources, fate, and
transport processes are contaminant specific. The apparent
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exception is the inverse relationship observed between fecal
indicator bacteria and number-averaged particle size, al-
though further studies are needed to determine if this result
is generalizable to other storm seasons and coastal sites and,
if so, to determine the underlying mechanism at work. The
relationship between water quality parameters (e.g., fecal
indicator bacteria), turbidity, and other field proxies, such
as number-averaged particle size, salinity, and colored
dissolved organic matter, are the focus of ongoing and future
regional studies, including as part of a coastal water
quality observing program within the Bight 03 Project
(http://www.sccwrp.org/regional/03bight/bight03_fact_
sheet.html), as well as other investigations being carried out
as part of the Southern California Coastal Ocean Observing
System (SCCOQS).
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ABSTRACT

The effect of a stormwater conveyance system on indicator bacteria levels at a Florida
beach was assessed using microbial source tracking methods, and by investigating
indicator bacteria population structure in water and sediments. During a rain event,
regulatory standards for both fecal coliforms and Enterococcus spp. were exceeded,
contrasting with significantly lower levels under dry conditions. Indicator bacteria levels
were high in sediments under all conditions. The involvement of human sewage in the
contamination was investigated using polymerase chain reaction (PCR) assays for the esp
gene of Enterococcus faecium and for the conserved T antigen of human polyomaviruses, all
of which were negative. BOX-PCR subtyping of Escherichia coli and Enterococcus showed
higher population diversity during the rain event; and higher population similarity during
dry conditions, suggesting that without fresh inputs, only a subset of the population
survives the selective pressure of the secondary habitat. These data indicate that high
indicator bacteria levels were attributable to a stormwater system that acted as a reservoir
and conduit, flushing high levels of indicator bacteria to the beach during a rain event. Such
environmental reservoirs of indicator bacteria further complicate the already questionable
relationship between indicator organisms and human pathogens, and call for a better
understanding of the ecology, fate and persistence of indicator bacteria.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Underground storage of stormwater runoff may well
provide favorable conditions for bacterial persistence, as

Stormwater runoff can cause an influx of indicator bacteria to
receiving waters. Previous studies in southern California have
demonstrated increased indicator bacteria levels in coastal
waters influenced by stormwater runoff (Noble et al., 2003;
Reeves et al.,, 2004; Ahn et al., 2005). Reeves et al. (2004)
observed that during dry conditions, total coliforms, Escher-
ichia coli and Enterococcus spp. were highly concentrated in
runoff from forebays (underground storage tanks), which was
transported to coastal water during storm events.

*Corresponding author. Tel.: +1813 974 1524; fax: +1813 974 3263.
E-mail address: vjiharwood@cas.usf.edu (V.J. Harwood).

0043-1354/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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sediments in the stormwater conveyance systems may act
as a reservoir. Both E. coli and Enterococcus spp. can persistin a
culturable state in sediments for weeks or months (Byappa-
nahalli, 1998; Desmarais et al., 2002; Anderson et al., 2005;
Jeng et al., 2005). Studies of indicator bacterial survival have
shown lower decay rates in sediment compared to water
(Sherer et al., 1992; Howell et al., 1996; Anderson et al., 2005),
indicating that sediments provide protection from harm-
ful stressors (e.g., high temperatures and sunlight). Both
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sediments and underground storage systems provide protec-
tion from these abiotic influences, and in addition supply
inorganic and organic nutrients, promoting survival and
possible regrowth.

Areas with widely different land-use practices, including
agricultural, commercial, rural or residential, can contri-
bute stormwater to environmental waters. The possibi-
lity also exists of cross-connections from sewer pipes, or
leakage from sewer or septic systems delivering human
sewage to the stormwater conveyance system. Both
human health risk and strategies for remediation of mi-
crobial pollution from stormwater are influenced by the
host source of microorganisms, but measurement of
indicator bacteria alone does not provide information on this
important parameter. Microbial source tracking (MST) is a
group of methods whose goal is to define the source(s) of
indicator bacteria. Such methods may be library-dependent;
relying on a reference database of patterns, or fingerprints, of
organisms from fecal material of known source (Wiggins,
1996; Hagedorn et al., 1999; Parveen et al.,, 1999; Dombek
et al., 2000; Harwood et al, 2000; Moore et al., 2005).
Library-independent methods do not require a database of
patterns for comparison, but instead have a specific
target which, when present, indicates fecal contamination
from a particular source. The target could be a gene
(Martellini et al., 2005), virus (Hsu et al., 1995; McQuaig
et al., 2006) or a bacterium (Bernhard et al., 2003; Scott et al.,
2005) associated with a specific host, and is frequently
detected by a molecular method such as the polymerase
chain reaction (PCR) (USEPA, 2005).

Two library-independent MST methods for detection of
human-associated markers were used in this study to
determine whether human sewage was impacting the
stormwater system: the enterococcal surface protein (esp)
gene of Enterococcus faecium, and the conserved T antigen
of human polyomavirus strains JC and BK. The Ent. faecium
strain(s) containing the esp gene is present throughout the
US and other countries (Willems et al., 2001; Rice et al,
2003). At least two published studies detected the esp
marker in 100% of sewage influent samples tested in the
US (Scott et al., 2005; Soule et al., 2006). Furthermore, 100%
of sewage samples tested in New Zealand (n=4) were
also positive (Harwood, unpublished data); and all the
sewage samples representing greater than half of the states
in the US have also tested positive (T. Scott, unpublished
data). Human polyomaviruses are estimated to infect up to
80% of the human population, and are shed in urine and feces
(Knowles et al., 2003; Behzad-Behbahani et al.,, 2004). In
Florida, 36 sewage influent samples from three wastewater
treatment facilities and 14 samples from different septic
tanks were all positive for human polyomaviruses (McQuaig
et al, 2006). Detection of esp and human polyomavirus
markers were significantly correlated in Florida surface
waters that were suspected of contamination from sewage
(McQuaig et al., 2006). These markers were therefore con-
sidered good candidates for detection of human sewage
contamination in this study, and were further confirmed
during the study.

This study investigated the source of indicator bacteria
contaminating waters at a Florida beach by combining

library-independent MST methods (human-associated mar-
kers) and a MST tool previously used as a library-dependent
method (BOX-PCR of indicator bacteria strains) to investigate
the population structure of these bacteria under varying
hydrological conditions. The goals of the study were three-
fold: (1) to determine whether the stormwater conveyance
system contributed high indicator bacteria numbers to Gulf of
Mexico waters; (2) determine whether human sewage was
contributing to the indicator bacteria contamination and (3)
determine whether survival in the stormwater conveyance
system might contribute to elevated indicator bacteria levels.
Characteristics of the E. coli and Enterococcus populations,
including population diversity and population similarity, were
used to explore the hypothesis that the microbial contamina-
tion at Siesta Key Beach originated from the stormwater
system.

2. Materials and methods
2.1.  Study site and sampling strategy

Siesta Key Beach is located on a barrier island on the west
coast of Florida in Sarasota County. A stormwater conveyance
system runs parallel to the beach underneath a paved
thoroughfare (Fig. 1). The stormwater system receives runoff
from an urban, residential area of approximately 0.24 km? (60
acres). The stormwater remains in the underground system,
which runs southward to an underground concrete vault on
the west side of the road, approximately 300m from the
beach. Water may be retained in the vault for many days until
a rain event causes overflow, which is pumped into an
adjacent retention pond. Surface runoff from the road and
overflow from the pond enter a ditch, which flows ~300m
before it empties onto the beach. During heavy rain, the ditch
outfall reaches the Gulf waters.

Two sampling events were conducted during this study; one
within 48 h of heavy rainfall and one after a dry period (6 days
of no precipitation). Water and sediment samples were taken
at various points, i.e., access was obtained via a manhole to
sample the stormpipe that feeds the vault, the vault was
sampled through a metal-covered access portal, and the ditch
and its beach outfall were sampled from the surface. The land
around the ditch and the ditch itself was heavily vegetated,
and therefore shaded, with Brazilian pepper trees and
mangroves. More surface sampling sites were added (reten-
tion pond and Gulf of Mexico) for the second sampling (dry
period) in order to obtain a more complete picture of the
possible sources and sinks of microorganisms in the drainage
system.

For genetic diversity studies, Enterococcus spp. were also
isolated from sewage and a pristine water site. Untreated
sewage samples were obtained from lift stations in the Florida
counties of Duval and Wakulla. Water samples from a pristine
site were collected at Deer Prairie Slough in the Myakka River,
Myakka River State Park (Sarasota County; N Latitude
27°10.543' and W Longitude 82°12.705’). This site was chosen
due to the absence of known human impact and urban
stormwater runoff.
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Fig. 1 - Sampling locations within the stormwater system draining to Siesta Key Beach.

2.2.  Isolation and enumeration of indicator bacteria

Water and sediment samples were collected in sterile
containers (in duplicate), immediately placed on ice and
processed within 4h of collection at the USF (Tampa, FL)
laboratory. Water samples and supernatant from sonicated
sediments were filtered through sterile nitrocellulose mem-
branes (0.45um pore size, 47 mm diameter) using standard
methods for fecal coliforms (APHA, 1998) and enterococci
(USEPA, 2000). Twenty grams (wet weight) of sediment were
added to 200ml of sterile buffered water (0.0425 gL ™" KH,PO,
and 0.4055gL™' MgCl,) and sonicated as modified from
Anderson et al. (2005). The power was increased to 16 W for
30s based on experiments that determined the highest
recovery of indicator bacteria from contaminated sediments
(data not shown).

Fecal coliforms were enumerated on mFC agar (Difco) and
incubated for 24 h at 44.5 °C in a water bath (APHA, 1998). Blue
colonies were counted as fecal coliforms and then inoculated
into microtiter plates containing EC broth amended with
4-methylumbelliferyl-g-p-glucuronide (MUG) (50pgml™?) in
order to determine the percentage of the colonies that were
E. coli. After incubation for 24 h at 37 °C, the microtiter plates
were exposed to ultraviolet (UV) light. Fluorescence indicated
strains that had g-glucuronidase activity (MUG+), a character-
istic of E. coli. For further confirmation, 25% of the MUG+
isolates were profiled biochemically using API 20E strips
(BioMerieux), and 100% were identified as E. coli. MUG+ fecal
coliforms were therefore designated E. coli and fingerprinted
by BOX-PCR for the similarity/diversity study.

Enterococci were enumerated by Method 1600 (USEPA,
2000), in which filters were incubated on mEI agar (base
medium from Difco; indoxyl p-p-glucoside from Sigma
Aldrich) at 41°C for 24h. All resultant colonies with a blue
halo were inoculated into Enterococcosel Broth (Becton

Dickinson) to confirm esculin hydrolyzation. Concentrations
for all indicators were log;o-transformed and recorded as CFU
100ml~! (water samples) or 100gwetweight™* (sediment
samples).

2.3.  Human-associated genetic markers

The method used for detection of an enterococcal surface
protein (esp) gene of Ent. faecium was carried out as previously
described (Scott et al., 2005). Briefly, 300ml of each water
sample was filtered using 0.45um pore-size membrane
filters. Sediment samples were diluted 1:6 with sterile
distilled water, vortexed for 2min and allowed to stand for
2min (Byappanahalli et al., 2003). The supernatant was
filtered through sterile nitrocellulose membranes (0.45um
pore size, 47 mm diameter). Filters were incubated on mEl
agar at 41 °C for 48 h in a water bath. Filters were suspended in
tryptic soy broth (Difco), vortexed and incubated for 3h at
41°C. Two milliliters of culture were used for DNA extraction,
which was performed using a QIAamp DNA extraction kit
(Qiagen, Inc.) according to manufacturer’s instructions.

The forward primer (Scott et al., 2005), which is specific for
the Ent. faecium esp gene (5-TAT GAA AGC AAC AGC ACA AGT
T-3), and a conserved reverse primer (5-ACG TCG AAA GTT
CGA TTT CC-3) (Hammerum and Jensen, 2002) were both
previously published. PCR reactions were performed in a 50 pl
reaction mixture containing 1 x PCR buffer, 1.5mM MgCl,,
200puM of each of the four deoxyribonucleotides, 0.3 M of
each primer, 2.5U of HotStarTaq DNA polymerase (Qiagen,
Inc.) and 5pl of template DNA. Amplification consisted of an
initial denaturation at 95°C for 15min (to activate Taq
polymerase), followed by 35 cycles of 94°C for 1min, 58°C
for 1min and 72°C for 1min. The amplicon (680bps) was
stained with GelStar nucleic acid stain (BioWhittaker) on a
1.5% agarose gel and viewed under UV light. The reliable
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presence of the esp marker in human sewage was determined
in sewage samples collected throughout the State of Florida,
including the study area (Sarasota County).

The method to detect human polyomaviruses (HPyVs) in
water samples was carried out as previously described
(McQuaig et al., 2006). Briefly, each water sample (600 ml) was
adjusted to 9.5 pH using 1M NaOH, and then prefiltered using a
47 mm filter (Millipore Cat. No. RW0304700). The filtrate was
adjusted to 3.5 pH using 2.0N HCl, and then filtered through a
0.45 um pore size, 47 mm diameter nitrocellulose filter. The filter
was placed into a 30ml polypropylene tube with 2ml of beef
extract (pH 9.3) and vortexed for 30s to elute viruses from filter.
DNA was extracted from the resulting eluate using the QlAamp
Blood Midi Kit (Qiagen, Inc., Valencia, CA). Previously published
primers specific for the homologous T-antigen of both JC virus
and BK virus were used to amplify HPyVs DNA (Fwd: 5-AGT
CTT TAG GGT CTT CTA CC-3' and Rev: 5-GGT GCC AAC CTA
TGG AAC AG-3') (Askamit, 1993). PCR reactions were prepared
using 45l of Platinum® Blue PCR SuperMix (Invitrogen, Inc.,
Carlsbad, CA), 200nM of each primer, and 4l of DNA template.
The final reaction volume was adjusted to 50 ul using reagent-
grade water (Whiley et al., 2004). The PCR reaction conditions
were as follows: initial denaturation at 94 °C for 2 min, followed
by 45 cycles of: 94 °C for 205, 55 °C for 20 s and 72 °C for 205, then
a final elongation at 72°C for 2min. The nested PCR was run
under the same reaction conditions as above, with 1l of the
first reaction used as the template. PCR products were separated
by agarose gel electrophoresis (1.5%). DNA was viewed using
GelStar nucleic acid stain under UV light. Bands appearing at
172bp were recorded as a positive PCR result. Throughout the
course of the study, 17 sewage influent samples were tested for
the presence of HPyVs, and all were positive.

Controls used for all PCR assays included method blanks
(sterile buffer carried through the entire filtration/extraction/
PCR procedure) and matrix spikes (water samples spiked with
sewage to insure PCR performance, including lack of inhibition).

2.4. BOX-PCR of E. coli and Enterococcus spp.

E. coli strains were grown overnight in microcentrifuge tubes
containing 750pul of BHI broth (Becton Dickinson). After
centrifugation at 14,000RPM for 1min, pellets were washed
with sterile buffered water 2 times and resuspended in 500 pl
of deionized sterile water. The cell suspension was boiled for
Smin to lyse the cells and then centrifuged again at
14,000RPM for 1min. Two pl of supernatant was used as
template for each PCR reaction. BOX-PCR patterns (finger-
prints) were generated using the previously published BOX-
A1R primer (Koeuth et al.,, 1995), which has the following
sequence: 5'-CTA CGG CAA GGC GAC GCT GAC G-3'. Reagents
and volumes for each 25ul reaction were: 2.5ul 10X Buffer B
(Fisher Scientific); 3.0ul 25mM MgCly; 1.0pl 10mM dNTPs
(Fisher Scientific); 2.5ul 2% bovine serum albumin (Sigma);
1.3pul 10uM BOXAI1R primer (IDT, Coralville, IA); 1.0ul Taq
polymerase (5000uml~?) (Fisher Scientific); and 11.7 ul PCR-
grade water. Amplification contained three steps: (1) initial
denaturation at 95 °C for 5 min; (2) 35 cycles of 94 °C for 1 min,
60°C for 1min and 72°C for 1min; and (3) final extension at
72°C for 10min. The preceding protocol was provided by

correspondence with Dr. Cindy Nakatsu (2004), Purdue Uni-
versity, West Lafayette, IN.

Enterococci were grown overnight in microcentrifuge tubes
containing 1.5ml of BHI broth (Becton Dickinson). DNA was
extracted using the DNeasy Tissue Kit (Qiagen, Valencia, CA)
and the manufacturer’s protocol for Gram-positive bacteria.
BOX-PCR fingerprints for enterococci were generated using the
BOXAZ2R primer (Koeuth et al., 1995), which has the following
sequence: 5-ACG TGG TTT GAA GAG ATT TTC G-3. PCR
reagents and conditions used were from previously published
protocols with modifications (Versalovic et al., 1991; Malathum
et al, 1998). Each 25pl PCR reaction contained: 5ul of 5x
Gitschier Buffer (Kogan et al, 1987); 2.5ul of 10% dimethyl
sulfoxide; 0.4 pl bovine serum albumin(10mgml~?); 2.0 a1 10mM
dNTPs; 1.0yl Taq polymerase (5000uml~?); 11.6ul PCR-grade
water; 1.5pl 10pM BOXA2R primer; and 1.0 pl of DNA template,
containing between 30 and 100ngul~*. Amplification contained
three steps: (1) initial denaturation at 95°C for 7min; (2) 35
cycles of 90°C for 305, 40 °C for 1 min and 65 °C for 8 min; and (3)
final extension at 65 °C for 16 min.

Fragments were separated by electrophoresis through a
1.5% agarose gel for 4h at 90V (E. coli fingerprints), or 6h at
60V (Enterococcus spp. fingerprints). Gels were stained with
ethidium bromide (1% solution). Gels were digitally docu-
mented under UV light using a FOTO/Analyst Archiver
(Fotodyne, Hartland, WI).

2.5.  Statistical analysis

Fingerprint patterns of E. coli and Enterococcus spp. subtypes
generated by BOX-PCR were analyzed with BioNumerics 4.0
software (Applied Maths, Belgium). Samples from which
fewer than 10 isolates were recovered were not included in
the analysis. Dendrograms were created using a densiometric
curve-based algorithm (Pearson correlation coefficient, opti-
mization 1%) and UPGMA to cluster patterns by similarity.
Repeated runs of the control strains, ATCC 9637 for E. coli and
ATCC 19433 (E. faecalis) for Enterococcus spp., were 86% and
93% similar, respectively. Therefore, as a first approximation,
patterns showing>the similarity value established by the
control strains were considered identical. The relationship of
patterns considered similar was also visually confirmed.

The relationships among indicator bacteria populations
isolated from the various sites were based on comparison of
BOX-PCR genotypes. The relationships were visualized by
dendrograms constructed using a population similarity coeffi-
cient (Sp), previously published by Kuhn et al. (1991). The
algorithm (S, = (3_gx/Nx+)_qy#/Ny)/2) is based on the proportion
of identical BOX-PCR patterns between two populations, x and y.
For example, if two populations x and y have 10 isolates each
and isolate (i=1) in population x is repeated 2 times in
population x and 3 times in population y, then the gx; would
be 2/10 divided by 3/10. The gx; is calculated for every isolate in
population x, and then the Y gx; is divided by the number (N) of
isolates in population x. The same process is applied to every
isolate in population y. Therefore, if two populations have no
identical subtypes S,=0, and as the number of identical
subtypes increases between two populations, the S, increases
to a maximum of 1.0 (Kuhn et al, 1991). The population
similarity coefficient was used to compare E. coli and Enterococcus
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populations at Siesta Key after a rain event and during dry
conditions, and to further compare Enterococcus populations at
Siesta Key to Enterococcus populations in sewage and in a
sampled site on Myakka River.

The population characteristics (assessed by BOX-PCR) were
also assessed by accumulation curves and the Shannon-Wei-
ner diversity index, which were calculated using EcoSim 7
software (Acquired Intelligence Inc. & Kesey-Bear, Jericho,
VT). An accumulation curve measures the diversity of a
sampled population (in this case, the number of unique BOX-
PCR types) by plotting new subtypes as a function of sampling
effort. As the curve approaches an asymptote (slope = 0), the
probability of obtaining new subtypes with additional sam-
pling diminishes. The Shannon-Weiner index of diversity,
(H') = —Zpiln(p;), considers the frequency of the various
subtypes in a population as well as the total number of
subtypes; p; being the number of isolates with pattern i
divided by total number of isolates. H' was calculated with
approximately the same number of isolates (19 or 20) per site
population for Siesta Key, as this was the largest sample size
that was common to all treatments. Data sets containing
more isolates were randomly subsampled for inclusion in the
diversity values. Both the accumulation curve and the
Shannon-Weiner index were used to compare the relative
diversities of E. coli and Enterococcus populations after a rain
event and during dry conditions at Siesta Key, and to further
compare Enterococcus populations at Siesta Key to Enterococcus
populations in sewage and in a sampled site on Myakka River.
Paired t tests, nonparametric tests (Mann-Whitney), and
ANOVA were used to determine significant difference in the
comparisons. GraphPad Prism version 4.02 (GraphPad Soft-
ware, San Diego, CA) was used for the statistical analyses.

3. Results and discussion

3.1.  Indicator organism concentrations and human-
associated markers

The indicator bacterial concentrations and the absence/
presence of the human-associated markers are summarized

in Table 1A for samples collected after a rain event, and in
Table 1B for samples collected during dry conditions. High
levels of indicator bacteria in the stormwater drainage
system, and stormwater flow during the rain event demon-
strated the ability of the stormwater system to contaminate
beach waters, and also raised the possibility of a sewage
influence. Tests for human polyomaviruses and the enter-
ococcal surface protein gene (esp) for Ent. faecium, which have
previously been used to determine the presence of human
sewage in environmental waters (Scott et al., 2005; McDonald
et al., 2006; McQuaig et al., 2006) were carried out at all
sites. All tests for human-associated markers were negative
(Table 1A and B). These human-associated markers are very
reliably present in human sewage in Florida and in all other
geographic areas in which the markers have been tested,
which suggests that human sewage input was not involved in
the contamination. Furthermore, the wastewater collection
system was examined for connections or leaks into the
stormwater system by the Siesta Key Utility Authority several
months prior to this study, and no connections were found.
While the negative results for human-associated suggest
the absence of sewage contamination in the stormwater
system, other factors can influence these results. In parti-
cular, little is known about the inactivation rates of most of
the bacteria and viruses used in MST studies (Stoeckel and
Harwood, 2007). The survival of Ent. faecium C68, which
carries the esp gene, was assessed in the laboratory and was
found to be 9 days in simulated freshwater and 10 days in
simulated seawater (Scott et al., 2005). HPyVs in sewage could
be detected by PCR in laboratory mesocosms for over 3
months (Bofill-Mas et al, 2001). These data should be
interpreted in light of the knowledge that many factors
influence the inactivation rates of microorganisms in aquatic
environments that cannot be adequately simulated in the
laboratory (Anderson et al.,, 2005); environmental stresses
such as radiation, temperature variations, salinity and pre-
dators are among the factors that influence persistence
outside the host. As MST methods continue to mature and
the organisms are better characterized, this will be an
important point to address. Chemical methods for MST, such
as fluorometry, can provide additional or corroborating

Table 1A - Sites sampled at Siesta Key Beach after a rain event (A) and during dry conditions (B)

Stormpipe Vault Ditch Ditch Standing Beach
water water water sediment water on sediment
beach
Fecal coliform concentration 2.12 3.55% 3.72% 3.24 3.29% 3.64
Enterococci concentration 4.01* 4.23% 4.72% 4.37 3.86% 3.63
esp gene of Ent. Faecium — — — — — —
Human polyomaviruses — — — N/A — N/A
BOX-PCR E. coli | ] | ] ] |
BOX-PCR Enterococcus spp. | ] | ] u |

Concentrations for all indicators were logjo-transformed and recorded as CFU100ml~" (water samples) or 100 gwetweight ' (sediment
samples). Human-associated markers are recorded as present/absent (+/-), and BOX-PCR analyses were conducted (M), or not conducted (OJ).
# Concentrations exceeded state regulatory standards. The Florida Department of Health, which monitors the beaches of Florida, considers a
water sample of 100ml containing >104 Enterococcus spp. and/or >400 fecal coliforms an indicator of poor water quality (http://
esetappsdoh.doh.state.fl.us/irm00Obeachwater/terms.htm). N/A, sediments were not tested for human polyomaviruses.
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Table 1B

Gulf
sediment

Gulf

water

Beach
sediment

Standing water

Ditch
sediment

Pond Pond Ditch
sediment water

water

Vault

Stormpipe

Stormpipe

on beach

water

sediment

water

1.62 0.0

2.86% 1.74

0.40 1.30 1.36 1.60

1.37

3.85

0.70

Fecal coliform
concentration

Enterococci

0.98 2.0

2.36

3.16%

4.29

1.71

2.97

0.81

2.31%

4.44

3.05%

concentration

esp gene of Ent.

Faecium

N/A

N/A

N/A

N/A

N/A

Human

polyomaviruses

BOX-PCR E. coli
BOX-PCR

Enterococcus Spp.

O Fewer than 10 isolates recovered.

@ Concentrations exceeded state regulatory standards. The Florida Department of Health, which monitors the beaches of Florida, considers a water sample of 100 ml containing >104 Enterococcus

spp. and/or >400 fecal coliforms an indicator of poor water quality (http://esetappsdoh.doh.state.fl.us/irm0Obeachwater/terms.htm). N/A, sediments were not tested for human polyomaviruses.

evidence of human sewage (or the lack thereof) in stormwater
systems and other environmental waters (McDonald et al.,
2006). Because MST markers targeting only human sewage
were used here, the results do not point toward a specific
source of contamination (only away from one). This limita-
tion of library-independent methods can be addressed by the
use of multiple markers; however, reliable markers are now
available for only a handful of target species, e.g., human,
ruminant, horse and pig (Bernhard and Field, 2000; Dick et al.,
2005; Scott et al., 2005; Layton et al., 2006; McQuaig et al.,
2006).

All water samples collected after the rain event had fecal
coliforms and Enterococcus concentrations above the regula-
tory level for recreational waters, with the exception of
fecal coliforms in the stormpipe water (Table 1A). Enterococcus
spp. concentrations were significantly higher than fecal
coliforms (P = 0.041, paired t test). The mean concentrations
(logio-transformed) were 3.17+0.72 and 4.2040.37 for fecal
coliforms and Enterococcus spp., respectively. Indicator bacter-
ial levels were also high in sediments collected during the
rain event, at >10°CFU100g!, although there are no
regulatory standards for indicator bacteria concentrations in
sediment.

During dry conditions (Table 1B), Enterococcus spp. concen-
trations also exceeded regulatory levels in the stormwater
conveyance system (stormpipe and vault), which provided
protection from such stressors as sunlight and high tempera-
tures. Only the standing water on beach, where water pools
and does not reach the Gulf, was in violation for fecal
coliform concentrations (as well as Enterococcus spp.). The
beach area may have been impacted by another source of
indicator bacteria such as seagulls, which were observed
flocking to the standing water on the beach. Indicator bacteria
concentrations remained high in sediment samples during
dry conditions; e.g.,, levels in stormpipe sediment were
highest at >10°°CFU100g * for both fecal coliforms and
Enterococcus spp. Enterococcus spp. concentrations in sedi-
ments during dry conditions were significantly higher than
fecal coliform concentrations (paired t test, P = 0.020). The
mean concentrations (logjo-transformed) were 1.70+1.38 and
3.21+1.11 for fecal coliforms and Enterococcus spp., respec-
tively. The fact that indicator bacteria concentrations re-
mained high in sediments during dry conditions when the
overlaying water column (retention pond, ditch and Gulf) had
concentrations below regulatory standards supports previous
reports in the literature (Craig et al., 2002; Anderson et al.,
2005; Ferguson et al., 2005), and indicates that the sediments
act as a reservoir for these organisms.

Indicator bacteria concentrations in water samples at sites
sampled in rainy and dry conditions (i.e., stormpipe water,
vault water, ditch water and beach water) were compared by
calculating the mean of logjo-transformed concentrations at
all sites. In general, indicator bacteria concentrations were
significantly higher during the rain event than during
dry conditions. The mean fecal coliform concentration dur-
ing the rain event was 3.17CFU100ml™?, while it was
1.57 CFU 100 m1~* under dry conditions. Corresponding means
for Enterococcus spp. were 4.20 and 2.55CFU100ml~t. The
difference in mean concentrations for rainy versus dry
conditions was statistically significant for Enterococcus spp.
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(P = 0.028) and nearly significant for fecal coliforms (P = 0.057)
at the « = 0.05 level.

3.2.  Population diversity

BOX-PCR patterns of E. coli and Enterococcus spp. isolated
during the rain event were compared to those isolated during
the dry sampling in order to determine whether the popula-
tion structure was influenced by these conditions. The two
methods used to estimate indicator bacteria population
diversity were: (1) the Shannon-Weiner index, which has
been previously used to measure microbial population
diversity in habitats such as rhizospheres, artesian spring
sediments and microbial mats (McCaig et al., 1999; Nubel
et al,, 1999; Elshahed et al., 2003); and (2) the accumulation
curve, used to estimate diversity in animal populations
(Bohannan and Hughes, 2003) and bacterial populations
(Anderson et al., 2006).

Accumulation curves for vault water samples (Fig. 2) illustrate
a tendency toward greater diversity during rainy conditions for
both E. coli and Enterococcus populations. The Shannon-Weiner
index of diversity corroborated these data, showing significantly
greater diversity in E. coli and Enterococcus populations in the
rain event versus dry conditions (Table 2). The increased
population diversity during the rain event suggests that higher
diversity is due to recent inputs into the stormwater system,
undoubtedly from multiple sources.

The diversity of Enterococcus populations during the rain
event and during dry conditions was compared to the
diversity of Enterococcus populations sampled from sewage
and from water samples collected from the Myakka River,
considered to be a relatively unimpacted site with no direct
human or agricultural input, or urban runoff (Fig. 3). Averaged
accumulation curves were constructed for Enterococcus popu-
lations for the rain event (n = 4 sites), dry conditions (n =4
sites), sewage samples (n=6) and samples collected at
Myakka River (n = 3). Similar diversity levels were observed
in Siesta Key Enterococcus populations during the rain event

Subtypes

11 13 15 17 19
Sampling effort

1 3 5 7 9

Fig. 2 - Accumulation curves of BOX-PCR fingerprint
patterns of indicator bacteria from vault water samples.

E. coli sampled after a rain event (A) and during dry condi-
tions (A); Enterococcus spp. sampled after a rain event (H)
and during dry conditions ().

Table 2 - Comparison of the population diversity

(Shannon-Weiner index, H’) of E. coli and Enterococcus
spp. during the rain event versus dry conditions

Indicator Mean H’ P value

organism

E. coli® Rain event = 2.39+0.22 P =0.047
Dry conditions = 1.12+0.34

Enterococcus Rain event = 2.65+0.13 P =0.008

spp.”

Dry conditions = 1.88+0.28

@ Site populations averaged for E. coli: beach water, ditch water and
vault water.

b Site populations averaged for Enterococcus spp.: beach water,
ditch water, stormpipe water and vault water.

Subtypes

1 3 5 7 9 11 13 15 17 19
Sampling effort

Fig. 3 - Accumulation curves based on averaged richness
estimates for Enterococcus spp. sampled at Siesta Key sites
after a rain event (M), at Siesta Key sites during dry
conditions ([J), from wastewater influent (x) and from
Myakka River water (A).

and Enterococcus populations in sewage samples. In contrast,
significantly lower diversity was found in Enterococcus popula-
tions during dry conditions and at Myakka River (unimpacted
site) (Fig. 3). Previous studies have shown that Enterococcus
populations in domestic sewage display higher diversity than
those sampled from river water (Vilanova et al., 2002), and
animal feces (Manero et al., 2002; Kuhn et al., 2003). The
Shannon-Weiner index for these four groups reveals a
significant difference in the diversity levels of Siesta Key rain
event and sewage populations versus Siesta Key dry condi-
tions and Myakka River populations (Table 3). These results
suggest that stormwater can influence the diversity of
indicator bacteria populations in waters it impacts to
approach that of sewage input. Interestingly, the Enterococcus
population from sewage shares very few subtypes with that of
Siesta Key or Myakka River (see Section 3.3).

3.3.  Population similarity

The population similarity of indicator bacteria (E. coli or
Enterococcus spp.) was compared by site for the rain event and
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dry conditions. A similarity coefficient was used to express
the proportion of identical BOX-PCR subtypes sampled from
the various sites (Kuhn et al., 1991). This strategy has been
used to compare phenotypic subtypes of coliforms in
environmental water samples (Kuhn et al, 1991), and
phenotypic subtypes of fecal coliforms and enterococci in
sewage (Manero et al., 2002; Vilanova et al., 2002, 2004), and in
the feces of livestock, seabirds and dogs (Kuhn et al., 2003;
Wallis and Taylor, 2003).

Higher similarity between sites was observed for E. coli
populations sampled during dry conditions compared to the
rain event (Fig. 4). Higher similarity also existed between sites
for Enterococcus populations during dry conditions (Fig. 5), but
the difference was less pronounced than for the E. coli
populations. Increased population similarity for E. coli and
Enterococcus spp. during dry conditions suggests that a greater
portion of the population is composed of “survivor” isolates
(Anderson et al., 2005) that have survived under the selective
pressure of this secondary habitat. Interestingly, the in-
creased population similarity for both E. coli and Enterococcus

Table 3 - Comparison of the population diversity
(Shannon-Weiner index, H') of Enterococcus spp. in

sewage, Myakka River water and Siesta Key water during
rain event and dry conditions

Site Mean H’

Sewage 2.69+0.09 (a)
Myakka 1.96+0.22 (b)
Siesta key (dry) 1.88+0.28 (b)
Siesta key (rain) 2.65+0.13 (a)

Values that share the same letter within columns are not
significantly different. ANOVA (P = 0.0001, o = 0.05).

spp. under dry conditions was not observed in Gulf waters. A
possible explanation is that under dry conditions, the
standing water on the beach did not reach the Gulf,
demonstrating the physical and microbiological disconnect
between the stormwater drainage system and the Gulf, which
contrasts with the direct stormwater flow observed during the
rain event.

BOX-PCR patterns of enterococci from all stormwater sites
used for the above analysis were pooled for a comparison of
population similarity between rainy conditions and dry
conditions, as well as sewage populations (positive control
for human contamination) and Myakka River populations
(control for unimpacted water) (Fig. 6). The two Enterococcus
populations with the highest similarity were Myakka River
and Siesta Key (dry), and the population with the least
similarity to all other groups was sewage. Thus, the popula-
tions in the environments with relatively low levels of recent
inputs of indicator bacteria (Myakka River and Siesta Key Dry)
contain more identical Enterococcus genotypes, suggesting
that survival in this secondary habitat is a form of selective
pressure.

Even though human sewage input was not detected at
Siesta Key Beach, one cannot rule out risk to human
health from contact with the water. The health risks
associated with exposure to recreational waters impacted
by stormwater runoff have not been as well studied as
the risks associated with sewage-impacted waters. One
study found that respiratory and gastrointestinal symp-
toms increased as the distance decreased between swimmers
and a stormwater outlet in Santa Monica Bay, CA (Haile et al.,
1999). During an El Nino year, surfers in Orange County, CA
reported twice as many symptoms as surfers in Santa Cruz
County, considered to be less impacted by urban runoff
(Dwight et al., 2004). These studies suggest that adverse heath
outcomes are associated with stormwater impact of recrea-
tional waters.
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Fig. 4 - Similarity of E. coli populations by site at Siesta Key during the rain event (A), and during dry conditions (B), based on

BOX-PCR fingerprint patterns.
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Fig. 5 - Similarity of Enterococcus populations by site at Siesta Key during the rain event (A), and during dry conditions (B),

based on BOX-PCR fingerprint patterns.
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Fig. 6 — Similarity of Enterococcus populations sampled at Siesta Key during the rain event and dry conditions, compared to
populations from sewage and from Myakka River, based on BOX-PCR fingerprint patterns.

The population dynamics of indicator bacteria in the storm
drainage system at Siesta Key Beach are evidently affected by
the hydrological changes caused by rain events. A change in
bacterial concentrations and diversity, as well as similarity, of
the populations extending from the stormpipe to the Gulf was
observed. The transport of urban runoff collecting for days in
the stormpipe and vault, and the persistence of survivor
isolates in the sediments, suggests a reservoir for indicator
bacteria that can be flushed through the system to the Gulf
during a rain event, causing high levels of indicator bacteria.
The design of the stormwater conveyance system, in which
sediments collect during low-flow conditions, ultimately
contributes to contamination of receiving waters under
high-flow conditions, when collected material is flushed
through the system. These observations suggest that better
handling and treatment of stormwater is needed, particularly
when it impacts areas that receive heavy human use. Such
environmental reservoirs of indicator bacteria further com-
plicate the already questionable relationship between indi-
cator organisms and human pathogens (Byappanahalli, 1998;
Anderson et al., 2005), and call for a better understanding of

the ecology, fate and persistence of indicator bacteria in
water.

4, Conclusions

Although indicator bacteria levels during the rain event were
above state standards for recreational waters, no evidence of
human fecal contamination was found by library-indepen-
dent MST methods. The persistent high bacterial concentra-
tions in stormwater sediment samples during dry conditions
suggest that sediments are a reservoir of these organisms.
During high flow (rainy) conditions indicator bacteria diver-
sity was high and population similarity was low, suggesting
fresh inputs of bacteria from many sources. These observa-
tions contrasted with results from dry conditions, where
indicator bacteria diversity was lower and population simi-
larity was higher, suggesting that a group of “survivor” strains
may form a significant portion of the population when fresh
inputs of indicator bacteria are minimal. The combination of
ecological and hydrological approaches with MST methods
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allowed assessment of the source of E. coli and Enterococcus
populations, where the library-independent methods alone
would not have been sufficient.
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SWIMMING-ASSOCIATED GASTROENTERITIS AND WATER QUALITY!
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Cabelii, V. J. (Dept. of Microblology, U. of Rhode Island, Kingston, Rl 02881),
A. P. Dufour, L. J. McCabe and M. A. Levin. Swimming-associated gastroen-
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A direct, linear relationship between swimming-associated gastrointestinal
ililness and the quality of the bathing water was obtalned from a mutlti-year,
multiple-location prospective epidemlologic-microbiologic research program
conducted in New York City, 1973-1975, Lake Pontchartrain, Loulsiana, 1977-
1978, and Boston, Massachusetts, 1978. Several microbial Iindicators were
used In attempting to define the quality of the water; and, of those examined,
enterococcl showed the best correlation to total and “‘highly credible’ gastro-
intestinal symptoms. The frequency of gastrointestinal symptoms also had
a high degree of association with distance from known sources of municipal
wastewater. A striking feature of the relationship was the very low entero-
coccus and Escherichla coli densitles in the water (10/100 ml) assoclated
with appreciable attack rates (about 10/1000 persons) for ‘“‘highly credible”
gastrointestinal symptoms. Moreover, the ratio of the swimmer to nonswimmer
symptom rates indicated that swimming In even marginally poliuted marine
bathing water is a significant route of transmission for the observed gastro-

enteritis.

gastroenteritis; swimming; water microblology

In an earlier report (1), the authors
presented evidence from a prospective
epidemiologic-microbiologic study that
there are measurable health effects as-
sociated with swimming in sewage-
polluted waters. In some cases, these ef-
fects were observed even in waters that
were in compliance with existing recrea-
tional water quality guidelines and stan-
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dards (2). The swimming-associated ill-
ness observed was an acute, relatively
benign gastroenteritis which had a short
incubation period and duration. The ac-
companying symptoms, as pointed out in
another report (3), suggested that the
etiologic agent might be the human
rotaviruses or Norwalk-like viruses. The
water-related nature of one of these
agents, the Norwalk-like virus, recently
has been confirmed in a shellfish-asso-
ciated outbreak of gastroenteritis in
Australia of some 2000 cases (4) and in
several outbreaks associated with drink-
ing water (5).

The objective of the overall research
program was to determine if there are
illnesses associated with swimming in
sewage-polluted water and, if so, whether
their rates can be quantitatively related
to some measure of the quality of the ba-
thing water. This question has been the
subject of controversy since the 1950s
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when Stevenson (6) and Moore (7) ob-
tained seemingly contradictory results.
Therefore, studies similar to those re-
ported for New York City beaches (8, 9)
were conducted at two other locations in
the United States: Lake Pontchartrain,
Louisiana and Boston, Massachusetts.
The results obtained at these two sites
were essentially the same as those found
in the New York City study.

This report describes the quantitative
relationship of the swimming-associated
gastroenteritis to the mean enterococcus
density of the water as obtained from all
the epidemiologic-microbiologic studies
conducted in the United States.

MATERIALS AND METHODS

Study sites. Studies were conducted at
three general locations: New York City
(beaches on Coney Island and the Rocka-
ways) in 1973 —-1975; Lake Pontchartrain,
Louisiana (Levee Beach and Fontain-
bleau Beach) in 1977 and 1978; and Bos-
ton, Massachusetts (Revere Beach and
Nahant Beach) in 1978. The beaches were
chosen because they were near large met-
ropolitan areas and, hence, used by large
numbers of individuals who swam on
weekends but not during midweek days.
This was an essential requirement of the
experimental design for reasons to be
given.

The sources of pollution reaching the
beaches in the New York City study were
reasonably well defined as those emerg-
ing from the mouth of the Hudson River.
They were less defined in the Boston
study, and least defined in the Lake
Pontchartrain study. Moreover, in order
to determine which, if any, symptoms or
groups of symptons were both swimming-
associated and pollution-related (a major
objective of the first two years of the
New York City study), a relatively un-
polluted beach at the Rockaways was
paired with a barely acceptable beach
on Coney Island. The latter was adjacent
to a beach area classified by local au-

thorities as unsafe for swimming. The
paired beaches were also chosen so that
they would have demographically similar
populations. The results obtained with
reference to this objective of the New
York City study have been published (1).

Study design. A prospective cohort de-
sign was used in all the studies. The es-
sential features of the design, which have
been described previously (1, 9, 10), are
as follows:

1. Discrete trials were conducted only
on Saturdays and Sundays. Potential par-
ticipants were recruited at the beach, pref-
erably as family groups. Trials were lim-
ited to weekend days to maximize the size
of the beachgoing population, especially
the portion that comes to the beach only
on weekends. By excluding from the study
those individuals who swam in the five
midweek days before and after the
weekend in question or at other locations
on either weekend day, exposure to ba-
thing water was limited to that at the
specific beach during a single day, or two
days at the most. This decreased the con-
founding effect of beach-to-beach and
day-to-day variability in pollution levels
on the illness-pollution relationships
sought. In addition, it allowed the anal-
yses of the data by trials (study days) or
by groups of trials when the pollution
levels as indicated by the mean indicator
densities in the water were similar.

2. Demographic information was ob-
tained at the initial beach interview and
during the subsequent telephone follow-
up survey. The information included age,
sex, ethnicity and socioeconomic status,
as determined from a persons-to-rooms
ratio.

3. Information on bathing activity was
obtained at the initial beach interview.
Swimming was stringently defined as
complete exposure of the head to the
water. This characteristic was deter-
mined by direct inquiry and by observa-
tion, i.e., whether or not the hair of the
subject was wet. Individuals who did not
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immerse their heads in the water were
considered nonswimmers. The validity of
the respondents’ information on bathing
activity was evaluated at the New York
City beaches in 1972 by comparing their
responses to information collected by
teams of observers. Good agreement was
obtained with regard to immersion of the
head in the water, but not the duration of
immersion or even the time spent in the
water with the head not necessarily im-
mersed. Recruitment of the participants
at the beach as family groups and their
designation as swimmers and nonswim-
mers provided a nonswimming but beach-
going control (cohort) population which,
in general, came from the same family
groups as the swimmers.

4. One or two days after the initial con-
tact, participating families were sent a
reminder letter asking them to note any
illnesses that might occur in the week fol-
lowing the beach activity. In the first year
(1973) (pretest) of the New York City
study, a telephone number was provided
so that follow-up medical or laboratory
examinations could be obtained by indi-
viduals with subsequent illnesses. Very
few individuals called the number, and
this approach toward confirming the re-
ported symptomatology was abandoned.
A substitute for the approach is described
below.

5. Eight to 10 days after the initial
beach interview, the participants were
contacted by telephone and information
on symptomatology and demographic
characteristics was obtained. Participants
were questioned about gastrointestinal,
respiratory, “other” and disabling symp-
tomatology. The categorized symptoms
are shown in table 1. Follow-up inquiries
for information on a variety of symptoms
were consistent with another require-
ment of the experimental design, that no
prejudgment would be made as to which
are the “important” illnesses, diseases or
symptoms. In fact, only gastrointestinal
symptoms (vomiting, diarrhea, nausea or

CABELLI, DUFOUR, McCABE AND LEVIN

TABLE 1

Symptoms for which queries were made in studies
of the relationship between tlinesses and swimming
in sewage-polluted waters in New York Cuty,
1973 -1975, Lake Pontchartrain, Louisiana,
1977 -1978 and Boston, Massachusetts, 1978

Gastrointestinal
Vomiting
Diarrhea
Stomachache
Nausea

Respiratory
Sore throat
Bad cough
Chest cold
Runny or stuffy nose
Earache or runny ears
Sneenng, wheezing, tightness 1n chest

“Other”
Fever (over 37 78 C)
Headache (more than a few hours)
Backache
Skin rash, itchy skin, welts

Disabling
Home because of symptoms
In bed because of symptoms
Medical help because of symptoms

stomachache) were consistently both
swimming-associated and pollution-
related (1, 9). Therefore, only gastrointes-
tinal symptomatology was examined rela-
tive to the indicator densities in the ba-
thing water. Disability was estimated by
asking whether the respondents re-
mained home, remained in bed or sought
medical advice. Hospitalization was not
reported by any of the subjects, and the
observation period was too short to iden-
tify illness with long incubation periods.

6. As an alternative to follow-up medi-
cal and laboratory examinations, the cred-
ibility of the information obtained on
gastrointestinal symptomatology was
confirmed by comparing the rates and
trends for total gastrointestinal symp-
toms to those in a subset designated
“highly credible.” Highly credible gas-
trointestinal symptoms included all cases
of vomiting, instances of diarrhea that
were accompanied by a fever or that were
disabling, or cases of nausea or stomach-
ache that were accompanied by a fever.
Henceforth, highly credible gastrointes-
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tinal symptoms and gastroenteritis will be
used synonomously.

Water quality monitoring. Water sam-
ples were collected periodically on trial
days during the time of maximum swim-
ming activity at the beaches. This was
generally between the hours of 11 a.m.
and 5 p.m. Usually, three to four samples
were collected at two or three sites from
each beach at chest depth approximately
four inches below the surface of the water.
Upon collection, the samples were iced
and delivered to the laboratory, where
they were assayed within eight hours of
collection. Potential water quality indi-
cators that were examined are shown in
table 2. Total coliform and fecal coliform
densities were obtained using the most
probable number or membrane filter
methods, as described (11). The densities of
total coliforms and the component genera
of that group (Escherichia, Klebsiella,
Citrobacter-Enterobacter) were also
measured using the membrane filter pro-
cedure for coliforms (mC) of Dufour and
Cabelli (12). After 1974, Escherichia coli
densities were determined by the mem-
brane filter method for thermotolerant
E. coli (mTEC) (13). Enterococci (14),
Pseudomonas aeruginosa (15), Aeromonas
hydrophila (16), Clostridium perfringens
(17) and Vibrio parahemolyticus (18) were
assayed using membrane filter methods.

Analysis. The relationship of swim-
ming-associated (swimmer minus non-
swimmer) gastrointestinal symptom rates
to the mean indicator densities in the
water was examined by regression analy-
sis. Because the participants were re-
cruited at the beach on weekends and
individuals who were swimming in the
midweeks before and after the one in
question were eliminated from the study,
the symptom rates for a given weekend
day (trial) and the associated mean indi-
cator density could have been analyzed as
a point on the regression line. In fact, this
was not possible with most of the trials
because the number of nonswimming par-

TABLE 2
Potential water quality indicators used at the
New York City, Lake Pontchartrain, Louisiana
and Boston, Massachusetts beaches, 1973—-1978

New Lake

Indicators gork Pontel n
1ty

Boston

+
+

Enterococe
Eacherichia col
Klebsiella sp

++ +

Total coliforms
Clostridium perfringens
Pseudomonas aeruginosa
Fecal coliforms
Aeromonas hydrophila
Vibrio parahemolyticus

e

* + shows that measurements were made for this indi-
cator at the specified location

ticipants was too small. This problem was
circumvented by grouping the trials.
Single-day trials were arrayed according
to increasing indicator densities. Groups
were selected by utilizing “natural
breaks” in the array; in this way, those
trial days with similar indicator densities
formed a group of data from which a geo-
metric mean density and the associated
rates for gastrointestinal and highly cred-
ible gastrointestinal symptoms could be

calculated. This arbitrary grouping of-

trials was done for each of the indicator
organisms.

The attack rates for gastrointestinal
and highly credible gastrointestinal
symptoms were regressed against the
mean indicator density. The log-linear
regression equation

Y=a+blogX (1)

was used in which X was the mean indi-
cator density and Y the gastrointestinal
symptom rate.

REBSULTS

Studies were conducted over several
years at three locations in the United
States. The locations, beaches, study
years, follow-up percentages and number
of usable responses are shown in table 3.
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TaBLE 3
Location of beaches and the number of usable responses by beach and study year, 19731978

% Follow-up during No. of usable
Location Beaches study year responses during study year
1 2 3 1 2 3
New York City* Coney Island 82.3 783 78.3 641 3146 6491
Rockaways 86.6 829 681 4923
Lake Pontchartrain, LAT Levee 717.2 779 3432 2768
Fontainbleau -8 5561
Boston, MAt Revere 81.2 1824
Nahant 81.2 2229

* Coney Island, 1973—-1975, Rockaways, 1973—1974.

t Levee, 1977—1978, Fontainbleau, 1978.
1 Revere, 1978; Nahant, 1978.
$ Included with Levee Beach.

The degree of association of the mean
indicator densities to swimming-asso-
ciated gastrointestinal symptoms in the
three years of the New York City study
was used to reduce the number of in-
dicators examined in subsequent studies.
The correlation coefficients for the various
indicators obtained from these regression
analyses are shown in table 4. It can be
seen that enterococci was the best indi-
cator of those examined. Equally impor-
tant, fecal coliform densities, the basis
for most federal and state guidelines and
standards (2), correlated very poorly with
swimming-associated gastrointestinal
symptoms.

The rates for total and highly credible
gastrointestinal symptoms among swim-
mers and nonswimmers and the residuals
(swimmer minus nonswimmer rates) for

The regression lines obtained from the
data given in tables 5 and 6 are shown in
figure 1 along with their correlation co-
efficients (r). In addition to having higher
r values, the enterococcus regression lines
differ from those for E. coli in two other
ways. The E. coli lines have shallower
slopes and intercept the X axis at much
lower densities. However, in the regres-
sion lines for both indicators, rather low
densities are associated with appreciable
attack rates. Attack rates for highly cred-
ible gastrointestinal symptoms of about

TABLE 4
Correlation coefficients for total gastrointestinal (GI)
symptoms and the "highly credible” gastrointestinal
(HCGI) portion against the mean indicator densuties
for studies at New York City beaches, 19731975

Correlation

the grouped trials are given in table 5. Indicator coefficients (r) rf)‘;
Also included are the corresponding HCGI  GI  points
means and ranges of the enterococcus dep- Enterococci 096 081 9
sities and the number of trials (days) in  Escherichia coli 0.568 051 9
each group. Similar data for E. coli are Klebsiella ) 061 047 11
given in table 6 by way of contrast. In a  Enterobacter-Citrobacter 064 054 13

. . Total coliforms 0.65 0.46 11
number of instances, the swimmer and .

i A ) Clostridium perfringens 0.01 -0.36 8
nonswimmer rates were mgrgﬁcantly dif-  pgeudomonas aeruginosa 059 035 11
ferent from each other. This was more  Fecal coliforms 051 036 12
frequent for residual rates associated Aeromonas hydrophila 0.60 027 11
with high enterococcus densities and with _Vibrwo parahemolyticus* 042 005 7

total gastrointestinal symptoms.

* No data for 1973.
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MEAN ENTEROCOCCUS
DENSITY PER 100 ml

SWIMMING ASSOCIATED RATE FOR GASTRO-
INTESTINAL SYMPTOMS/ 1000 PERSONS

YEAR

1973
1974
1975

LAKE PONTCHARTRAIN 1977
LAKE PONTCHARTRAIN 1978
BOSTON HARBOR

1978

109 10! 102 109 10! 102 103 104

MEAN E. coli
DENSITY PER 100ml

Ficure 1 Regression of swimming-associated (swimmer minus nonswimmer) rates for gastrointestinal
(GD) symptoms on the mean enterococcus and E. coli densities in the water Coordinate points are from tables
5 and 6. Correlation coefficients (r) are as given HCGI, highly credible gastrointestinal.

10/1000 (1 per cent) are associated with
enterococcus densities of about 10/100 ml.

The enterococcus regression lines, their
formulae, the r and p values and 95 per
cent confidence limits for the lines are
shown in figure 2. These relationships
predict the illness rates from the mean
enterococcus densities.

The relative importance of swimming
in sewage-polluted water as a route of
transmission for enteric illness was de-
termined by examining the ratio of
swimmer to nonswimmer gastroenteritis
rates against the mean enterococcus den-
gity. It was assumed that all the cases ac-
quired by all the routes other than swim-
ming in sewage-polluted waters were in-
cluded in the nonswimmer rates. The
regression lines obtained for the trials
clustered by indicator densities are shown
in figure 3. It can be seen that the rates

for both total and highly credible gastro-
intestinal symptoms were equal at a mean
enterococcus density of about 1/100 ml. At
a level of 10/100 ml, the rates for total and
highly credible gastrointestinal symp-
toms were 1.5 times for swimmers and
twice those for nonswimmers, respec-
tively. The higher ratios for highly credi-
ble than for total gastrointestinal symp-
toms are of interest because of their im-
plications concerning the reliability of the
respondents’ information to the illness
queries.

Discussion

The results clearly show that the risk of
gastroenteritis associated with swimming
in marine waters impacted with munici-
pal wastewaters is related to the quality
of the water as indexed by the mean en-
terococcus density in the water. More-
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Ficure 2. Regression of swimming-associated gastrointestinal (GI) symptom rates on the mean en-
terococcus densities in the water Data are from all US studies. The 95 per cent confidence limits (CL) for the
lines are as shown. The slopes, intercepts, r and p values for GI symptoms are, respectively, 24 2, —5.1, 0.82
and <0 001. For highly credible GI symptoms, they are, respectively, 12 2, 0.2, 0 756 and <0.001.

over, the risk is detectable at extremely
low levels of pollution. According to the
criteria suggested by Hill (19), there is
a strong suggestion of causality. First,
the association is a good one; in some
trials, the swimming-associated gas-
troenteritis rate was three to four times
greater than the nonswimming rate.
Second, there was a consistency in the
association in that it was observed at
multiple locations over multiple years.
Third, the association between enteric
disease and fecal contamination is a rea-
sonable one by its very nature. Fourth,
the association is a coherent one since
there is a precedent for such a relation-
ship by other waterborne routes of trans-
mission, i.e., in shellfish (20) and potable
water (21).

It was also understandable that, of the
indicators examined, enterococcus den-

sities in the water correlated best with
the rates for the swimming-associated
gastroenteritis. The two salient indicator
characteristics required for the specific
association obtained are a consistent fecal
source and “good” survival during sewage
treatment and transport in the aquatic
environment. Of the indicators examined,
enterococci and E. coli best satisfy the
first requirement (22, 23); and, of the two,
enterococci have the best survival charac-
teristics (24), although their densities in
raw or treated sewage are 1-2 orders of
magnitude less than those of E. coli (25).
These two differences are consistent with
those observed in the slopes and X axis in-
tercepts of the regression lines for the two
indicators. That is, the slopes of the re-
gression lines should become shallower
and the lines should cross the X axis at
lower indicator densities as the survival
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Ficure 3 The relative rsk of swimming 1n sewage-polluted waters as shown by the regression of the
ratio of swimmer to nonswimmer (background) rates for gastrointestinal (GI) symptoms on the mean en-
terococcus density 1n the water. Data are from table 5

characteristics of the indicator become
poorer relative to those of the etiologic
agent(s).

There are two implications from the
finding of rather high gastroenteritis rates
(1 per cent) associated with the ingestion
of one to five enterococci (the accidental
ingestion of 10—15 ml of water (26) whose
enterococcus density was about 10/100
ml). The first is that even enterococci
may not survive as well as the etiologic
agent for the gastroenteritis. The second
is that the agent must be present in the
bathing waters and, hence, municipal
wastewaters in very large numbers, be
highly infectious, survive very well in
the marine environment or, most prob-
ably, a combination of all three.

The analysis of the ratios of the swim-
mer to nonswimmer gastroenteritis rates
would suggest that, for individuals of
“swimming age,” swimming in sewage-
polluted waters is not an insignificant
route of transmission for the disease.
Moreover, the risk of gastroenteritis is

present even at relatively low pollution
levels, as seen from the indicator den-
sities. The higher ratio of the swimmer
to nonswimmer rates observed with
highly credible as opposed to total gas-
trointestinal symptoms suggests that
nausea, stomachache and even diarrhea
are disproportionately reported by non-
swimmers. This, in turn, suggests that
the swimming-associated rates for total
gastrointestinal symptoms are under-
estimated.

Finally, the finding of swimming-
related rates of gastroenteritis associated
with very low indicator densities, i.e., the
ingestion of one to five enterococci, has
some interesting implications with regard
to the existence of sporadic cases of this
illness by the other potential water-
associated routes of transmission, e.g.,
shellfish, drinking water and even aero-
sols generated from municipal sewage
and its receiving waters. These possibil-
ities should be pursued by prospective
epidemiologic investigations.
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Background: Traditional fecal indicator bacteria (FIB) measurement is too slow (>18 h) for
timely swimmer warnings.

Objectives: Assess relationship of rapid indicator methods (qQPCR) to illness at a marine-
beach impacted by urban runoff.

Methods: We measured baseline and two-week health in 9525 individuals visiting Doheny
Beach 2007-08. Illness rates were compared (swimmers vs. non-swimmers). FIB measured
by traditional (Enterococcus spp. by EPA Method 1600 or Enterolert™, fecal coliforms, total
coliforms) and three rapid qPCR assays for Enterococcus spp. (Tagman, Scorpion-1, Scor-
pion-2) were compared to health. Primary bacterial source was a creek flowing untreated
into ocean; the creek did not reach the ocean when a sand berm formed. This provided
a natural experiment for examining FIB-health relationships under varying conditions.
Results: We observed significant increases in diarrhea (OR 1.90, 95% CI 1.29—-2.80 for swal-
lowing water) and other outcomes in swimmers compared to non-swimmers. Exposure
(body immersion, head immersion, swallowed water) was associated with increasing risk
of gastrointestinal illness (GI). Daily GI incidence patterns were different: swimmers (2-day
peak) and non-swimmers (no peak). With berm-open, we observed associations between GI
and traditional and rapid methods for Enterococcus; fewer associations occurred when berm
status was not considered.

Abbreviations: FIB, fecal indicator bacteria; qPCR, quantitative polymerase chain reaction; GI, gastrointestinal illness; HCGI, highly
credible gastrointestinal illness; UTI, urinary tract infection; HCRESP, highly credible respiratory illness; CI, confidence interval; OR, odds
ratio; CFU, colony forming unit; WQS, water quality standard; LOD, level of detection; MGD, million gallons per day.
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Conclusions: We found increased risk of GI at this urban runoff beach. When FIB source

flowed freely (berm-open), several traditional and rapid indicators were related to illness.
When FIB source was weak (berm-closed) fewer illness associations were seen. These
different relationships under different conditions at a single beach demonstrate the diffi-
culties using these indicators to predict health risk.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Current methods for monitoring beach water quality involve
the enumeration of fecal indicator bacteria (FIB) using culture-
based methods, such as membrane filtration or defined
substrate kits. These methods are widely accepted because of
relative ease of use, low cost, and demonstrated relationship
to health risk (Wade et al., 2003; Zmirou et al., 2003). However,
the time required for FIB enumeration ranges from 18 to 24 h,
with confirmation steps adding 1+ days. Each beach is unique,
but FIB concentrations can change substantially on time
scales of less than a day (Boehm et al., 2002). Thus, contami-
nated beaches remain open during the enumeration period
and the contamination event may have passed by the time
warnings are posted (Leecaster and Weisberg, 2001).

Technological advances provide opportunities to measure
bacterial water quality more rapidly (Bushon et al., 2009;
Haugland et al., 2005; Noble et al., 2010; Noble and Weisberg,
2005). Whereas current EPA-approved methods rely on bacte-
rial growth and metabolic activity, these new rapid molecular
methods directly quantify intracellular molecules, such as
ATP,DNA, or RNA. Eliminating the enrichment and incubation
steps associated with culture-based methods reduces assay
time to as little as two hours and provides the opportunity for
public health warnings to be issued on the same day that
samples are collected (Griffith and Weisberg, 2011). The best
developed of these methods is quantitative polymerase chain
reaction (qPCR), such as the Enterococcus spp. (herein referred
to as Enterococcus) assay developed by Haugland et al. (2005).

Quantitative PCR has been found to correlate with traditional
culture-based methods (Griffith et al., 2009; Haugland et al., 2005;
Lavender and Kinzelman, 2009; Noble et al., 2010), even though
the measurement endpoint is different. Given the inherent
differences between the two classes of methods, epidemiology
studies are needed to establish health-risk relationships before
establishing qPCR-based standards. Several studies have
developed this relationship for waters affected by wastewater
effluent (Wade et al., 2006, 2008, 2010), but few have assessed it
for beaches affected by urban runoff (Sinigalliano et al., 2010).
Here we report results from an epidemiologic study comparing
health-risk relationships between qPCR-based (three different
assays) and culture-based quantification of Enterococcus at
a marine recreational beach affected by urban runoff.

2. Materials and methods
2.1. Study site

The study was conducted at Doheny State Beach in Dana Point,
California, USA. Based on the frequency and magnitude of FIB

water quality standards exceedances, Doheny Beach is chron-
ically listed as one of the most polluted beaches in California
(www.healthebay.org). Several potential sources of beach FIB
exist including an adjacent small craft harbor and a 21 MGD
secondary treated wastewater outfall 2.1 km offshore, but
modeling and current measurement studies suggest that these
sources are too distant to have a consistent effect on water
quality at this beach (Jones, 2009). The largest and most direct
FIB source to Doheny State Beach is San Juan Creek, which
drains the adjacent 347 km? watershed. However, southern
California has a Mediterranean climate and San Juan Creek
does not flow to the ocean year-round because a sand berm
forms and effectively dams the creek when creek flow is low.
When the berm is open, the untreated creek-flow discharges
directly to the surf zone and dramatically increases FIB
concentration; when closed, water quality generally improves.
There was no measurable rain during this 12-week study, as is
typical in the summer, and the berm was open for three weeks.

2.2. Study design

The study was designed as a prospective cohort, similar to
prior studies (Coford et al., 2007; Wade et al., 2006, 2008, 2010).
Participants were recruited each sampling day with current
health and degree of water exposure recorded. Ten to 14 days
later interviewers contacted participants by phone and
recorded illness occurring after their visit. We used regression
models to evaluate the association of illness between swim-
mers and non-swimmers and between FIB and illness.

2.3. Water quality data collection and analysis

Surface water samples were collected in sterilized containers at
0.5 m depth on incoming waves. We collected samples three
times (8 AM, 12 Noon, 3 PM) at each of five beach sites, three of
which were within 400 m of the creek mouth (sites A, B, and D),
one that was in the creek (site C), and one that was a reference
site located about 3000 m to the south (site E; see Supplemental
Material, Figure 1). Samples were analyzed for traditional
culture-based FIB (Enterococcus, fecal coliforms, total coliforms)
and three qPCR assays for Enterococcus. Total and fecal coliform
bacteria were enumerated by membrane filtration on m-Endo
and m-FC media, respectively (APHA, 2009). Culture methods
for Enterococcus included EPA Method 1600 (USEPA, 2006) and
Enterolert™ (IDEXX, Westbrook ME; APHA, 2009) a defined
substrate technology. All culture methods were processed
immediately, while filters for the three gPCR methods were
frozen for later processing. Two of the qPCR methods, here
referred to as TagMan and Scorpion-1 targeted the same broad
species range of the genus Enterococcus, but differed in their
probe chemistries and the manner in which final quantitative
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results were calculated (Haugland et al., 2005; Noble et al., 2010).
The third method, here referred to as Scorpion-2, was identical
to Scorpion-1 except that the primer-probe complex was
slightly modified for more specific amplification of Enterococcus
faecium and Enterococcus faecalis, two of the more common
Enterococcus spp. commonly found in human fecal contamina-
tion (Layton et al., 2010). Tagman gPCR results were reported as
calibrator cell equivalents per 100 ml based on the delta-deltaCt
method described in Haugland et al. (2005), whereas Scorpion-1
and Scorpion-2 results were reported in cell equivalents (CE) per
100 ml using the deltaCt method outlined in Pfaffl (2001) and
used by Noble et al. (2010).

2.4. Beach recruitment and follow-up interviews

The Committee for Protection of Human Subjects at the
University of California, Berkeley approved all protocols.
Eligibility criteria included: 1) no previous participation in the
study; 2) atleast one household member at the beach >18 years
old; 3) home address in United States, Canada, or Mexico; and
4) verbal consent. Interviewers recorded the closest water-
sampling site to the recruit. Participants were given an incen-
tive (beach ball) and a questionnaire to complete prior to
departure. The questionnaire assessed possible confounding
exposures at the beach and exposures/illnesses experienced
the previous three days. Participants failing to complete the
beach survey on-site were contacted within 3 days by tele-
phone. Ten to 14 days following their visit, participants were
telephoned for a 10—15 min interview. This interview collected
demographicinformation, swimming and exposures since the
beach day, pre-existing health problems (e.g., chronic diar-
rhea), and acute health conditions since the beach visit. The
head of household answered questions on behalf of the family.

2.5. Health outcomes

Health outcomes included gastrointestinal, respiratory,
dermatologic symptoms, and non-specific symptoms. Gastro-
intestinal outcomes included nausea, vomiting, diarrhea, and
stomachache or abdominal cramping. Diarrhea was defined as
>3 loose or watery stools in 24 h (Baqui et al., 1991). Highly
credible gastrointestinal illness (HCGI) was defined as: i) diar-
rhea; or ii) vomiting; or iii) nausea and stomach cramps; or iv)
nausea and missed daily activities due to gastrointestinal
illness, or (v) stomach cramps and missed daily activities due to
gastrointestinal illness (identical to “Gl illness” defined in Wade
et al., 2010). Respiratory outcomes included cough and sore
throat symptoms. Highly credible respiratory illness was
defined as any 2 of the following symptoms: cough, runny nose,
sore throat, fever or cold. Dermatologic outcomes included skin
rashes and infected cuts. Non-specific symptoms included
fever, ear infection, allergies, watery eyes, eye infection, and
urinary tract infection. Respondents who reported a symptom
at baseline (within 72 h before the beach visit) were excluded
from analysis for that outcome, but not other outcomes.

2.6. Definition of swimming

We used four graded definitions of “swimmer” based on an
individual’s reported minimum exposure: i) any water contact;

ii) body immersion; iii) head immersion; and iv) swallowed
water. We defined body immersion as water contact above the
waist, head immersion as head below the water line, and
swallowed water as ingestion of any ocean water.

2.7. Statistical methods and data analysis

For swim exposure analyses, we modeled the probability of
illness, p, with a logistic regression:

In[p/(1-p)]=a+6:A+B,S+vX (h)

where A is an indicator variable for any water contact, S is
a dichotomous indicator variable for exposure greater than or
equal to some level of water contact (body immersion, head
immersion, swallowed water), and X is a vector of potentially
confounding covariates (see below). We estimated the relative
risk of illness due to swim exposure using the odds ratio (OR),
estimated as OR = exp (B; + §,). Thus the comparison group
for these analyses was non-swimmers: individuals who had
no contact with ocean water during their day at the beach.

In our analyses of the relationships between FIB concen-
trations and health outcomes, our goal was first to identify
a set of conditions under which the traditional indicators
appeared to have the expected relationships to health
outcomes, especially gastrointestinal symptoms, as reported
in prior studies (Wade et al., 2006, 2008, 2010). The conditions
we examined included berm status (open, closed, and all days
combined), level of participant exposure to water (body
immersion, head immersion, swallowed water), specific
health symptoms (detailed in 2.5 above) and indicator aver-
aging method. Based on these exploratory analyses, we chose
to use a site-specific daily average (one of nine averaging
methods that we considered). We estimated site-specific daily
averages by calculating the geometric mean of the indicator
concentration levels over the 8:00 AM, 12 Noon, and 3 PM
samples for each of the five sampling sites. Each swimmer
was assigned the average indicator value for the sampling site
nearest to where the individual reported swimming.

FIB concentrations were log;o transformed for the analysis
because they were right-skewed. When indicator values were
below the level of detection (LOD) for a given assay results
were set equal to 10 per 100 ml. We also explored other
imputation methods by substituting the LOD, the LOD/2, and
LOD/SQRT(2). We restricted the population for each analysis
to swimmers with a defined level of water contact. The
probability of illness, p, was modeled for all berm days
combined using logistic regression:

In[p/(1-p)=a+pl=7X 2

where I is a continuous measure of the site-specific daily
average for the indicator of interest and X is a vector of
potentially confounding covariates. All ORs were estimated as
OR = exp (8) and, thus estimate the increase in risk for a one
unit change on the log;, scale of the indicator concentration
among swimmers with a defined water exposure level.

The probability of illness, p, on berm-open and berm-
closed days was modeled using logistic regression with
a berm-indicator interaction term:

In [p/1—p] = o+ BI + yX-+0B+¢(I + B) 3)
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where [ and X are equivalent to equation (2), B is a dichoto-
mous indicator of berm status (open = 1, closed =0) and [ *B s
an interaction term between indicator concentration and
berm status. ORs for berm-closed days were estimated from
equation (3) as OR = exp (B) and for berm-open days as
OR = exp (8 + ¢), and estimate the increase in risk for a one
unit change on the logy, scale of the indicator concentration
among swimmers with a defined water exposure level. The
coefficient (¢) and associated p-value were used to test
whether the interaction term differed from 0, and thus
whether the association between an indicator concentration
and health differed by berm status. Both models (2) and (3)
assume that the association between indicators and illness
is linear on the log-odds scale.

Models were adjusted for covariates, X, that were associ-
ated with the outcome or judged to be potential confounders:
study year, age, sex, race, swimming on multiple days, aller-
gies, contact with animals, contact with other sick people,
frequency of beach visits, digging in the sand, and consump-
tion of raw or undercooked eggs or meat. All covariates, except
age and frequency of beach visits, were categorized as 1 or 0.
Race was dichotomized as white or nonwhite. Consistent with
prior recreational water analyses (Coford et al., 2007; Wade
et al., 2006, 2008, 2010), we selected a subset of these cova-
riates for each model using a change in estimate algorithm,
which retains covariates that change the estimated OR by at
least 5% when removed from a multivariable specification
(Rothman and Greenland, 1998 ). We estimated the 95%
confidence intervals (CIs) for the ORs using robust standard
errors (Freedman, 2010) that allow for correlated observations
within household, but assume that households are indepen-
dent. The decision to examine the health-indicator relation-
ships stratified by berm status (berm-open, berm-closed, and
all days combined) was planned prior to the initiation of the
study. The “berm-open” analyses provide estimates of
indicator-health relationships under poor water quality
conditions; the “combined” analyses provide estimates of the
indicator-health relationships averaged over the mix of berm
conditions as would be typical for use of FIB at this beach.

3. Results
3.1 Water quality

A total of 481 water samples were collected and analyzed.
Overall, Enterococcus concentrations by EPA 1600 ranged from
<2 to 41,000 colony forming units (CFU)/100 mL. Overall, 17%
of the samples exceeded the single sample marine water
quality standard (WQS) of 104 CFU/100 ml for Enterococcus as
determined by EPA Method 1600. At least 10% of the samples
exceeded the standard at each of the three sampling sites
located near the creek (see sites A, B, and D in Supplemental
Material, Figure 1). Water quality at Doheny Beach differed
significantly when the sand berm restraining San Juan Creek
was closed compared to when open and the creek flowed
untreated into beach waters (see Supplemental Material,
Figure 2). Examining the site directly in front of the creek,
median Enterococcus concentrations as measured by EPA1600
were 316 CFU/100 mL on berm-open days compared to

10 CFU/100 mL on berm-closed days. Similarly, 5% of samples
from the same site exceeded single sample WQS on berm-
closed days compared to 71% on berm-open days (data not
shown).

3.2 Population characteristics

We approached 6686 eligible households. Of these, 4499
households (67%) agreed to participate and completed the
beach interview, and 3587 households completed the two-
week follow-up interview. Of 9525 individuals completing
the study, 62% were swimmers (Table 1). Among individuals
completing the study, 21% failed to complete beach interviews
on-site (while at the beach) and were contacted by phone
within 3 days of their visit, consistent with Coford et al. (2007).
No differences were found in reported swim exposures by
beach interview format (on-site vs. phone) or in the basic
demographics of the two groups (data not shown). We
collected limited data on those who enrolled but could not be
located for follow-up; we did not observe notable differences
(“lost to follow-up” in Tables 1 and 2).

3.3. Health outcomes for swimmers compared to non-
swimmers

Among the 3585 non-swimmers at Doheny Beach, 3.49% had
an episode of diarrhea in the 10—14 days following their visit
(Table 3); this is comparable to the estimated 3.26% endemic
12-day prevalence of diarrhea in the United States (Scallan
et al.,, 2005). The incidence of diarrhea following the beach
visit was significantly higher for body immersion (4.58%), head
immersion (4.59%) and those who swallowed water (6.13%)
than among those with no contact. The adjusted odds ratio
(aOR) for diarrhea among swimmers compared to non-
swimmers increased with increasing water exposure: body
immersion (aOR = 1.38, 95% CI 1.03—1.86); head immersion
(aOR 1.46, 95% CI 1.07—1.99); and swallowed water (aOR 1.90,
95% CI 1.29—2.80). Similar patterns were observed for HCGI.
We also collected information on non-gastrointestinal
outcomes (see Supplemental Material, Tables 1-4 and 6—9).
Generally these symptoms were less frequently observed than
diarrhea and HCGI.

3.4.  Associations of indicators with diarrhea and HCGI

The strongest associations between levels of FIB and diarrhea
among swimmers were seen among those with highest level
of water exposure (“swallowed water”) on berm-open days
(Table 4). For example, log;, increases in Enterococcus CFU
measured by EPA Method 1600 were associated with an aOR of
2.50 (95% CI 1.52—4.11), fecal coliforms had an aOR of 2.30 (95%
CI 1.48—-3.59) and TagMan gPCR had an aOR of 2.34 (95% CI
1.13—4.84) when swimmers swallowed water on berm-open
days. Berm-open ORs were consistently higher than berm-
closed and berm-combined ORs. For each indicator, we
report P-values for a test of interaction between indicator
concentration and berm status (comparing open and closed
estimates from the interaction model). The tests of interaction
suggest that indicator-health associations differ by
berm status, in particular among swimmers that swallowed
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Table 1 — Doheny beach demographics by swimmer exposure status, individual level.

Variable Lost to Completed Non-swimmers Body Head Swallowed
follow-up follow-up immersion immersion water
Individuals 2194 9525 3585 4335 3290 1219
Households 912 3587 913 2159 1784 769
Age (years)
0-5 12.7% 12.5% 9.7% 13.3% 10.3% 16.5%
5.1-10 13.6 14.2 2.9 24.1 25.2 29.1
10.1-20 15.6 15.2 7.5 23.3 26.1 26.2
20.1-30 13.9 9.1 10.2 7.9 7.7 7.5
30.1-40 18.0 18.4 24.2 12.6 11.9 9.4
40.1-50 16.8 18.2 26.1 12.1 12.0 7.2
>50 9.4 12.0 19.0 6.3 6.5 3.8
Missing 0.4 0.4 0.4 0.3 0.3 0.4
Sex
Male 45.9% 47.4% 38.0% 58.3% 62.1% 59.8%
Female 54.1 52.2 61.8 41.3 37.4 39.7
Missing 0.4 0.3 0.3 0.4 0.5 0.5
Race/Ethnicity
White 58.0% 66.8% 68.8% 66.8% 67.4% 66.9%
White, Hispanic 0.0 4.4 4.4 43 4.4 5.7
Non-White, Hispanic 0.0 10.8 10.5 10.3 9.9 8.9
Black 24 1.3 1.3 1.2 1.1 1.0
Asian 7.3 4.9 5.4 4.3 3.6 3.7
Indian 0.0 0.5 0.6 0.5 0.4 0.3
Multiple 0.0 7.1 5.3 8.9 9.8 10.2
Other 8.8 2.0 1.9 1.9 1.7 1.9
Missing 235 2.0 1.9 1.8 1.6 14

water. Similar patterns (stronger, significant effects on berm-
open days, among those who swallowed water) were seen for
the association of traditional and rapid measurements of FIB
with gastrointestinal illness (Table 5). Alternate LOD imputa-
tion methods were explored for indicator analyses, but did not
alter conclusions (see Supplemental Material, Tables 10—12
for LOD/2; other results not shown.)

Table 2 — Doheny beach demographics, household level.

Variable Lost to Completed
follow-up (%) follow-up (%)

Number of household residents

1 14.9 9.5
2 17.7 19.8
3 24.6 22.3
4 26.1 27.9
5 11.9 13.4
6 3.3 5.2
7 1.3 1.0
8 0.4 0.8
Household income
<$10,000—$25,000 = 5.50
$25,001—$50,000 — 10.90
$50,001—$75,000 = 14.50
$75,001—$100,000 = 15.80
$100,001—$150,000 = 22.70
>$150,000 = 19.10
Missing = 11.50
Citizenship
us 99.5 99.6
Canada 0.2 0.03
Mexico 0.3 0.4

3.5. Lagged analysis (EPA 1600)

In current beach monitoring practice, the 24 h incubation time
needed for culture-based methods means that water quality
results are not available until the day following collection. We
therefore repeated our epidemiological analyses lagging
culture-based exposure by one day to account for laboratory
processing time (i.e. measuring the association between FIB
on a given day and illness among swimmers the following
day). In these analyses (Supplemental Material, Table 13) we
found no significant associations between prior-day FIB and
illness. For example, with berm-open the aOR for diarrhea was
130 (95% CI, 0.66—2.52) among swimmers with head
immersion.

3.6. Dichotomized analysis (EPA 1600)

In current practice, single samples measuring EPA 1600 are
typically reported as values above or below 104 CFU/100 ml.
As a further check on the internal consistency of our findings,
we dichotomized site-specific daily average values for logio
EPA 1600 at 2.017, corresponding to a concentration of
104 CFU/ml. We then took this dichotomized variable and
measured the association with diarrhea and HCGI. We found
strong associations between exposure and illness when
specifying Enterococcus in this manner (see Supplemental
Material, Tables 14 and 15). For example, among the small
subsample of those who swallowed water (N = 181) on berm-
open days, the aOR for diarrhea was 8.66 (95% CI 1.89—39.81)
for those exposed to EPA 1600 levels above 104 CFU/100 ml
compared to those exposed to levels below 104 CFU/100 ml.
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Table 3 — Associations between gastrointestinal illness and swimming for various levels of water exposure and different

berm conditions.

Health outcome No contact Body immersion Head immersion Swallowed water
(N = 3585) (N = 4335) (N = 3290) (N = 1219)
% 111 % 111 Adjusted OR® % 111 Adjusted OR?® % 111 Adjusted OR®
[95% CI] [95% CI] [95% CI]
Berm-combined
Diarrhea 3.49 4.58 1.38 [1.03—1.86] 4.59 1.46 [1.07—1.99] 6.13 1.90 [1.29—2.80]
HCGI 5.37 6.82 1.16 [0.90—1.50] 6.92 1.25 [0.96—1.63] 8.07 1.32 [0.96—1.79]
Berm-open
Diarrhea 3.65 4.13 1.27 [0.64,2.51] 4.71 1.61 [0.82,3.16] 6.28 1.92 [0.77,4.78]
HCGI 6.41 6.80 1.00 [0.59,1.67] 7.50 1.21 [0.72,2.01] 8.97 1.31 [0.67,2.56]

HCG]I, highly credible gastrointestinal illness.
a Odds Ratio calculated using non-swimmers as the reference group.

3.7. Indicator-illness associations among non-
swimmers: “negative controls”

gastrointestinal illness among the non-swimmers. Because
our study was observational rather than randomized and
involved a multiplicity of analyses (i.e. multiple hypothesis
testing), we carried out an additional step to investigate the
robustness of the associations we observed. We used non-

Our a priori assumption was that there should be only
random associations between FIB concentrations and

Table 4 — Associations between diarrhea and exposure to specific indicators for various levels of water exposure and berm
conditions.

Indicators® Berm-combined Berm-closed Berm-open Test of interaction
Adjusted OR (95%)° Adjusted OR (95%)° Adjusted OR (95%)° P-value?

Body immersion

Traditional

EPA 1600 1.33 [1.07,1.64] 1.20 [0.94,1.53] 1.70 [1.17,2.46] 0.12

Enterolert 1.25 [1.03,1.50] 1.20 [0.99,1.46] 1.46 [0.94,2.26] 0.42

Fecal coliform 1.14 [0.93,1.40] 1.02 [0.82,1.28] 1.52 [1.05,2.19] 0.07

Total coliform 1.11 [0.93,1.31] 1.08 [0.9,1.29] 1.40 [0.81,2.41] 0.38

Rapid

Tagman gPCR (delta delta) 1.03 [0.78,1.35] 0.92 [0.69,1.22] 1.50 [0.92,2.44] 0.09

Scorpion-1 gPCR 1.05 [0.82,1.33] 0.99 [0.74,1.33] 1.20 [0.76,1.91] 0.34

Scorpion-2 gPCR 1.03 [0.82,1.30] 1.01 [0.79,1.29] 1.15 [0.71,1.88] 0.64

Head immersion

Traditional

EPA 1600 1.33[1.03,1.73] 1.12 [0.83,1.51] 1.87 [1.28,2.72] 0.04

Enterolert 1.29 [1.02,1.62] 1.20 [0.95,1.51] 1.54 [0.97,2.45] 0.35

Fecal coliform 1.18 [0.92,1.52] 1.04 [0.79,1.38] 1.61 [1.12,2.31] 0.06

Total coliform 1.12 [0.91,1.37] 1.03 [0.84,1.28] 1.49 [0.85,2.59] 0.23

Rapid

Taqman qPCR (delta delta) 1.05 [0.76,1.45] 0.87 [0.62,1.22] 1.66 [1.02,2.68] 0.03

Scorpion-1 gPCR 1.12 [0.84,1.49] 1.07 [0.75,1.53] 1.24 [0.74,2.06] 0.65

Scorpion-2 gPCR 1.04 [0.79,1.36] 0.93 [0.67,1.27] 1.30 [0.82,2.04] 0.23

Swallowed water

Traditional

EPA 1600 1.74 [1.25,2.43] 1.42 [0.93,2.18] 2.50 [1.52,4.11] 0.09

Enterolert 1.38 [0.99,1.93] 1.07 [0.77,1.49] 2.17 [1.35,3.49] 0.02

Fecal coliform 1.29 [0.89,1.87] 0.96 [0.65,1.43] 2.30 [1.48,3.59] 0.00

Total coliform 1.29 [0.93,1.80] 1.13 [0.82,1.56] 2.15 [0.91,5.13] 0.17

Rapid

Taqman qPCR (delta delta) 1.28 [0.82,2.01] 0.90 [0.56,1.44] 2.34 [1.13,4.84] 0.03

Scorpion-1 gPCR 1.34 [0.89,2.03] 1.16 [0.72,1.87] 2.02 [0.73,5.60] 0.34

Scorpion-2 gPCR 1.49 [1.14,1.95] 1.25 [0.90,1.73] 2.30 [1.46,3.61] 0.03

a Indicator exposure assigned based on site-specific daily average.

b Odds Ratio for diarrhea associated with a 1 unit increase in the log;o indicator concentration using non-interaction model.
c Odds Ratio for diarrhea associated with a 1 unit increase in the log;, indicator concentration using interaction model.
d P-value associated with interaction term comparing open to closed berm conditions.
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Table 5 — Associations between HCGI and exposure to specific indicators for various levels of water exposure and berm

conditions.

Indicators® Berm-combined
Adjusted OR (95%)°

Berm-closed Berm-open Test of interaction
Adjusted OR (95%)° Adjusted OR (95%)° P-value?

Body immersion

Traditional

EPA 1600 1.16 [0.97,1.39] 1.08 [0.88,1.32] 1.36 [0.98,1.89] 0.24
Enterolert 1.10 [0.94,1.30] 1.09 [0.92,1.29] 1.15 [0.79,1.66] 0.79
Fecal coliform 1.11 [0.95,1.31] 1.03 [0.87,1.23] 1.36 [1.00,1.84] 0.13
Total coliform 1.10 [0.96,1.27] 1.09 [0.94,1.27] 1.19 [0.83,1.72] 0.66
Rapid

Tagman qPCR (delta delta) 0.97 [0.79,1.20] 0.90 [0.71,1.13] 1.23 [0.80,1.91] 0.21
Scorpion-1 gPCR 1.02 [0.84,1.24] 1.00 [0.79,1.28] 1.06 [0.75,1.50] 0.80
Scorpion-2 gPCR 0.96 [0.79,1.16] 0.95 [0.77,1.17] 0.98 [0.66,1.45] 0.91
Head immersion

Traditional

EPA 1600 1.16 [0.94,1.45] 1.01 [0.79,1.29] 1.54 [1.10,2.16] 0.04
Enterolert 1.13 [0.93,1.36] 1.07 [0.87,1.30] 1.26 [0.85,1.86] 0.45
Fecal coliform 1.15 [0.94,1.39] 1.03 [0.83,1.29] 1.49 [1.09,2.03] 0.06
Total coliform 1.16 [0.99,1.36] 1.09 [0.91,1.31] 1.38 [0.95,2.01] 0.27
Rapid

Tagman gPCR (delta delta) 0.94 [0.74,1.21] 0.83 [0.63,1.09] 1.26 [0.78,2.03] 0.14
Scorpion-1 gPCR 1.11 [0.89,1.39] 1.02 [0.77,1.36] 1.25 [0.85,1.82] 0.41
Scorpion-2 gPCR 1.00 [0.80,1.23] 0.93 [0.73,1.18] 1.12 [0.75,1.67] 0.42
Swallowed water

Traditional

EPA 1600 1.52 [1.12,2.06] 1.29 [0.88,1.88] 1.94 [1.23,3.05] 0.18
Enterolert 1.20 [0.88,1.63] 0.93 [0.69,1.26] 1.75 [1.16,2.64] 0.02
Fecal coliform 1.15 [0.84,1.59] 0.89 [0.63,1.27] 1.95 [1.29,2.97] 0.00
Total coliform 1.32 [1.01,1.72] 1.16 [0.88,1.53] 2.01 [1.06,3.83] 0.12
Rapid

Taqman qPCR (delta delta) 1.21 [0.83,1.75] 0.95 [0.65,1.39] 1.95 [1.05,3.59] 0.05
Scorpion-1 qPCR 1.28 [0.92,1.77] 1.17 [0.79,1.71] 1.55 [0.80,3.00] 0.46
Scorpion-2 gPCR 1.35 [1.03,1.75] 1.19 [0.88,1.61] 1.70 [1.10,2.63] 0.18

HCGI, highly credible gastrointestinal illness.
a Indicator exposure assigned based on site-specific daily average.

b Odds Ratio for HCGI associated with a 1 unit increase in the log;, indicator concentration using non-interaction model.
c Odds Ratio for HGCI associated with a 1 unit increase in the log;, indicator concentration using interaction model.
d p-value associated with interaction term comparing open to closed berm conditions.

swimmers as “negative controls” (Lipsitch et al., 2010): we
explored the association between average FIB concentrations
at the beach for a given day and gastrointestinal illness
among non-swimmers who visited the same day (who did
not contact water, and were unlikely to be exposed to
waterborne pathogens). In comparison with the indicator-
illness associations seen among swimmers (Tables 4 and 5)
there appear to be no patterns in the associations between
FIB concentrations and gastrointestinal outcomes among
non-swimmers (see Supplemental Material, Table 16). This
suggests that health associations with FIB concentrations
(both traditional and rapid) observed among swimmers are
unlikely to be an artifact of unmeasured confounding, or our
estimation approach.

3.8. Daily incidence of diarrhea
Swimmers reported a markedly different pattern of diarrhea

incidence than non-swimmers following their beach visit
(see Supplemental Material, Figure 3). Among swimmers,

diarrhea rates were strongly elevated two days post-
exposure relative to non-swimmers. Furthermore, these
increases among swimmers were consistent with a dos-
e—response relationship; the greatest elevation seen among
swimmers who swallowed water, followed by swimmers
with head immersion, and finally swimmers with body
immersion.

3.9.  Morning vs. afternoon sampling

As described in Methods (Section 2.7), we assigned indicator
values to swimmers using the site-specific daily average of all
morning and afternoon sample-values for the site nearest to
the swimmer’s area of immersion. To evaluate the impact of
the timing of water sampling on indicator-health relation-
ships, we analyzed the morning and afternoon samples
separately (see Supplemental Material, Tables 17—20). Across
all point estimates for the indicators, there appeared to be
a stronger relationship to health when analyzing the morning
rather than the afternoon samples.
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3.10. Associations of indicators with other (non-
gastrointestinal) symptoms

Although the principal goal of our study was to measure
associations between FIB concentrations and gastrointestinal
illnesses, we also measured associations between FIB
concentrations and non-gastrointestinal health outcomes,
including respiratory, eye, ear, and skin complaints. Because
these outcomes were less frequently reported, we show only
the data for swimmers who placed their heads under water
(see Supplemental Material, Tables 21—-27). Unlike associa-
tions seen for the indicators with diarrhea and highly credible
gastrointestinal illness, there were no clear patterns of
indicator-illness associations.

4, Discussion
4.1. Summary

We found that swimmers at Doheny Beach in the summers of
2007 and 2008 experienced diarrhea at a significantly
increased rate compared to non-swimmers. Additionally,
although it was not a primary focus of our study, we found
increased rates of eye infections and earaches among swim-
mers. We found strong associations between several FIB
quantification approaches and diarrhea, with evidence that
these associations differed by berm status. Additionally, the
data suggest an increasing dose—response relationship; the
strongest associations were seen for those who reported
swallowing water, especially on berm-open days. The asso-
ciations of the FIB concentrations, using rapid molecular
assays, with gastrointestinal health outcomes were similar to
those of the traditional culture-based assays when examined
under the same berm conditions. The pattern of time to
diarrhea onset among swimmers (strong peak at 2 days)
appears to be different from that seen among non-swimmers.
Using non-swimmers as “negative controls” we saw no rela-
tionship between FIB and diarrhea among individuals with no
water contact, further strengthening the suggestion that the
associations observed between traditional and rapid indica-
tors and illness among swimmers were not spurious findings
related to our observational design.

4.2. Berm status: open, closed and all days combined

Our observation of a large difference in the associations
between measures of Enterococcus and illness when the berm
was open compared to berm-closed days, and all days
combined could indicate a different FIB source between the
different conditions. Boehm et al. (2004) suggested that FIB can
transport through sand, but the transport of contaminated
material to the beach is more rapid when the berm is open,
reducing time for degradation and inactivation of FIB and
pathogens alike. Additionally when the berm is closed, sand
can filter out pathogens and Enterococcus, and appears to be
impacting the association between Enterococcus densities and
adverse health effects often seen among swimmers proximate
to direct, flowing sources. More research is needed on the
differential fate and transport impacts of pathogens and FIB

through sand, and the potential cause of the breakdown of FIB
density-illness relationships.

4.3. Lagged analyses

The associations we observed were similar between the
culture-based and qPCR methods, but this is based on anal-
yses assessing health relationships with samples collected on
the same day that swimmers were in the water. We found that
the indicator-health associations for the culture-based
methods were no longer significant (nor was there a pattern
of increasing odds ratios with increasing swimmer exposure)
when the results were lagged by one day, typical of current
beach monitoring practice. Thus, while these methods theo-
retically provide comparable levels of health protection, gPCR
could provide a substantial advantage in practical application
if rapid results were used to make decisions about health-risk
management on the same day.

4.4.  Morning vs. afternoon results

The processing lag for gPCR is less than for culture-based
methods, but there is still about six hours from morning
sample collection to when warnings are issued in the after-
noon. Our results suggest that the effect of this 6-hr lag would
be minimal, though, as we found that the odds ratios for
samples collected in the morning were more likely to be
statistically significant than those for samples collected in the
afternoon (see Supplemental Material, Tables 17—20). This is
in apparent contrast with rapid changes in bacterial concen-
trations that have been observed at some beaches (Boehm
et al, 2002). A likely explanation is that the morning
samples better represent the average swimmer’s exposure
compared to afternoon samples. This may be due to solar
inactivation, which alters the relationship between FIB and
the pathogens with which they co-occur (Davies-Colley et al.,
1994; Noble et al., 2004; Sinton et al., 2007). This is consistent
with our observation of consistently lower Enterococcus
concentrations in the afternoon samples compared to
morning samples (data not shown).

4.5. Differences in rapid indicators

We evaluated three gPCR assays that utilize primer-probe sets
specific for Enterococcus and found little difference in their
associations with illness. Two (TagMan and Scorpion-1) used
primer-probe sets targeting a gene sequence similar to that of
Ludwig and Schleifer (2000) and are intended to quantify the
broad range of Enterococcus species enumerated by EPA 1600
(Moore et al., 2008). The similarity in odds ratios between these
two methods is consistent with several studies finding they
yield similar Enterococcus concentrations (Griffith et al., 2009;
Noble et al,, 2010). The third primer-probe set (Scorpion-2)
was a modified design intended to more specifically amplify E.
facaelis and E. faecium, species thought to be important in
human fecal contamination. The lack of difference in health
relationships for this third method may result from the fecal
sources at the site already having high concentrations of these
species. Alternatively, it may result from the Scorpion-2
primer-probe design not being exclusionary and still
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amplifying a wide array of species, as suggested by the
concentration correlations with the other two methods
observed over a range of sample types (Noble et al., 2010).

4.6. Previous studies

Most bathing water epidemiology studies investigating munic-
ipal wastewater effluent-impacted waters, and studies exam-
ining the health risks from exposure to land-based runoff are
equivocal. Schoen and Ashbolt (2010) used quantitative micro-
bial risk assessment to show that non-point source runoff-
affected beaches present considerably less health risk than
those affected by wastewater, which is consistent with several
studies that found no relationship between GI illness and
increasing levels of Enterococci at beaches without known
sources of sewage (Calderon et al., 1991; Coford et al., 2007;
Fleisher et al., 2010). In contrast, McBride et al. (1998) found
health risk from human and animal fecal material were not
substantially different. Similarly, Haile et al. (1999) found
increased health risk for several health outcomes (including
fever, chills, cough, ear discharge and respiratory disease
although not for HCGI-1 and HCGI-2) from swimming in prox-
imity to urban runoff sources; these runoff source were known
to contain human sources of fecal contamination based on the
presence of human enteric viruses. Despite the separation of
sanitary from storm-water runoff pipes and conduits in
southern California, our study also provides an equivocal
answer. When the berm was open, we observed associations
between Enterococcus and health outcomes that were consistent
with those seen in studies conducted near wastewater effluent
(Wade et al., 2010). In contrast, these associations were weak
when the berm status was not taken into account. The United
States Environmental Protection Agency has committed to
a new water quality standard by October 2012. Boehm et al.
(2009) noted that some have suggested the potential establish-
ment of different standards for beaches without direct impact
from human fecal sources. Findings from our study suggest that
while this option may be possible, the contamination source
and delivery must be well understood, as FIB-illness relation-
ships can vary between conditions even within a beach.

4.7. Limitations

There are potential limitations when evaluating our results.
Although multiple attempts were made to contact all partici-
pants, 22% of participants could not be reached. We have no
data to suggest that this introduced a systematic bias into our
findings as the baseline enrollment characteristics of those who
completed the study and those who did not are similar. The
final number of participants completing the study (9525) was
less than the 12,230 we had initially hoped to enroll. Enrollment
was impacted by weather conditions that reduced beach usage
during the months of our study and conceivably could have
limited our ability to detect indicator-health associations for
less frequently observed outcomes. We assigned exposure to
each participant based on the FIB concentrations collected at
the site closest to where that participant swam. Although this
may not represent each individual's actual exposure, the
internal consistency of the results (increased illness when
water quality was poor during open-berm conditions, markedly

different daily incidence pattern for swimmers and non-
swimmers, increasing illness with increasing exposure) does
not suggest a systematic bias. Although indicator exposure was
not randomly assigned in our study, neither participants nor
investigators had knowledge of water quality results during
water exposure. Finally, our results must be interpreted with
the understanding that we estimated and report numerous
(indicator and health outcome) associations.

5. Conclusions

Our data suggest an increased risk of swimming-associated
gastrointestinal illness at this urban runoff contaminated
beach. When the source of FIB consistently exceeded water
quality standards (berm-open), traditional and rapid methods
for Enterococcus were both strongly related to illness. When the
source of FIB was diffuse (berm status not adjusted for), fewer
significant associations were measured. These differences in
relationships between FIB and illness, even at a single beach,
demonstrate that it can be difficult to consistently predict FIB-
health associations at urban runoff impacted beaches using
currently available indicators.

Role of funder

Partial funding was provided by the National Institute of
Health (RO1-ES013515), the California State Water Resources
Control Board, the US Environmental Protection Agency, and
the City of Dana Point.

The funders played no role in the collection, analysis or
interpretation of the data, nor in the writing of this report and
the decision to submit the paper for publication. The views
expressed in this article are those of the authors and do not
necessarily reflect the views or policies of the U.S. Environ-
mental Protection Agency.

Acknowledgements

The authors are grateful to the following individuals for their
assistance with this study: Donna Ferguson, Melissa Madison,
Darcy Ebentier, Ann Harley, David Pryor and Ali Boehm. A
special note of thanks to Jed Fuhrman, John Witte, Hildy
Meyers, and David Kay for technical review.

Appendix. Supplementary material

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.watres.2012.01.033.

REFERENCES

APHA, 2009. Standard Methods for the Examination of Water and
Wastewater. American Public Health Association,
Washington, DC.


http://dx.doi.org/10.1016/j.watres.2012.01.033
http://dx.doi.org/10.1016/j.watres.2012.01.033
http://dx.doi.org/10.1016/j.watres.2012.01.033

WATER RESEARCH 46 (2012) 2176—2186

2185

Baqui, A.H., Black, R.E,, Yunus, M., Hoque, ARA,,

Chowdhury, H.R., Sack, R.B., 1991. Methodological issues in
diarrhoeal diseases epidemiology: definition of diarrhoeal
episodes. International Journal of Epidemiology 20 (4),
1057—-1063.

Boehm, A., Grant, S., Kim, J., Mowbray, S., McGee, C., Clark, C.,
et al.,, 2002. Decadal and shorter period variability of surf zone
water quality at Huntington Beach, California. Environmental
Science & Technology 36 (18), 3885—3892.

Boehm, A.B., Ashbolt, N.J., Colford Jr., J.M., Dunbar, L.E.,
Fleming, L.E., Gold, M.A,, et al.,, 2009. A sea change ahead for
recreational water quality criteria. Journal of Water and
Health 7 (1), 9—20.

Boehm, A.B., Shellenbarger, G.G., Paytan, A., 2004. Groundwater
discharge: potential association with fecal indicator bacteria
in the surf zone. Environmental Science & Technology 38 (13),
3558—-3566.

Bushon, R., Brady, A., Likirdopulos, C., Cireddu, J., 2009. Rapid
detection of Escherichia coli and Enterococci in recreational
water using an immunomagnetic separation/adenosine
triphosphate technique. Journal of Applied Microbiology 106
(2), 432—441.

Calderon, R.L., Mood, E.-W., Dufour, A.P., 1991. Health effects of
swimmers and nonpoint sources of contaminated water.
International Journal of Environmental Health Research 1 (1),
21-31.

Coford, J.M., Wade, T.J., Schiff, K.C., Wright, C.C., Griffith, J.F.,
Sandhu, S.K., et al., 2007. Water quality indicators and the risk
of illness at beaches with nonpoint sources of fecal
contamination. Epidemiology 18 (1), 27.

Davies-Colley, R.J., Bell, R.G., Donnison, A.M., 1994. Sunlight
inactivation of Enterococci and fecal coliforms in sewage
effluent diluted in seawater. Applied and Environmental
Microbiology 60 (6), 2049.

Fleisher, ].M., Fleming, L.E., Solo-Gabriele, H.M., Kish, J.K.,
Sinigalliano, C.D., Plano, L., et al., 2010. The BEACHES Study:
health effects and exposures from non-point source microbial
contaminants in subtropical recreational marine waters.
International Journal of Epidemiology 39 (5), 1291.

Freedman, D.A., 2010. Statistical Models and Causal Inference.
Cambridge University Press.

Griffith, J.F., Cao, Y., McGee, C.D., Weisberg, S.B., 2009. Evaluation
of rapid methods and novel indicators for assessing
microbiological beach water quality. Water Research 43 (19),
4900—4907.

Griffith, J.F., Weisberg, S.B., 2011. Challenges in implementing
new technology for beach water quality monitoring: lessons
from a California demonstration project. Marine Technology
Society Journal 45 (2), 65—73.

Haile, RW., Witte, ].S., Gold, M., Cressey, R., McGee, C.,

Millikan, R.C., et al.,, 1999. The health effects of swimming in
ocean water contaminated by storm drain runoff.
Epidemiology 10 (4), 355.

Haugland, R.A,, Siefring, S.C., Wymer, L.J., Brenner, K.P.,

Dufour, A.P., 2005. Comparison of Enterococcus
measurements in freshwater at two recreational beaches by
quantitative polymerase chain reaction and membrane filter
culture analysis. Water Research 39 (4), 559—568.

Jones, B., 2009. Report to SOCWA on Results of Glider Deployment
from July—September 2008 to Map and Monitor the Effluent
Plume from the San Juan Creek Ocean Outfall. Submitted by
the University of Southern California to the South Orange
County Wastewater Authority.

Lavender, J.S., Kinzelman, J.L., 2009. A cross comparison of QPCR
to agar-based or defined substrate test methods for the
determination of Escherichia coli and Enterococci in
municipal water quality monitoring programs. Water
Research 43 (19), 4967—4979.

Layton, B.A., Walters, S.P., Lam, L.H., A.B. B., 2010. Enterococcus
species distribution among human and animal hosts using
multiplex PCR. 109, 539-547.

Leecaster, M.K., Weisberg, S.B., 2001. Effect of sampling frequency
on shoreline microbiology assessments. Marine Pollution
Bulletin 42 (11), 1150—1154.

Lipsitch, M., Tchetgen, E.T., Cohen, T., 2010. Negative controls:

a tool for detecting confounding and bias in observational
studies. Epidemiology 21, 383—388.

Ludwig, W., Schleifer, K.H., 2000. How quantitative is quantitative
PCR with respect to cell counts? Systematic and Applied
Microbiology 23 (4), 556.

McBride, G., Salmond, C., Bandaranayake, D., Turner, S., Lewis, G.,
Till, D., 1998. Health effects of marine bathing in New Zealand.
International Journal of Environmental Health Research 8 (3),
173—-189.

Moore, D., Guzman, J., McGee, C., 2008. Species distribution and
antimicrobial resistance of Enterococci isolated from surface
and ocean water. Journal of Applied Microbiology 105 (4),
1017-1025.

Noble, R., Lee, 1., Schiff, K., 2004. Inactivation of indicator
microorganisms from various sources of faecal contamination
in seawater and freshwater. Journal of Applied Microbiology
96 (3), 464—472.

Noble, R.T., Blackwood, A.D., Griffith, J.F., McGee, C.D.,
Weisberg, S.B., 2010. Comparison of rapid QPCR-based and
conventional culture-based methods for enumeration of
Enterococcus sp. and Escherichia coli in recreational
waters. Applied and Environmental Microbiology 76,
7437—7443.

Noble, R.T., Weisberg, S.B., 2005. A review of technologies for
rapid detection of bacteria in recreational waters. Journal of
Water and Health 3 (4), 381—-392.

Pfaffl, M.W., 2001. A new mathematical model for relative
quantification in real-time RT-PCR. Nucleic Acids Research 29 (9),
e45.

Rothman, K., Greenland, S.,, 1998. Modern Epidemiology, second
ed. Lippincott-Raven Publishers, Philadelphia.

Scallan, E., Majowicz, S.E., Hall, G., Banerjee, A.,

Bowman, C.L., Daly, L., et al., 2005. Prevalence of diarrhoea
in the community in Australia, Canada, Ireland, and the
United States. International Journal of Epidemiology 34,
454—460.

Schoen, M.E., Ashbolt, N.J., 2010. Assessing pathogen risk to
swimmers at non-sewage impacted recreational beaches.
Environmental Science & Technology 44 (7), 2286—2291.

Sinigalliano, C.D., Fleisher, ].M., Gidley, M.L., Solo-Gabriele, H.M.,
Shibata, T., Plano, L.R.W,, et al., 2010. Traditional and
molecular analyses for fecal indicator bacteria in non-point
source subtropical recreational marine waters. Water
Research 44 (13), 3763—-3772.

Sinton, L., Hall, C., Braithwaite, R., 2007. Sunlight inactivation of
Campylobacter jejuni and Salmonella enterica, compared
with Escherichia coli, in seawater and river water. Journal of
Water and Health 5 (3), 357—365.

USEPA, 2006. Method 1600: Enterococci in Water by Membrane
Filtration Using membrane-Enterococcus Indoxyl-beta-D-
Glucoside Agar (mEI). USEPA Office of Water.

Wade, T.J., Calderon, R.L., Brenner, K.P., Sams, E., Beach, M.,
Haugland, R., et al., 2008. High sensitivity of children to
swimming-associated gastrointestinal illness: results using
a rapid assay of recreational water quality. Epidemiology 19
(3), 375.

Wade, T.J., Calderon, R.L., Sams, E., Beach, M., Brenner, K.P.,
Williams, A.H., et al., 2006. Rapidly measured indicators of
recreational water quality are predictive of swimming-
associated gastrointestinal illness. Environmental Health
Perspectives 114 (1), 24.


http://dx.doi.org/10.1016/j.watres.2012.01.033
http://dx.doi.org/10.1016/j.watres.2012.01.033

2186 WATER RESEARCH 46 (2012) 2176—2186

Wade, T)J., Pai, N., Eisenberg, ].N.S., Colford Jr., .M., 2003. Do US marine beaches: a prospective cohort study. Environmental

Environmental Protection Agency water quality guidelines for Health 9 (1), 66.
recreational waters prevent gastrointestinal illness? A Zmirou, D., Pena, L., Ledrans, M., Letertre, A., 2003. Risks

systematic review and meta-analysis. Environmental Health associated with the microbiological quality of bodies of fresh

Perspectives 111 (8), 1102. and marine water used for recreational purposes: summary
Wade, TJ., Sams, E., Brenner, K.P., Haugland, R., Chern, E., estimates based on published epidemiological studies.

Beach, M., et al., 2010. Rapidly measured indicators of Archives of Environmental Health: An International Journal 58

recreational water quality and swimming-associated illness at (11), 703—711.


http://dx.doi.org/10.1016/j.watres.2012.01.033
http://dx.doi.org/10.1016/j.watres.2012.01.033

This article was downloaded by: [University of California, Los Angeles (UCLA)]

On: 23 July 2012, At: 09:40

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

International Journal of Environmental
Health Research

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/cije20

Outbreaks associated with recreational
water in the United States

Gunther F Craun @ , Rebecca L Calderon ® & Michael F Craun 2
= & Staunton, Virginia, USA

P US Environmental Protection Agency, National Health and
Environmental Effects Research Laboratory Research Triangle
Park, North Carolina, USA

Version of record first published: 22 Jan 2007

To cite this article: Gunther F Craun , Rebecca L Calderon & Michael F Craun (2005): Outbreaks
associated with recreational water in the United States, International Journal of Environmental
Health Research, 15:4, 243-262

To link to this article: http://dx.doi.org/10.1080/09603120500155716

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/cije20
http://dx.doi.org/10.1080/09603120500155716
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, Los Angeles (UCLA)] at 09:40 23 July 2012

Taylor & Francis
Taylor & Francis Group

International Fournal of Environmental Health Research
August 2005; 15(4): 243-262

Outbreaks associated with recreational water in the United
States

GUNTHER F. CRAUN!, REBECCA L. CALDERON?, &
MICHAEL F. CRAUN!

' Gunther F. Craun & Associates, Staunton, Virginia, USA, 2US Environmental Protection Agency,
National Health and Environmental Effects Research Laboratory Research Triangle Park, North
Carolina, USA

Abstract

In this article, we review the causes of outbreaks associated with recreational water during 1971 —2000.
A bacterial or protozoan etiology was identified in three-quarters of the outbreaks; 23% of the outbreaks
were of undetermined etiology. The most frequently identified agents were Cryprosporidium (15%),
Pseudomonas (14%), Shigella (13%), Naegleria (11%), Giardia (6%), and toxigenic E. coli (6%).
Outbreaks attributed to Shigella, E. coli O157:H7, and Naegleria were primarily associated with
swimming in fresh waters such as lakes, ponds, and rivers. In contrast, outbreaks caused by
Cryprosporidium and Giardia were primarily associated with treated water in swimming and wading
pools. Important sources of contamination for both treated and untreated recreational waters were the
bathers themselves. Contamination from sewage discharges and wild or domestic animals were also
important sources for untreated waters. Contributing factors in swimming-pool outbreaks were
inadequate attention to maintenance, operation, disinfection, and filtration. Although not all waterborne
outbreaks are recognized nor reported, the national surveillance of these outbreaks has helped identify
important sources of contamination of recreational waters and the etiologic agents. This information can
affect prevention recommendations and research priorities that may lead to improved water quality
guidelines.

Keywords: Waterborne disease, waterborne pathogens, swimming and bathing, water quality

Introduction

In 1971, the U.S. Environmental Protection Agency (EPA), the Centers for Disease Control
and Prevention (CDC), and the Council of State and Territorial Epidemiologists initiated a
surveillance system for reporting the occurrence and causes of waterborne outbreaks in the
United States (Craun et al. 1990). State and local health agencies have primary responsibility
for detecting and investigating waterborne outbreaks which are then voluntarily reported to
the CDC and EPA. The surveillance system provides information about outbreaks associated
with drinking water systems and other types of water. Recently, national statistics were
reported for outbreaks associated with recreational water during 2001 —2002 (Yoder et al.
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2004). To supplement these recent statistics, we reviewed the historical information for
waterborne outbreaks reported during 1971-2000. Recreational waters encompass swim-
ming and wading pools, thermal and other natural springs, fresh and marine waters, water
parks, interactive fountains, and other venues where water contact may take place. Fresh and
marine waters are classified as untreated water; treated waters refer to the remaining
recreational venues. Occasionally, an outbreak may be reported in a private swimming or
wading pool that is a drain and fill type with no additional disinfection or filtration.

Yoder et al. (2004) included statistics for outbreaks associated with the use of whirlpools or
hot tubs. In our review, we include these outbreaks only when persons also had a swimming
pool exposure that was associated with illness. Also not included in this review are outbreaks
on cruise ships operating from U.S. ports and wound infections associated with water
recreation.

Methods

Information about the outbreaks reviewed here were obtained from the CDC-EPA database
and surveillance summaries that have been published biennially or annually since 1973 (CDC
1973, 1974, 1976a, 1976b, 1977, 1979, 1980, 1981, 1982a, 1982b, 1983, 1984, 1985, St.
Louis 1988; Levine and Craun 1990; Herwaldt et al. 1991; Moore et al. 1993; Kramer et al.
1996; Levy et al. 1998; Barwick et al. 2000; Lee et al. 2002). In 1978, the CDC began to
specifically request information about recreational water outbreaks from state health agencies.
Before then, recreational water outbreaks were sporadically reported, and in the early years,
the database included several outbreaks reported in the literature.

Waterborne outbreak surveillance

Information available from the surveillance system pertains to outbreaks voluntarily reported.
The outbreaks are classified according to the strength of the epidemiologic evidence
implicating water as the vehicle of transmission. At least two persons must experience a
similar illness after the ingestion of or contact with water, and epidemiologic evidence must
implicate water as the probable source of the illness. Exceptions are single cases of laboratory-
confirmed, primary amebic meningoencephalitis (PAM) and chemical poisoning if water-
quality data indicate contamination by the chemical.

Since resources available for outbreak investigations differ from locality to locality and not
all outbreaks are rigorously investigated (Craun et al. 2001; Yoder et al. 2004), the reported
outbreaks do not always contain complete information about the number of ill or exposed
persons, duration of illness, etiologic agent, or suspected sources of contamination.
Outbreaks without water quality data or with incomplete information about sources of
contamination are included in the surveillance data if the epidemiologic evidence implicates
water (Lee et al. 2002; Yoder et al. 2004).

The surveillance system does not include endemic illnesses that may be associated with
recreational water. In addition, not all outbreaks are recognized, investigated, or reported,
and not all outbreaks are sufficiently investigated to estimate the total number of persons who
may have been affected. The likelihood that individual cases of illness will be detected and
investigated is dependent on many factors including: (a) public awareness of waterborne
illnesses, (b) local requirements for reporting cases of particular diseases, (c) the surveillance
and investigative activities of state and local public health and environmental agencies, and (d)
availability of and extent of laboratory facilities. Outbreaks associated with recreational water
are difficult to recognize and investigate because they usually result from persons who
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congregate in one venue and then disperse among the community or to other localities. Ill
persons may consult different health-care providers, and different health districts may have
jurisdiction for surveillance and investigation. Reliable estimates of the number of
unrecognized and unreported waterborne outbreaks or illnesses are not available (Yoder et
al. 2004).

Results
Outbreak statistics

During 1971-2000, the surveillance system contained information about 259 outbreaks and
an estimated 21,740 cases of illness, 36 emergency room visits, 206 hospitalizations, and 28
deaths (Table I). Most (58%) illnesses were associated with protozoan outbreaks, and most
(67%) hospitalizations and emergency room visits were associated with bacterial outbreaks.
Most frequently, exposure to contaminated recreational waters resulted in acute gastro-
enteritis and dermatitis (Table II). Gastroenteritis was reported in 61% of the outbreaks and
85% of the illnesses. Dermatitis was reported in 20% of the outbreaks and 8% of the illnesses.
PAM was reported in 28 single-case outbreaks. Occasionally, outbreaks of typhoid fever,
infectious hepatitis, leptospirosis, and other illnesses were reported.

Outbreaks were primarily associated with recreational activities in lakes or ponds and swim
pools (Table III). Other venues included wading pools, water slides, wave pools, interactive
water fountains, rivers, canals, springs, and creeks. In one outbreak, 61 persons who
volunteered for a dunking booth at a local fair became ill after accidentally swallowing water
(Moore et al. 1993).

Reporting trends. Almost two-thirds of the outbreaks were reported during 1991-2000
(Figure 1). The recent increase in the number of outbreaks may be due, in part, to increased
recreational activities and increased exposure to contaminated water; however, improved
surveillance and outbreak detection, investigation, and reporting by public health agencies are
also important. There has been a greater public awareness of waterborne pathogens such as
Giardia, Cryptosporidium, and E. coli O157:H7 and more prompt reporting of these illnesses to
health agencies in recent years. Reporting was inconsistent during the first half of the 30-year
surveillance period when fewer than five outbreaks were reported in each of 11 years. In three
of these years, no outbreaks were reported. The increase in the number of outbreaks was
primarily due to outbreaks associated with gastroenteritis symptoms (Figure 2). An increased

Table I. Etiology, recreational water outbreaks, USA, 1971—2000.

Outbreaks Cases of Illness

Etiology (n) % (n) %

Protozoa 97 37.5 12701 58.4
Bacteria 97 37.5 4548 20.9
Unidentified agents 40 15.4 2966 13.6
Viruses 18 6.9 1433 6.6
Chemicals 5 1.9 40 0.2
Bacteria and protozoa 1 0.4 38 0.2
Algae 1 0.4 14 0.1

Totals 259 100.0 21740 100.0
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Table II. Disease or Symptoms, Recreational Water Outbreaks, USA, 1971—2000.

Outbreaks Cases of illness
Disease or symptoms (n) % (n) %
Gastroenteritis 157 60.6 18584 85.5
Non-chemical dermatitis® 49 18.9 1761 8.1
Primary amebic 28 10.8 28 0.1
meningoencephalitis
Leptospirosis 7 2.7 426 2.0
Conjunctivitis®, pharyngitis, 6 2.3 746 3.4
or aseptic meningitis
(adenovirus or enterovirus)
Otitis externa 3 1.2 118 0.5
Chemical dermatitis 3 1.2 34 0.1
Hepatitis 2 0.8 26 0.1
Typhoid fever 2 0.8 11 0.1
Chemical bronchial irritation 1 0.4 3 < 0.1
Chemical keratitis 1 0.4 3 < 0.1

includes one outbreak (35 cases) of dermatitis with otitis externa. ° includes one outbreak (5 cases) of dermatitis with
conjunctival irritation.

Table III. Water source, recreational water outbreaks, USA, 1971—2000.

Outbreaks Cases of illness
Recreational water (n) % (n) %
Lake or pond 116 44.8 7559 34.8
Swimming pool only 72 27.8 11692 53.8
Swimming pool and other 17 6.6 431 2.0
waters®
River, stream, creek, or canal 12 4.6 80 0.4
Wading pool 10 3.9 195 0.9
Water slide, wave pool, or 7 2.7 1247 5.7
interactive water fountain
Spring 7 2.7 137 0.6
Ditch or puddle 6 2.3 22 0.1
Swimming pool and wading 5 1.9 268 1.2
pool
Lake, pond, or river and other 3 1.2 3 < 0.1
waters®
Ocean 2 0.8 44 0.2
Dunking booth 1 0.4 61 0.3
Unknown 1 0.4 1 < 0.1
Totals 259 100.0 21740 100.0

# Swimming pool and whirlpool (7 outbreaks), swimming pool and hot tub (9 outbreaks), and swimming pool and
sauna (1 outbreak). ® Pond and swimming pool (1 outbreak), lake and swimming pool (1 outbreak), and river and
wastewater holding pond (1 outbreak).

number of outbreaks were reported for both treated and untreated recreational water (Figure
3). In 2000, 20 outbreaks were associated with swimming, wading, and wave pools, water
slides, and interactive fountains, whereas only eight and nine outbreaks were associated with
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these venues in 1999 and 1998, respectively. Before 1998, there were only two years when
more than five outbreaks were reported in treated recreation water. The number of outbreaks
reported during 1991-2000 in untreated water venues was significantly greater than the
number reported during the previous ten-year period; however, the annual number varied
greatly from as few as two outbreaks in 1997 to as many as thirteen in 1995.

Outbreak etiologies. A bacterial or protozoan etiology was identified in most outbreaks (75%)
and cases of illness (79%) during 1971 —2000 (Table I). A viral etiology was identified in only
7% of both outbreaks and illnesses. Exposures to high levels of pool chemicals (chlorine,
bromine, sodium hydroxide) caused 2% of the outbreaks and less than 1% of the illnesses. An
infectious etiologic agent was suspected but not identified in the remaining outbreaks and
illnesses. All but two outbreaks of undetermined etiology resulted in acute gastroenteritis; in
these two outbreaks, investigators suspected Pseudomonas aeruginosa as the cause of otitis
externa and folliculitis.

Almost half (47%) of the protozoan outbreaks were associated with swimming or wading
pools and water fountains; 35% of the outbreaks were associated with lakes or ponds.
Outbreaks of bacterial etiology were also associated with swimming or wading pools and
fountains (45%) and lakes and ponds (46%). In an outbreak that occurred at an interactive
water fountain, both a bacterial and protozoan etiology (Shigella and Cryprosporidium) was
identified. Of the 18 reported viral outbreaks, 56% were associated with lakes or ponds.

Two dermatitis outbreaks were associated with marine water. One outbreak was attributed
to Microcoleus lyngbyaceus algae at an ocean beach in Hawaii (Moore et al. 1993). The second
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outbreak occurred at an ocean beach in Delaware where local snails were found to contain
cercariae of Austrobilharzia wvariglandis, an avian schistosome that can cause cercarial
dermatitis (CDC 1982).

In recent years, reports of outbreaks of undetermined etiology have decreased, and
outbreaks of protozoan etiologies have increased. Only 11% of the outbreaks reported during
1991 -2000 were of undetermined etiology; during 1986 —90, 34% of the reported outbreaks
were of unknown etiology. During 1991 —2000, 50% of the reported outbreaks were caused by
protozoa, but only 16% of the outbreaks reported during 1986 —90 were caused by protozoa.

Seasonal distribution. The date of occurrence was available for 252 (97%) outbreaks reported
during 1971 -2000. More than 70% of the outbreaks occurred during June, July, and August
when increased numbers of persons participate in water recreation. Persons have access to
indoor pools, especially at resorts and motels during cold weather months, and some areas of
the United States are warm enough for year-round water recreation. Some 17% of outbreaks
occurred during the months of September through February. Almost all (90%) of the
outbreaks of gastroenteritis occurred during the summer months. However, almost all (92%)
of the outbreaks of dermatitis occurred during the months of September through February.

Severity of illness. The number of illnesses associated with outbreaks varied during the 30-year
period. In 1981 only 14 illnesses were reported; 5,623 illnesses were reported in 1995. The
largest outbreaks occurred most recently when an average of 137 and 83 illnesses per outbreak
were reported during 1991 -95 and 1996 —2000, respectively (Figure 4).

Although information was not always reported about the severity of illness, at least 75
outbreaks (29%) resulted in one or more hospital admissions. Hospitalizations were caused by
various etiologic agents. The most frequent admissions were for persons diagnosed with
shigellosis (32%), cryptosporidiosis (24%), E. coli O157:H7 gastroenteritis (18%), and

Reported llinesses per Outbreak Associated with Recreational Water, 1971-2000
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leptospirosis (14%). In an additional four outbreaks, persons visited a hospital emergency
room, primarily for medical treatment of shigellosis. Shigellosis is characterized by diarrhea
accompanied by fever, nausea and sometimes vomiting, cramps, and tenesmus. In typical
cases, the stools contain blood and mucus.

PAM, an infection of the central nervous system caused by free-living ameba Naegleria
fowleri, usually occurs within 5—8 days after swimming and diving in warm fresh or
brackish water. The majority of cases have been reported from states with more temperate
climates like Florida and Texas, but cases have also been associated with lakes and ponds
in Arkansas, North Carolina, New York, and Oklahoma and a thermal spring in
California. The portal of entry is probably the nasal mucosa overlying the cribriform plate
during underwater swimming and diving (Visvesvara and Stehr-Green 1990; CDC 1991).
Infection is almost always fatal. Twenty-seven persons, mostly children and young adults
3-19 years old, died after becoming infected during the 30-year surveillance period. A
single non-fatal case was reported; a nine-year-old child survived after being infected while
bathing in a thermal spring.

A single death was associated with E. coli O157:H7, a pathogen that can elaborate potent
cytotoxins and cause hemolytic-uremic syndrome. Diarrhea can be mild or very severe with
stools that are virtually all blood.

Sources of contamination and deficiencies. In about half of the outbreaks reported during 1971 —
2000, information was available about sources of contamination and contributing factors such
as a high density of bathers. Multiple sources of contamination and deficiencies including
inadequate disinfection were reported in several outbreaks.

Inadequate attention to maintenance, operation, or treatment (e.g., disinfection or
filtration) was frequently reported in treated-water outbreaks. Important sources of
contamination for both treated and untreated waters included fecal accidents, ill bathers,
and diaper-age children (Table IV). In several outbreaks, adults were reported rinsing
diapers in the water. High bather density, heavy bather use, and bather crowding were
often cited as the possible source of contamination or as a contributing factor.
Overcrowding was a subjective conclusion based on investigators’ comments. For example,
investigators may have noted that the outbreak occurred during a time when the facility
had a very large number of bathers due to a holiday, special event, or high temperatures

Table IV. Source of contamination and deficiencies, recreational water outbreaks, USA, 1971-2000.

Percentage of outbreaks with listed contamination or deficiency *

Treated water Untreated water

Source of contamination or deficiency (%) (%)
Feces in water or ill bathers 36 31
Poor maintenance or operation; inadequate or 52 -
malfunctioning filter or disinfection

Bather overloading or crowding 13 34
Diaper aged children 18 25
Seepage or overflow of sewage 2 21
Animals 2 18
Flooding, heavy rainfall - 3

# Some outbreaks have multiple deficiencies; thus, totals are > 100%. One swimming pool outbreak is included
where no treatment was provided.
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(e.g., the hottest day of the season). Overcrowding was also noted without additional
comments. Sources of contamination for untreated waters included sewage discharges,
wildlife, and domestic animals.

Fecal accidents were identified or suspected in 39 outbreaks. In 15 (38%) of these
outbreaks, Cryprosporidium was the etiologic agent. E. coli O15:H7 and Shigella each caused
seven (18%) outbreaks where fecal accidents were reported. Norovirus and Giardia each
caused three (8%) and two (5%) outbreaks, respectively. The remaining outbreaks (13%)
were of undetermined etiology.

Cryptosporidium or Shigella caused most of the 25 outbreaks where diaper-age children were
suspected sources of contamination. Shigella was identified as the etiologic agent in seven
(28%) of these outbreaks, Cryprosporidium was identified in 6 (24%), and both agents were
identified in one (4%) outbreak.

In the 28 outbreaks where large numbers of bathers were reported or overcrowding was
noted, Shigella was the most frequently (32%) identified agent; no agent was identified in
eleven (39%) outbreaks.

Water quality. Water samples collected during the investigation were found to be coliform-
positive in 40 (85%) outbreaks where fecal accidents, diapered children, ill bathers, or bather
crowding was reported and in 8 (73%) outbreaks where a sewage discharge was identified.
Quantitative information about bacterial water quality was available for relatively few (38)
outbreaks (Table V). Less than 500 organisms per 100 ml were detected in 59% of those
outbreaks where water samples were analyzed for fecal coliforms, E. coli, or fecal
streptococcus.

In 1986, EPA recommended microbiological water quality guidelines for fresh and marine
recreational waters (EPA 1986; Dufour et al. 1984; Cabelli et al. 1983). The guideline for
fresh waters is a monthly geometric mean (based on five equally spaced samples) of < 33/
100 ml for enterococci or < 126/100 ml for Escherichia coli. For marine waters, the monthly
geometric mean water quality indicator concentration should be < 35/100 ml enterococci.
State and local governments establish and enforce regulations for recreational water and may
use different guidelines, including a single sample maximum value, to determine when to
close beaches or post warning signs to alert potential bathers of poor water quality. The water
quality of a recreational lake or pond was reported as meeting local bathing water quality
standards in 12 (93%) of 13 outbreaks where this information was provided. In these 13
outbreaks, investigation reports provided no information about the limits that were applied. If

Table V. Number of outbreaks with water quality data obtained during outbreak investigations, 1971—2000.

Number of outbreaks and average number of coliforms/100 ml:

< 126/100 ml 127 to 499/100 ml > 500/100 ml
Recreational water Fecal Coliform or E. coli  Fecal Coliform or E. coli  Fecal Coliform or E. coli
Lakes, ponds 16 7° 12°¢
Rivers, streams, creek, or canal 2
Springs 1
All 16 7% 15

% Includes 2 outbreaks where samples were analyzed only for total coliforms (30 TC/100 ml and 30 TC/100 ml).

® Includes one outbreak where sample was analyzed for fecal streptococcus (380 FS/100ml) and one outbreak where
sample was analyzed for total coliforms (208.5 TC/100ml). € Includes one outbreak where sample was analyzed for
only for total coliforms (1400 TC/100ml).
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the water samples that were collected during the outbreak investigations are assumed to be a
measure of compliance with EPA guidelines, then 16 (42%) outbreaks occurred in
recreational waters that met the EPA guidelines for fresh water (Table V). This includes
water samples where only total coliforms were measured; (i.e., it was assumed that the
coliforms were fecal coliforms). In an outbreak of E. coli O157:H7 in Wisconsin in 1999 (Lee
et al. 2002), total and fecal coliforms were detected in water samples collected before and
during the outbreak, but the levels detected did not exceed EPA guidelines for recreation in
fresh waters.

Outbreaks associated with treated tecreational water

During 1971-2000, almost all (94%) treated-water outbreaks were associated with
swimming and wading pools. Pool locations included community centers, parks and
campgrounds, water theme parks, motels and hotels, country clubs, day-care centers, schools,
and hospitals. Cryprosporidium, Pseudomonas, and Giardia were the three most frequently
identified etiologies of outbreaks in treated recreational water (Figure 5). Cryprosporidium
caused 32% of treated-water outbreaks and 80% of the cases of illness. Pseudomonas caused
31% of the outbreaks but only 10% of the illnesses. Giardia caused 9% of the outbreaks and
4% of the illnesses. An agent was not identified in 9% of the outbreaks and 4% of the cases of
illness. Cryptosporidium was an important cause of outbreaks associated with swimming pools
with and without wading pools, water slides, wave pools, and interactive water fountains.

Etiology of Outbreaks Associated with Treated Recreation Water, 1971-2000

Chemical Shigella
Other * 4% 4%
8% E. Coli

Unidentified
9%

Giardia |
9% . Cryptosporidium

32%

Pseudomonas
31%

* Other category includes adenovirus (1.8%), enterovirus (1.8%), Campylobacter (0.9%), hepatitis A (0.9%),
norovirus (0.9%), Salmonella (0.9%), and both Shigella & Cryptosporidium (0.9%).

Figure 5.
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Pseudomonas primarily caused outbreaks among users of swimming pools with and without
hot tubs or whirlpool baths. Giardia was an important cause of outbreaks among children
using wading pools.

A cryptosporidiosis outbreak in 1998 involved three community swimming pools in
Wisconsin (Barwick et al. 2000). A child, later diagnosed with Cryprosporidium, had a fecal
accident in each of the three pools on three successive days. Poor water quality and low
chlorine levels were noted in two cryptosporidiosis outbreaks at an apartment complex and
resort in Florida in 2000 (Lee et al. 2002). Fecal material was visible in the apartment pool.
At the resort, there were complaints of ““cloudy’ water, and numerous diaper-aged children
swam in the pool. In a third Florida outbreak in 2000, an infected child reportedly swam
while ill (Lee et al. 2002). In a cryptosporidiosis outbreak that affected 700 members of a
large private swim club in Ohio in 2000, oocysts were found in the water and inadequate
operation, low chlorine residuals, high bather loads, and fecal accidents were reported (Lee
et al. 2002). Another large outbreak of cryptosporidiosis was reported in Nebraska in 2000;
225 cases were associated with a cluster of four pools — outdoor adult and baby pools and
indoor adult and baby pools (CDC 2002). Before the outbreak, several fecal accidents had
occurred, and there was a two-day period when the baby pool was not chlorinated. In 1995,
an outbreak at a water park in Georgia caused an estimated 5,449 cases of cryptosporidiosis
after a probable fecal accident in the children’s pool; several stool specimens were positive
for both Cryprosporidium and Giardia (Levy et al. 1998). In 1996, an estimated 3,000
persons acquired cryptosporidiosis after being exposed to untreated water at a swimming
pool and water from a jet-ski spray while watching a water show at a water park in
California (Levy et al. 1998). As in the Georgia outbreak, some stool specimens were also
found to be positive for Giardia.

Waterborne outbreaks of dermatitis (rash or folliculitis) caused by Ps. aeruginosa serotypes
0—11 have been reported since 1975 (McCausland and Cox 1975; Washburn et al. 1976). The
rash has been described as intensely pruritic, progressing from a maculopapular to
vesiculopustular eruption within hours to several days after exposure (CDC 1980). Extended
and painful rashes associated with Pseudomonas outbreaks are unusual but have been reported
(Lee et al. 2002). Most of these outbreaks have been associated with whirlpool baths and hot
tubs, but swimming pool outbreaks have also been reported. Pseudomonads are well adapted
to survival in whirlpools, hot tubs, and indoor pools because of the warm water temperatures.
These waters are especially prone to contamination during periods of high use when it is diffi-
cult to maintain adequate disinfection levels. Ps. aeruginosa was identified as the etiologic agent
in 36 outbreaks, 35 of which occurred in treated waters. In 16 outbreaks, ill persons reported
using both a swimming pool and whirlpool, hot tub, or sauna. Also of interest are reports of
conjunctivitis, otitis externa, and other symptoms reported in Pseudomonas outbreaks. In
recent outbreaks in Alaska and Maine, persons reported nausea, headache, fever, fatigue and
sore throat in addition to dermatitis (Lee et al. 2002). In another outbreak in Maine in 2000, 11
persons who were staying at a hotel during a sports tournament reported a rash accompanied
by symptoms including ear infection, cough, headache and joint pain (Lee et al. 2002).

Other agents that caused outbreaks in treated water included Shigella (4%), chemicals
(4%), and E. coli O157:H7 (3%). Three Shigella outbreaks occurred among children using
wading pools or an interactive fountain and the fourth among water park visitors using a water
slide. Three swimming pool-associated E. coli outbreaks were reported. One outbreak was
associated with swimming in a poorly maintained and chlorinated indoor pool, and another
occurred at a wading pool frequented by diaper-aged children. The third E. coli outbreak
occurred at a water park where seven case-patients developed hemolytic uremic syndrome
and one person died.
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Outbreaks of chemical dermatitis were associated with incorrect dosing of chemicals to
adjust the pH of swimming pool water, the addition of chemicals to remove excess
chloramines, and high levels of disinfectants. Excess chlorine caused bronchial irritation in
one outbreak and rash and conjunctivitis in another. Three cases of chemical keratitis resulted
from exposure to bromine in a Vermont hotel swimming pool in February 2000 (Lee et al.
2002). Bromine levels were found to be greater than 5 mg/l.

Several outbreaks were associated with interactive fountains. In 1997, 369 persons became
ill with cryptosporidiosis after playing in a sprinkler fountain at a Minnesota zoo (Barwick et
al. 2000). The fountain was a popular place for diaper-age children to soak themselves during
the heat of the summer. Water was sprayed through the air, drained through grates, collected,
passed through a sand filter, chlorinated, and recirculated; however, it was not designed as an
interactive fountain. In Massachusetts, nine persons became ill from Shigella sonnei in 1997
after play in a wading pool that included a sprinkler fountain. Recirculated water was
disinfected with chlorine but not filtered, and many diaper-aged children were observed
sitting in the wading pool (Barwick et al. 2000). An outbreak that occurred in August 1999
among 38 persons who visited a Florida beach park was attributed to both S. sonne: and C.
parvum (Lee et al. 2002). The fountain’s recirculation, filtration and disinfection systems
were not approved by the health department and were inadequate or not completely
operational at the time of its use.

In 1995, an outbreak of Salmonella serotype Java was reported in Idaho among persons
using a scuba dive pool that had been filled with fish (Levy et al. 1998). In 1999, an outbreak
of Campylobacter jejuni was associated with a private pool in Florida that had ducks swimming
in the pool but did not have continuous chlorine disinfection (Lee et al. 2002).

Two swimming-pool outbreaks of conjunctivitis and pharyngitis in 1980 and 1982 were
caused by adenoviruses; the source of contamination was not identified in either outbreak
(CDC 1982a, 1983). In 1987, two outbreaks of enterovirus-like illness and aseptic meningitis
were reported in an inadequately chlorinated wading pool and a private pool that had been
filled with water from a nearby creek (Levine and Craun 1990). In 1989, 20 persons in
Louisiana contracted hepatitis after swimming in a campground pool; diaper-aged children
were the likely source of contamination (Herwaldt et al. 1991). One norovirus outbreak in
January 2000 was associated with swimming in a Wisconsin motel pool during a party where
diapered infants were allowed in the water (Lee et al. 2002). Persons became ill within
48 hours after attending the event, and stool specimens tested positive for norovirus. An
outbreak of suspected viral etiology occurred among 23 persons who attended three separate
pool parties at a California apartment complex in June 1999 (Lee et al. 2002). Swimmers
reported that the pool was overcrowded and toddlers were swimming in the pool.

Outbreaks associated with untreated recreational water

An etiologic agent was not identified in 21% of the outbreaks and 30% of the cases of illness
associated with bathing activities in untreated water venues during 1971 —-2000 (Figure 6).
Most of these outbreaks were associated with lakes and ponds (Table V). Shigella was the
most frequently identified etiology of outbreaks (21%) and illnesses (29%) in untreated-water
outbreaks. Other important agents included N. jfowler:i (17%), E. coli O157:H7 (9%),
Schistosoma causing swimmer’s itch (9%), norovirus (6%), Leptospira (5%), and Giardia (4%).
Cryprosporidium caused only 3% of the outbreaks, all among swimmers in lakes or ponds.
Causes of outbreaks among bathers in springs were due primarily to norovirus or N. fowleri.

Sixteen of the 28 single-case outbreaks of PAM were associated with swimming in lakes or
ponds. Five PAM cases were associated with swimming in rivers and canals, and three cases
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Etiology of Outbreaks Associated with Untreated Recreational Water, 1971-2000
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* Other category includes Salmonella typhi (1.4%), adenovirus (0.7%), enterovirus (0.7%), hepatitis A (0.7%),
Microcoleus (0.7%), and Pseudomonas (0.7%).

Figure 6.

were associated with bathing in a thermal spring. PAM cases also occurred after facial
immersion in a puddle and playing in mud holes and swimming in a waste water holding
pond. In one outbreak, the infected person had fallen from a jet ski into the water.

In an E. coli O157:H7 outbreak of 36 laboratory-confirmed cases among visitors to a
Washington state park in 1999, seven persons were hospitalized; E. coli O157:H7 was
isolated from samples of lake water and sediment (Lee et al. 2002). E. coli O157:H7 also
was implicated in a September 1999 outbreak among two young children who had been
playing in ditch water in Florida (Lee et al. 2002); both clinical specimens and water
samples were positive for E. coli O157:H7. A toddler with severe diarrhea reportedly swam
in a Connecticut lake during a one-week period before an outbreak of E. coli O121:H19 in
2000 (Lee et al. 2002); lake water sampled after the outbreak was positive for total and fecal
coliforms.

In a New Jersey park, at least 300 cases of shigellosis occurred in a 1994 outbreak among
bathers in the swimming area of a reservoir where numerous fecal accidents had occurred and
people were seen rinsing diapers (Kramer et al. 1996). During 1995 —1996, swimming in a
lake in Colorado contaminated with human feces caused 120 persons to become ill in two
separate outbreaks; in a Pennsylvania outbreak where most cases occurred among children
who were playing in the sand close to the water, soiled diapers were found near the implicated
lake (Levy et al. 1998). S. sonnei was the cause of two outbreaks at freshwater lakes in
Minnesota in 2000; in one outbreak, a large number of children were swimming, and a fecal
accident was the likely source of contamination (Lee et al. 2002).
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In August 2000, a cryptosporidiosis outbreak of 220 persons occurred at a Minnesota
swimming beach where persons washed babies in the lake while changing diapers (Lee et al.
2002). Three persons in Indiana became ill with cryptosporidiosis in 1996 after heavy rains
washed cattle feces into a lake (Levy et al. 1998). In Massachusetts, 18 persons were
confirmed with G. wntestinalis in a 1999 outbreak after swimming in a local pond that had high
coliform levels (Lee et al. 2002). Two outbreaks of typhoid fever in 1971 and 1972 affected 11
children who swam and played in drainage pools and ditches contaminated with sewage
(CDC 1973; Klein 1972).

An outbreak of conjunctivitis and pharyngitis attributed to enterovirus was reported among
swimmers at a Wisconsin lake in 1983; the source of the contamination was not identified
(CDC 1984). Adenovirus serotype 3 was isolated from clinical and water samples in a 1991
outbreak of 595 persons who reported conjunctivitis, pharyngitis, and fever after swimming in
a pond in North Carolina (Moore et al. 1993). In Missouri in 1971, six persons contracted
hepatitis A after swimming in a sewage-contaminated river (anon. 1971). In three norovirus
outbreaks that occurred among bathers at lakes, fecal contamination from the bathers or
sewage was identified as the source of contamination. In the four remaining norovirus
outbreaks, a source of contamination was not identified. In one of two norovirus outbreaks in
thermal springs, poor personal hygiene was the likely source of contamination.

The largest outbreak of leptospirosis ever reported in the United States occurred in Illinois
during 1998 among competitors in a triathlon; 375 persons became ill after swimming in a
lake; 28 were hospitalized (Barwick et al. 2000; CDC 1998). In 1991, an outbreak of
leptospirosis was associated with swimming in a rural pond in Illinois; Leprospira interrogans
was found in urine specimens from cases and in pond water (Moore et al. 1993). Swimming
in waters contaminated by animal urine was the likely explanation for an outbreak of
leptospirosis among 21 persons who participated in an adventure race in Guam in July 2000
(Lee et al. 2002). These persons reported various outdoor exposures including swimming in a
river and a reservoir. Leptospira was confirmed via serology, and the epidemiologic
investigation demonstrated that swimming in the reservoir, submerging one’s head in the
reservoir and swallowing water while swimming were significant risk factors for illness.

Discussion

The discussion includes a comparison of the recently reported 2001 — 2002 outbreak statistics
(Yoder et al. 2004) and the 1971 -2000 statistics. During 2001 —2002 Yoder et al. reported
outbreaks that included: 30 gastroenteritis outbreaks associated with recreation in lakes,
pools, a river, a pool/hot spring, and a puddle; eight dermatitis outbreaks reported among
persons who swam in a lake or used both a pool and spa; seven single-case outbreaks of PAM
associated with lakes; one single-case outbreak of PAM associated with a river; two outbreaks
of acute respiratory illness associated with exposure to an accidential release of chlorine gas at
an indoor and outdoor pool; and two outbreaks of acute respiratory illness associated with
exposure to an accumulation of chloramines at indoor pools. The seasonal distribution of
these outbreaks was similar to that reported for outbreaks during 1971 —2000.

Outbreaks associated with recreational water continued to increase during 2001 -2000
when, an average of 25 outbreaks per year were reported. During 1991-1995 and 1996 —
2000, respectively, an annual average of 14 and 18 outbreaks were reported. This increase
could reflect improved surveillance and reporting at the local and state level, a true increase in
the number of outbreaks, or more likely, a combination of these factors. Although increased
reporting of outbreaks occurred in both treated and untreated recreational water, a greater
increase occurred in treated-water outbreaks where, on average, 14.5 outbreaks per year were
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reported during 2001 —2002 compared to 5 and 9 outbreaks per year during 1991 —-1995 and
1996 -2000, respectively. A relative modest increase occurred for outbreaks in untreated
water where outbreaks increased from 8 to 9.5 per year during 1996 —-2000 to 2001 —2002.

In recent years, cases of illness associated with these outbreaks have exceeded those
reported in drinking water outbreaks. During 1995 —2000, 13,131 illnesses were reported in
recreational water outbreaks compared with 9,094 illnesses in drinking water outbreaks.
During 2001 —2002, this difference was even greater, as the number of illnesses reported in
recreational water outbreaks was more than two-fold greater than illnesses in drinking water
outbreaks.

Dose-response studies have shown that relatively few organisms of Cryprosporidium,
Giardia, Shigella and E. coli O157:H7 are required to cause infection (Rendtorff 1954;
DuPont et al. 1995, 1989; Moyer 1999; Benenson 1995). Thus, the unintentional ingestion
of a single mouthful of contaminated water while swimming and bathing can cause illness,
even in non-outbreak settings (Seyfried et al. 1986; Calderon et al. 1991). Swimming is
essentially communal bathing, and pathogens can be introduced by the rinsing of soiled
bodies and other bather activities. Most recreational outbreaks reported both during 1971 —
2000 and 2001-2002 occurred while swimming in lakes and swimming pools that were
contaminated by fecal accidents and children in diapers and where bather overcrowding was
suspected. However, in outbreaks during 2001 —-2002, bather overcrowding and diapered
children were reported more frequently in treated water venues and less frequently in
untreated water venues. High temperatures, special events, and holidays can result in bather
overcrowding, and weather conditions (e.g., wind, rain, drought) can affect the water quality
in pools and lakes. Outbreaks were also caused by contamination of untreated water by
sewage discharges, watershed runoff from agricultural and residential areas, algal blooms, and
various animal and avian species. Wild and domestic animals, as well as infected humans, can
be sources of pathogens that can cause gastroenteritis, dermatitis, or other illnesses.

During both 1971-2000 and 2001-2002, relatively few (14—15%) outbreaks were of
undetermined etiology. Outbreaks of undetermined etiology primarily occurred in untreated
waters. Protozoan and bacterial agents caused almost three-fourths of the outbreaks reported
during 1971 -2000 and slightly more than half of the outbreaks reported during 2001 —2002.
During 2001 — 2002, norovirus was identified in 10% of the outbreaks compared to only 4%
during 1971-2000. This may largely be due to improved laboratory capabilities and
increased analyses. Outbreaks associated with chemical exposures were also more important
during 2001-2002 (8%) than during 1971-2000 (2%). Outbreaks in 2001 and 2002
emphasize the importance of adequate operation, maintenance, and training; illnesses
associated with exposure to chlorine gas or chloramines were characterized by respiratory
symptoms, nausea, skin rash, and eye and throat irritation (Yoder et al. 2004). Chloramine
exposures occurred at indoor pools, and chlorine gas exposures occurred at an indoor and an
outdoor pool.

Outbreaks attributed to bacteria, such as Shigella and E. coli O157:H7, were associated
primarily with swimming in fresh water (i.e., lakes, ponds, reservoirs). In contrast, most of the
outbreaks caused by Cryprosporidium and Giardia were reported in chlorinated, filtered pool
waters. Although Cryprosporidium and Pseudomonas were the principal causes of outbreaks in
treated recreational water both in 2001 —2002 (56%) and 1971 —-2000 (63%), other etiologies
differed. During 2001 —-2002 compared to 1971 —-2000, there were increased percentages of
treated-water outbreaks caused by norovirus (10 vs. < 1%) and Shigella (7 vs. 4%). No
Giardia outbreaks were reported in treated water during 2001 —2002, whereas 9% of the
treated-water outbreaks during 1971 —2000 were caused by Giardia. In untreated recreational
waters, N. fowleri, Cryptosporidium, norovirus, and toxigenic E. coli increased in importance.
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During 2001 — 2002 compared to 1971 —2000, there were increased percentages of untreated-
water outbreaks caused by N. fowleri (38 vs. 17%), Cryptosporidium (10 vs. 3%), norovirus (14
vs. 6%), and toxigenic E. coli (14 vs. 9%). No Shigella outbreaks were associated with treated
recreational water during 2001—2002, whereas 21% of the treated-water outbreaks during
1971 -2000 were caused by Shigella.

Cryptosporidium and Giardia are relatively resistant to disinfection by chlorine, and some
pool filtration systems might not be effective in removing oocysts. Poor maintenance or
operation and inadequate water treatment were identified as deficiencies that contributed to
52% of all outbreaks reported in treated water venues during 1971 —2000. Similar statistics
were reported during 2001—2002. Even pools with filters and disinfection practices capable
of removing or Kkilling these parasites may require hours or even a day to completely
recirculate and disinfect the pool water once it becomes contaminated (e.g., by a fecal
accident). Swimmers remain at risk until the contaminated water is recirculated through an
effective water treatment process, and the water can become recontaminated if persons
continue to swim. The risk for transmission of waterborne pathogens can also increase
because of problems in the design of pools that result in areas with poor water circulation,
mixing of water from different pools during filtration, and the depletion of residual
disinfection levels (Carpenter et al. 1999; CDC 1976).

Although most bacterial outbreaks were associated with untreated water, outbreaks of
bacterial etiology also occurred in treated water where residual disinfectant levels would be
expected to prevent these outbreaks. Low chlorine levels found during an outbreak at a large
water park emphasize the importance of frequent monitoring and maintaining adequate
chlorination levels in large shallow pools, especially those used by young children. Since fecal
contaminants and other organic material can rapidly consume the available chlorine, low
chlorine residuals indicate possible water quality deterioration.

Although gastroenteritis is the most frequently reported illness in recreational water
outbreaks, other illness have been reported and efforts to prevent these illnesses should not be
forgotten. Outbreaks of Pseudomonas dermatitis are preventable if water is maintained at a pH
of 7.2—-7.8 with free, residual chlorine levels in the range of 2.0—5.0 mg/LL. (CDC 1981). A
person’s susceptibility and immersion time, along with the number of bathers per unit area,
also influence the risk for infection (Highsmith and McNamara 1988). Close attention to
bather overcrowding, as well as frequent disinfectant level monitoring and attention to
maintaining adequate treatment, can help prevent these outbreaks.

Spring water was implicated in seven outbreaks during 1971-2000, five of which were
associated with thermal springs. Springs and geothermal pools pose an increased risk to
swimmers because their high levels of minerals and elevated temperatures may contribute to
microbial growth and contamination. Improved education of patrons and staff about good
hygiene practices is important, and in some instances, supplementary treatment or other
measures may be needed to reduce risks.

Leprospira spp. can be found frequently in wild animal urine, and leptospirosis can be
acquired through abrasions, inhalation of aerosols, or ingestion of water while swimming
(Nelson et al. 1973; Lee et al. 2002). Swimmers should be educated about the potential risks
of swimming in ponds and lakes that are not secured from entry by wild animals and that may
be subject to contamination by wild or domestic animals.

The extent of the problem of cercarial dermatitis due to freshwater exposure is unknown,
but it is likely that it occurs more frequently than what has been reported. Cercariae occur
naturally in ecosystems that bring snails and birds closely together, and a number of the
freshwater lakes in the United States have the potential to cause dermatitis among swimmers
(Verbrugge et al. 2004). Persons should pay careful attention to where they swim, avoid
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shallow swimming areas known to be appropriate snail habitats in lakes associated with
cercarial dermatitis, and report any incidents to their local health department to prevent
further illnesses.

Inadequate pool operation and maintenance were often reported as contributing factors to
treated-water outbreaks. Analysis of over 22,000 pool inspection records revealed that the
majority of pool inspections had at least one pool code violation for water quality,
recirculation system, or pool management and 8.3% of inspections resulted in immediate
pool closure (CDC 2003). In partnership with a consortium of local and national pool
associations, the CDC developed health communication materials for staff who work at
treated water venues. This includes a caution to the public about health risks associated with
swimming and wading pools, ways to reduce these risks, and a recreational water outbreak
investigation tool kit for public health professionals (www.cdc.gov/healthyswimming).
CDC has also developed and published technical information concerning laboratory
diagnostics and a recreational water outbreak investigation toolkit that can be used by public
health professionals.

Training of water park and pool managers, operators, and staff should include information
about the transmission of waterborne illnesses and the critical role of treatment (i.e.,
disinfection, pH control, and filtration), operation/maintenance, and monitoring in
preventing these illnesses. Health education activities should stress the potential for
contamination by overcrowding, fecal accidents, and diaper-aged children. Good hygiene
practices are required. Adequate toilet and diaper-changing facilities should be provided, and
showers required before bathing. Although difficult to enforce, an important measure is
preventing persons, especially young children from entering recreational waters if they are
experiencing or convalescing from a diarrheal illness. The development of effective policies
regarding fecal accidents and limiting the number of bathers in recreational water facilities are
also needed, but additional research is needed, especially for water quality indicators and
monitoring to assess bather contamination (CDC 2001). Contamination of pools and
freshwater venues may require lengthy periods of closure or other ways to limit use before
swimming can resume.

Because of the severe consequences associated with PAM, it is important to educate the
public about the risks of PAM when swimming in certain locations. Since the amoebas
associated with PAM are believed to enter through the nasal passage, limiting the amount of
water forced into the nasal passages during jumping or diving by holding the nose or wearing
nose plugs can reduce the risk of infection.

The effectiveness of health communication messages should be also assessed. For example,
although cercarial dermatitis was a known problem at several of the lakes implicated in
outbreaks during 1999 — 2000, signs posted by the health department regarding this problem
were ignored by swimmers. Also, one gastroenteritis outbreak involved persons who swam in
a lake that was clearly marked with signs indicating that the lake was unsafe for swimming.
Additional microbial indicators and monitoring for fecal contamination may also be needed
for freshwater recreational areas potentially contaminated by sewage. When one or more
samples were collected during the outbreak investigations, it was surprising to find that
current fecal indicators were present in relatively low numbers, and although the data are
limited to only 13 outbreaks, investigators reported that the water quality had not exceeded
state or local bathing water limits. In addition, limited water quality data are available for 26%
of the outbreaks in fresh water. If it is assumed that water samples collected during the
outbreak investigation reflect compliance samples, almost half of these outbreaks would have
occurred in freshwaters that did not exceed EPA guidelines. It should be recognized that
investigations were conducted after illnesses were reported, and the water quality of samples
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collected then might reflect improved water quality. However, these findings suggest the need
for additional research on appropriate health indicators and monitoring frequency.

Current efforts by EPA under the Beaches Environmental Assessment, Closure, and
Health (BEACH) program are aimed at reducing the risk for infection attributed to fresh and
marine recreational water by strengthening water quality standards and monitoring frequency.
Other activities include evaluating faster laboratory test methods, assessing sources of
contamination, and increasing health- and methods-related research. To improve public
access to information regarding both the quality of the water at their beaches and health risks
associated with swimming in polluted water, EPA’s Beach Watch (www.epa.gov/water-
science/beaches) provides online information regarding water quality, local protection
programs, and other beach-related programs. Ongoing epidemiologic studies by EPA will
provide information about the effectiveness of new, rapid (results in less than 2 hours) water
quality indicator methods (www.epa.gov/nerlcwww/neearnerl.htm) and will be used to
develop new EPA recreational water quality guidelines.

Conclusions

Although reporting is incomplete and the accuracy of case counts vary, surveillance activities
have helped identify the types of recreational water, deficiencies and sources of contamina-
tion, and etiologic agents that are important causes of outbreaks in the United States. This
information and recent increases in the number of reported outbreaks suggest the need to
develop improved prevention and control to provide safe recreational waters. The prevention
of illness from contaminated recreational waters requires a comprehensive approach that
includes the control and remediation of environmental contamination, improved training of
beach/pool managers and maintenance staff, and enhanced health education activities. To be
effective, prevention and control programs depend on the close collaboration of local, state,
and federal public health and regulatory agencies. It is also important that ways be developed
to share surveillance, monitoring, and research information.

An important limitation of the outbreak surveillance data is the lack of information about
sporadic waterborne illness. The outbreak statistics do not reflect the true incidence of
waterborne outbreaks or illness, and additional regulations and control strategies may be
necessary to prevent endemic waterborne illness. Recently initiated epidemiologic studies of
endemic disease risks should help provide information in this regard.

Increased outbreak surveillance activities should also be considered to improve outbreak
recognition and investigation, especially in localities where exposures may differ from the
reported outbreaks in terms of recreational activities, water temperatures, contamination
sources, or other local conditions. The evaluation and reporting of recreational-associated
waterborne outbreak statistics from other countries is also encouraged.
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Abstract

Cryptosporidium was first recognized in humans in 1976 and came to prominence in the 1980s and 1990s as a cause of severe diarrheal
illness in patients with AIDS. Its hardy, chlorine-resistant oocysts, tiny size, low infectious dose, fully infectious development when shed
and zoonotic potential make it a threat in drinking and recreational water, contaminated food, day care centers, hospitals, and in persons
with exposure to animals or unsanitary conditions, with potentially huge, long-term impact in malnourished children, as reviewed herein.
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1. History

Cryptosporidiosis, first recognized in the stomachs of
autopsied mice by Tyzzer in 1907 [1] and first reported in
humans in an immunocompetent child and in an immuno-
suppressed adult with diarrhea in 1976 [2,3], had only been
anecdotally described in eight human patients (six with
documented immunocompromise, including a child with
congenital hypogammaglobulinemia and another with IgA
deficiency) until AIDS patients with sometimes devastating,
cholera-like diarrhea (and an outbreak among veterinary
students with impressive calf diarrhea exposure) brought it
to prominence [4-6]. Since then, cryptosporidiosis has
become recognized as a highly chlorine-resistant pathogen
for immunocompetent as well as immunocompromised
humans. Most notorious is the huge waterborne outbreak
affecting over 400,000 residents of South Milwaukee in
1993 [7]. In addition, cryptosporidiosis is increasingly
appreciated as a cause of intestinal malabsorptive function
not only in patients with AIDS [8,9], but also in malnour-
ished children living in impoverished, developing areas
[10-15].

As discussed in detail elsewhere, although over 20
different “species” of Cryptosporidium have been “named”
in the literature, biologic, ribosomal RNA and genetic
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studies suggest that three larger, “gastric” (or cloacal)
species (C.muris, C. serpentis, and C. baileyi, in rodents,
reptiles and chickens, respectively) are distinct from the
smaller, intestinal C. parvum (both the human genotype 1
and the bovine (and human genotype 2)) and its close
“relatives” C.felis, C.meleagridis (seen in turkeys),
C. wrairi (seen in guinea pigs) and possibly C. saurophilum
(seen in skinks), and C. nasorum (seen in fish). To date,
most human infections are with C. parvum (type 1 and some
type 2). In addition, C.meleagridis, C.felis, and a dog
genotype of C.parvum have been associated with human
infections and/or diarrhea in adults with AIDS as well as in
children in developing areas [16-20].

2. Cryptosporidiosis in immunocompromised
and normal hosts

Cryptosporidiosis has now been reported from over 40
countries in six continents in both immunocompetent as
well as immunocompromised patients around the world
[21]. In a review of over 130,000 presumably immunocom-
petent patients with diarrhea in 43 studies in developing
areas (Asia, Africa and Latin America) and in 35 studies in
industrialized countries (in Europe, North America and
Australia), Adal et al. [22] noted that 6.1% and 2.1% in
developing and developed areas with diarrhea (vs. 1.5% and
0.15% in controls without diarrhea) had Cryprosporidium
infections (see Table 1). Among HIV-positive patients with
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diarrhea, the percentages with Cryptosporidium infections
rose to 24% and 14% (vs. 5% and O in HIV-infected controls
without diarrhea) in over 1500 patients in nine studies in
developing and in 13 studies in developed areas, respec-
tively (Table 1) [22].

Serosurveys suggest that about 20% of individuals in the
US experience cryptosporidial infections by young adult-
hood (numbers reach 58% in Oklahoma adolescents [23]
and are higher, of course, for Peace Corps volunteers after
working in developing areas [24]), while about 65% of
children living in rural China become seropositive by
8-10 years of age and over 90% of children living in an
urban shantytown in Northeast Brazil are seropositive by
the end of their first year of life [10,25]. The consequences
of these numerous infections (many of which may have
important effects on absorption, nutrition and development,
especially those in early childhood, with or without causing
overt “diarrhea”) are discussed in detail in Section 6.

3. Life cycle, biology and epidemiology

As shown in Table 2, critical to the epidemiology and
spread of Cryptosporidium are five remarkable, distinguish-
ing characteristics: (1) its impressively hardy oocysts that
are highly resistant to chlorine and to acid; (2) its relatively
small size; (3) its apparent low infectious dose; (4) its fully
sporulated and infectious nature immediately upon shedding
(unlike, for example, its “cousin”, Cyclospora); and (5) its
zoonotic potential (at least for strains other than C. parvum,
genotype 1).

Table 1
Frequency of Cryptosporidium positivity in patients with diarrhea and
controls with and without HIV in developing and developed countries #

Cases (%) Controls (%)
Developing countries
HIV- 6.1% (1486/24,269) 1.5% (61/4146)
HIV+ 24% (120/503) 5% (5/101)
Developed countries
HIV- 2.1% (2232/107,329) 0.15% (3/1941)
HIV+ 13.8% (148/1074) 0% (0/35)

* From a review of 52 studies in developing countries and 48 studies
in developed countries [22].

Table 2

3.1. Chlorine, iodine (and relative acid) resistance

A distinguishing characteristic of Cryptosporidium is its
remarkable resistance to chlorine as used in drinking water
treatment, swimming pools and even, for short periods, full
strength household laundry bleach. A study of effects of
fecal material on the chlorine concentration—time (Ct)
calculation required to kill infectious Cryptosporidium oo-
cysts for mice [26] confirms the previously published Ct
values of 7200-9600 [27], i.e. >2 d (2880 min) at “normal”
pool chlorine concentrations of 2 ppm. However, when
fecal material was added, the Ct was increased over
threefold; in fact, all oocysts remained infectious even after
exposure of fecally contaminated material to 10 ppm chlo-
rine for 48 h [26]. Consequently, Cryptosporidium is readily
transmitted in fully chlorinated drinking water, as well as in
public swimming pools [28]. Its relative acid resistance
means that even though it does not multiply in foods,
Cryptosporidium can also be transmitted in relatively acidic
foods such as apple cider [29].

3.2. Relatively small size

As its 4-6-um size is about one-third the size of amebic
or Giardia cysts for which traditional filtration methods are
effective, Cryptosporidium oocysts have proven to be a
huge menace to the water treatment industry, requiring
increasingly strict criteria for turbidity standards. The small
size of cryptosporidial oocysts means that they are more
difficult to filter (relative to oocysts of larger Giardia or
Cyclospora parasites, for example), thus making Cryptospo
ridium a particular challenge to effective water treatment
methods. For example, the 1993 Milwaukee outbreak in-
volved water with acceptable turbidity at that time
(<0.5 NTU, nephilometry turbidity units), a standard that
has subsequently been tightened. However, even the new,
more stringent criteria may not be perfectly safe, as sug-
gested by the outbreak of cryptosporidiosis in Clark Co.,
Nevada, despite full chlorination and “state-of-the-art” wa-
ter treatment [30].

3.3. Low infectious dose

The infectious dose, initially reported to be a median of
132 oocysts for a single, type 2 (bovine) strain given to
human volunteers [31], now appears to range from 9 to 1042
for three different bovine strains fed to humans [9,32], and

Special characteristics of Cryptosporidium that are relevant to its epidemiology and transmission

Characteristic

Epidemiologic significance

Hardy, chlorine (and acid)-resistant oocysts
Relatively small size

Low infectious dose

Fully infectious when shed

Zoonotic potential

[ R N

Readily spread in fully chlorinated water or swimming pools and acidic foods (e.g. cider)
Difficult to filter; menace to water industry

Easily acquired with high infection rates (e.g. Milwaukee water, DCC, hospitals, households)
Person-to-person spread (e.g. households, hospitals, day care centers)

Animal contact (e.g. vet students; cattle, zoo related outbreaks)
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even less is known about the infectious dose of the human
strain that causes most outbreaks. Extrapolations from the
Milwaukee outbreak suggest that the infectious dose may be
as low as 1-10 oocysts for some individuals [10,33].

3.4. Fully infectious oocysts upon shedding

In addition to their remarkable chlorine resistance, small
size and low infectious dose, the full development of
Cryptosporidium oocysts by the time they are excreted to a
promptly infectious stage means that it can be readily spread
by direct person-to-person contact, and thus determines a
key aspect of the epidemiology of Cryptosporidium infec-
tions. This is quite different, for example, for its sporozoan
relative, Cyclospora, which, though also readily infectious
with low oocyst doses, and also spread in foods (like
raspberries) and water, is not initially infectious when shed,
and thus does not appear to exhibit the same problem of
secondary household spread or spread in institutions, at least
to the extent that Cryptosporidium can. Consequently, taken
with its low infectious dose described above, like other
enteric pathogens with low infectious doses, Cryptospo-
ridium can be readily spread by direct person-to-person
contact in households [10], hospitals and extended care
institutions [34,35], and day care centers [36,37]. Further-
more, especially difficult for control is the extended period
of shedding often long after the overt symptomatic illness
[36]. This may also lead to relapse or secondary spread,
although the latter usually tapers off after an outbreak
[38.,39].

3.5. Zoonotic potential

While apparently not the case for genotype 1 C. parvum,
genotype 2 C. parvum and other genotypes and Cryptospo-
ridium species increasingly appear to have less stringent
host species specificities. An impressive range of 152
different mammalian species have been reported to be
infected with C. parvum or with a C. parvum-like organism
[40]. This is again quite different from Cyclospora, which,
despite a careful search in endemic Haiti, has not been
found in animals [41]. As noted above, in addition to many
human infections related to cattle exposure (as in veterinary
students, farm and zoo exposures, and even cider from
indirect cattle exposure), several reports now describe
associations of C. felis, C. meleagridis and a dog genotype
of C.parvum with human infections in adults with AIDS
and in children in developing areas. One report describes the
shedding of apparent C. muris oocysts by two asymptomatic
Indonesian children [42]. Recently, the specificity of geno-
type 1 for humans has also been challenged by the report of
its infecting a dugong [43].

Genetic studies of 39 outbreak isolates of Cryptospo-
ridium (from nine different outbreaks in the US and Canada)
suggest that most outbreaks in the US (six of eight) are with
the human (genotype 1) parasite [44—46], which, when fed

to calves or mice fails to infect, suggesting at least relative
human host specificity [44]. In contrast, most sporadic cases
of cryptosporidiosis reported in the UK are often with the
bovine genotype [45], suggesting possible zoonotic sources.
In an extensive study of over 1700 human fecal samples in
cases in the UK, fully 61.5% were with genotype 2 (bovine)
C. parvum, often with animal contact, while genotype 1 is
seen (often with genotype 2 in mixed infections) in drinking
water, swimming pool and travel-related cases [47]. Fur-
thermore, epidemiologic studies in three of the four geno-
type 2 outbreaks in North America (one in Maine [29], one
in British Columbia [48], one in Pennsylvania [44]) sug-
gested zoonotic sources, and the fourth outbreak could well
have been zoonotic, because it was associated with a
sprinkler at a zoo [49].

Finally, new (as well as recognized) genotypes being
found in wildlife suggest that sylvatic transmission of
C. parvum genotype 2 and possibly novel genotypes is
common in deer, chipmunks, mice, muskrats and occasional
raccoons and skunks, and must be considered when strains
are found in water sources or in association with outbreaks
[50].

4. Means of transmission

As introduced above (and as shown in Fig. 1), the tiny,
hardy, chlorine-resistant oocycsts of Cryptosporidium can
be transmitted in several different ways.

4.1. Drinking water

Probably most common is waterborne transmission,
whether in fully chlorinated drinking water (that has been
contaminated usually via contaminated surface water) or by
sewage effluent, since sewage treatment often does not kill
the parasite [27,40,51,52]. Fayer et al. have reviewed some
50 waterborne outbreaks reported from throughout the US,
UK, Canada and New Zealand, and the documentation of
widespread fecal contamination with oocysts in wastewater,
activated sludge, ground and surface water, and treated
drinking water [40]. Although questions remain about
viability, species and sources of oocysts found in tap water,
numerous outbreaks (including the huge Milwaukee out-
break) amply document the importance of waterborne
transmission of C. parvum infections in humans.

4.2. Recreational water

In addition, 31 outbreaks [40] affecting over 10,000
people have associated cryptosporidiosis with exposure to
recreational water, often despite its full chlorination, and
often related to frequent fecal accidents by diapered infants,
toddlers, or incontinent individuals.
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All three are acid fast.

Fig. 1. Life cycle of cryptosporidia.
4.3. Food
Several documented food-associated outbreaks have im- in Minnesota [54], uncooked green onions in Spokane,

plicated fresh pressed cider in Maine and New York [29,40], Washington [55], and an infected cook who cut fresh
improperly pasteurized milk in the UK [53], chicken salad vegetables and fruit in a Washington, DC cafeteria [46].
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4 4. Person-to-person

Person-to-person transmission occurred in households in
54% (of household contacts who developed symptomatic
disease in the Milwaukee outbreak) to 19% (of family
members of infected children in Fortaleza, Brazil develop-
ing disease or seroconversion) [38]. The nosocomial and
day care center outbreaks noted above [34-36] are also
likely related to direct person-to-person spread in institu-
tional settings where sanitation is difficult. Association with
anal sexual exposure also likely reflects person-to-person
direct spread as well [56].

4.5. Animals-to-people

In addition to the links of bovine (genotype 2) cryptospo-
ridiosis to cattle exposure on farms and through unpasteur-
ized milk and apple cider, the outbreak of cryptosporidiosis
among veterinary students in the early 1980s illustrates the
potential for direct animal-to-person transmission of C. par-
vum [6]. The cases of human infection with cat, dog, and
turkey genotypes mentioned above also implicate transmis-
sion from animals [10].

4.6. Other potential environmental sources

Environmental sources include well-documented com-
mon presence of Cryptosporidium oocysts in cattle, manure
and farm watershed runoff [57,58]. Other potential environ-
mental sources of cryptosporidial infections include Canada
geese, Peking ducks, oysters, mussels and cockles
[17,40,59,60], although care must be taken to distinguish
similar acid fast Haplosporidium [61].

4.7. Flies, cockroaches and other potential vectors

Cockroaches, houseflies, dung beetles and microscopic
rotifers in water have all been suggested as potential vectors
of spread for C.parvum [40,62,63,64]. Finally, despite
frequent pulmonary symptoms in immunocompromised pa-
tients with cryptosporidiosis and apparent respiratory acqui-
sition of avian species among birds, airborne transmission to
humans is not well documented.

5. Seasonality and other risk factors

Cryptosporidial infections are typically seen predomi-
nantly during the warm or wet season in tropical developing
areas, when increased rainfall presumably results in greater
spread of contaminated surface water used for drinking [10],
an effect that is not seen with other enteric protozoa like
microsporidia, for example [65]. Bern et al. [66] also found
that Cryprosporidium infections were most common in the
rainy season in Guatemala (while Cyclospora peaked in the
warmer months, and tended to affect older children, and was

more associated with diarrhea). Others, however, do not see
a distinct association with the rainy season and see Cy-
clospora in cooler months (in Haiti) [67].

Another risk factor appears to be weaning, especially at
a young age, suggesting that breast feeding provides some
protection, whether by protective factors like immunoglo-
bulin or simply by a safer source of primary sustenance in
vulnerable young infants [68—71].

Other major risk factors include consumption of poten-
tially contaminated water, lower household income and
older age [72]. In addition, among homosexual and bisexual
HIV-infected men, seropositivity was related to spa and
sauna exposure and to anal sexual exposure, albeit not to
CD-4 lymphocyte counts (while symptoms are highly cor-
related with low CD-4 counts) [73].

6. Impact and consequences

Without question, cryptosporidiosis constitutes a leading
cause of persistent diarrhea in tropical, developing areas,
both among children, in whom it often signals a period of
increased diarrhea burden or nutrition shortfalls [14,15,74]
as well as in patients with AIDS, in whom it can be
devastating and often fatal [30,65,75].

In addition, however, the impact and consequences of
cryptosporidiosis may well be far greater than generally
appreciated, because of the lasting impairments in growth
and development that may follow, especially with early
childhood infections in impoverished areas, and possibly
with malabsorption of key drugs such as antiretroviral or
antituberculous drugs (Brantley, Silva, Lima, Guerrant,
unpublished observations). Checkley et al. [11] reported
impaired weight gain in the month following symptomatic
or even asymptomatic cryptosporidial infections in children
in Peru, where malnutrition did not appear to be a significant
risk factor for infection. In a follow-up study of 185
children, those with cryptosporidial infection experienced
several months of weight and height faltering, an effect that
in young children (i.e. <6 months) or stunted children per-
sisted (with about 1 cm growth shortfall) at 1 year after
infection [12]; i.e. young and stunted children did not
experience “catch-up” growth after their cryptosporidial
infections.

Furthermore, we are now learning that the 4-8 dehydrat-
ing, malnourishing diarrheal illnesses that often occur each
year in the critically formative first 2 years of life may have
profound, lasting consequences for impaired fitness, growth,
cognitive development and school performance several
years later. Our initial studies in Northeast Brazil show
reduced fitness 46 years later associated with early child-
hood diarrhea, and specifically with cryptosporidial infec-
tions in the first 2 years of life, independent of respiratory
illnesses, anthropometry, anemia and intestinal helminths
[76]. The fitness deficits that associate with the average
diarrhea burdens in the first 2 years of life in these studies



1064 R.A. Dillingham et al. | Microbes and Infection 4 (2002) 1059—-1066

are comparable to that associated with a 17% decrement in
work productivity in Zimbabwe sugar cane workers [76,77].

Furthermore, these early childhood diarrheal illnesses
and intestinal helminthic infections in the first 2 years of life
independently and additively associate with substantial
long-term linear growth shortfalls that continue beyond
6 years of age (totaling an average of 8.2 cm (3 and 1/4 in.)
growth shortfall at 7 years of age) [78]. We also find
significant associations of early childhood diarrhea with
long-term cognitive deficits (by standard “Test of Nonverbal
Intelligence” or TONI) even when controlling for maternal
education, breast-feeding duration and early helminthic
infections [76,79]. Furthermore, WISC (Wechsler Intelli-
gence Scale for Children; The Psychological Corp, San
Antonio, TX) coding and digit span scores were lower in
children with persistent diarrheal illnesses in their first
2 years of life, even when controlling for helminths and
maternal education [79]. Finally, these effects are seen in a
“best case” scenario in which we have documented substan-
tial improvements in disease rates and in nutritional status
over the several years in which we have conducted close,
long-term surveillance of this population [78], effects that
we have subsequently nof found in other nearby shantytown
communities that had not been under such intensive surveil-
lance (Lima, Guerrant et al., unpublished observations).

These correlations of early childhood diarrhea with
fitness, growth and cognitive deficits are also extending to
school performance, with significant associations of diar-
rhea in the first 2 years of life with delayed age at starting
school (late starters are also twofold more likely to have
experienced cryptosporidial infections) and age for grade
(the latter independent of height for age Z scores at 2 years
of age) ([80]; R.L. Guerrant et al, trends Parasitol. 18 (2002)
191-193).

Consistent with these lasting effects of early childhood
illnesses (or infections, without overt illness, with
Cryptosporidium) are studies of the importance of early
childhood years in human brain development [79,81-83].
The major brain growth and synapse formation occurs
during the first 2 years of life in humans. If impaired at this
critical formative stage, these synapses may never form or
may be substantially delayed, thus potentially explaining
why these early childhood infections may have such a
lasting impact.

7. Prevention of spread

Special attention to care in the treatment of drinking
water can prevent most cases of cryptosporidiosis. This is
especially important for immunocompromised individuals
in whom it can be devastating and life threatening. Probably
the surest way to inactivate viable cryptosporidial oocysts is
with heat (to 72 °C for 1 min or simply bring water to a boil)
[84]. Water filters that limit to <1 um and reverse osmosis
filters are usually effective, but may fail [85]. As noted
above, chlorine and iodine treatment is usually ineffective,

and even the more rigorous water treatment standards
(to <0.5 NTU) may not be fully protective [30].
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We present estimates of annual public health impacts,
both illnesses and cost of illness, attributable to excess
gastrointestinal illnesses caused by swimming in contaminated
coastal waters at beaches in southern California. Beach-
specific enterococci densities are used as inputs to

two epidemiological dose—response models to predict
the risk of gastrointestinal illness at 28 beaches spanning
160 km of coastline in Los Angeles and Orange Counties.
We use attendance data along with the health cost of
gastrointestinal illness to estimate the number of illnesses
among swimmers and their likely economic impact. We
estimate that between 627,800 and 1,479,200 excess
gastrointestinal illnesses occur at beaches in Los Angeles
and Orange Counties each year. Using a conservative
health cost of gastroenteritis, this corresponds to an annual
economic loss of $21 or $51 million depending upon the
underlying epidemiological model used (in year 2000 dollars).
Results demonstrate that improving coastal water quality
couldresultin areduction of gastrointestinalillnesses locally
and a concurrent savings in expenditures on related
health care costs.

Introduction

Each year between 150 million and nearly 400 million visits
are made to California (CA) beaches generating billions of
dollars in expenditures, by tourists and local swimmers, and
nonmarket values enjoyed mostly by local area residents (I,
2). Nonmarket benefits represent the value society places on
resources, such as beaches, beyond what people have to pay
to enjoy these resources (see Pendleton and Kildow (I) for
areview of the nonmarket value of CA beaches). In an effort
to protect the health of beach swimmers, the CA State
Legislature passed Assembly Bill 411 (AB411) in 1997 with
formal guidance and regulations for beach water quality
which are formally codified as a state statute (3). AB411
requires monitoring of bathing waters for fecal indicator
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bacteria (FIB, including total coliform (TC), fecal coliform
(FC), and enterococcci (ENT)) on atleast a weekly basis during
the dry season (1 April through 31 October) if the beach is
visited by over 50,000 people annually or is located adjacent
to a flowing storm drain. Beaches can be posted with health
warnings if single-sample or geometric mean standards for
TC, FC, and ENT exceed prescribed levels (see Supporting
Information (SI) for standards).

Based on AB411 water quality criteria and their profes-
sional judgment, CA county health officials posted or closed
beaches 3,985 days during 2004 (4). Sixty percent (2,408
beach-days) of these occurred at Los Angeles and Orange
County (LAOC) beaches (4), and nearly all (93%) of the LAOC
advisories and closures were caused by unknown sources of
FIB. The number of beach closures and advisories in CA
(and the country as a whole) rises each year as counties
monitor more beaches (4). Needless to say, public awareness
of coastal contamination issues is growing, and in some cases
strongly influencing the development of programs to improve
coastal water quality. For example, public pressure on the
Orange County Sanitation District (OCSD) prevented them
from reapplying for a waiver from the USEPA to release
partially treated sewage to the coastal ocean. Instead, OCSD
plans toimplementa costly upgrade to their sewage treatment
plant. New stormwater permits issued by CA Regional Water
Boards require counties and municipalities to implement
prevention and control programs to meet coastal water
quality criteria. The cost of such mitigation measures is
difficult to determine, yet cost has been used as an argument
in court challenges to the permits (4). In 2004 elections, voters
in the city of Los Angeles approved a measure to spend $500
million on stormwater mitigation (5).

To understand the potential public health benefits of
cleaning up coastal waters, we need a better idea of the
magnitude of health costs associated with illnesses that are
due to coastal water contamination. Several previous studies
address the potential economic impacts of swimming-related
illnesses. Rabinovici et al. (6) and Hou et al. (7) focused on
the economic and policy implications of varying beach
closure and advisory policies at Lake Michigan and Hun-
tington Beach, CA, respectively. Dwight et al. (8) estimated
the per case medical costs associated with illnesses at two
beaches in southern California and used this to make
estimates of public health costs at two Orange County
beaches. Our study is novel in that it provides the first regional
estimates of the public health costs of coastal water quality
impairment.

While many different illnesses are associated with swim-
ming in contaminated marine waters, we focus our analysis
on gastrointestinal illness (GI) because this is the most
frequent adverse health outcome associated with exposure
to FIB in coastal waters (9, 10). We estimate daily excess GI
based on attendance data, beach-specific water quality
monitoring data, and two separate epidemiological models
developed by Kay et al. (11) and Cabelli et al. (12) that model
GI based on exposure to fecal streptococci and ENT,
respectively. Finally, we provide estimates of the potential
annual economic impact of GI associated with swimming at
study beaches.

We conduct our analysis using data from 28 LAOC beaches
during the year 2000. Together, these beaches span 160 km
of coastline (Figure 1, Table S1). We limit our analysis to
these beaches and the year 2000 in particular because we
were able to obtain relatively complete daily and weekly
attendance and water quality data for these beaches during
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FIGURE 1. The 28 beaches considered in this study. HSB = Huntington State Beach, HCB= Huntington City Beach, SCC = San Clemente

City Beach, and SCS = San Clemente State Beach.

this year. The 28 beaches represent a large, but incomplete,
subset of the total beach shoreline in LAOC. Large stretches
of relatively inaccessible beaches (e.g., portions of Laguna
Beach, much of Malibu, and Broad Beach) were omitted from
the analysis as were several large public beaches (e.g., Seal
Beach and Long Beach) because of paucity of attendance
and/or water quality data. The 1999—2000 and 2000—2001
winter rainy seasons were typical for southern CA (13), so
2000 was not particularly unique with respect to rainfall. A
comparison of inter-annual water quality at a subset of
beaches suggests that pollution levels in 2000 were moderate
(data not shown). Thus, the estimates we provide can be
viewed as typical for the region.

Methods

Number of Swimmers. Morton and Pendleton (2) compiled
daily attendance data from lifeguards’ records and beach
management agencies. When data were missing, attendance
was estimated using corresponding monthly median weekday
or weekend values from previous years. (Table S1 shows the
number of days in 2000 when data are available—for most
beaches, this number approaches 366.) Because these data
are based on actual counts, we do not need to factor in effects
due to the issuance of advisories at a particular beach. Only
a fraction of beach visitors enter the water. This fraction
varies by month in southern CA from 9.56 to 43.62% (Table
S2) (14). We applied the appropriate fraction to the attendance
data to determine the number of individual swimmers
exposed to coastal waters. Although research suggests the
presence of FIB in sand in the study area (15, 16), we do not
consider the potential health risk that may arise from sand
exposure because it has not been evaluated.

Water Quality Data. ENT data were obtained from the
local monitoring agencies and are publicly available. Local
monitoring agencies sample coastal waters at ankle depth in
the early morning in sterile containers. Samples are returned
to thelab and analyzed for ENT using USEPA methods. When
ENT values are reported as being below or above the detection
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limit of the ENT assay, we assume that ENT densities were
equal to the detection limit.

During 2000, monitoring rarely occurred on a daily basis;
ENT densities were measured 14—100% of the 366 days in
2000, depending on monitoring site (Table S1). For example,
Zuma beach was monitored once per week during the study
period, while Cabrillo beach was monitored daily. To estimate
ENT densities on unsampled days, we used a Monte Carlo
technique. Normalized cumulative frequency distributions
of observed ENT densities at each monitoring site were
constructed for the 1999—2000 wet season (Nov 1, 1999
through Mar 31, 2000), 2000 dry season (April 1, 2000 through
Oct 31, 2000), and the 2000—2001 wet season (Nov 1, 2000
through Mar 31, 2001). ENT densities on unsampled days
during 2000 were estimated by randomly sampling from the
appropriate seasonal distribution. Because day-to-day ENT
concentrations at marine beaches are weakly correlated and
variable (17), we chose not to follow the estimation method
of Turbow et al. (18) who assumed a linear relationship
between day-to-day ENT densities at two CA beaches.
Comparisons between the Monte Carlo method and a method
that simply used the monthly arithmetic average ENT density
indicated the two provided similar results (data not shown).

The beaches in our study area (Figure 1) are of variable
sizes; each beach may include 1—7 monitoring sites (Table
S1). If more than one monitoring site exists within the
boundaries of a beach, the arithmetic mean of ENT at the
sites was used as a single estimate for ENT concentrations
within the beach (19). There is considerable evidence that
ENT densities at a beach vary rapidly over as little as 10
minutes (17, 20). Therefore, even though we used up to 7
measurements or estimates to determine ENT at a beach on
a given day, there is still uncertainty associated with our
estimate because sampling is conducted at a single time each
day.

Dose—Response. Of all the illnesses considered in the
literature, GI is most commonly associated with exposure to
polluted water (10—12, 21—26). To estimate the risk of GI



TABLE 1. Dose—Response Models for Predicting GI?

name original model
model C (12) 1000(P — P,) = 24.2 10g10(ENT) — 5.
model K (77) X=Ln(P/(1— P)) =0.201 (FS — 32)"2 — 2.36

model converted to excess risk

1 (P — Po) = (24.2 10g1o(ENT) — 5.1)/1000

(P— Po) = (eX(1+ &) — Py

aENT = enterococci, FS = fecal streptococci. Both ENT and FS are in units of CFU or MPN per 100 mL water. Pis the risk of Gl for swimmers,

Py is the background risk of Gl.
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FIGURE 2. Dose—response relationships for the two epidemiological models. Excess risk of Gl is shown as a function of ENT density.
The inset more clearly shows the differences between the relationship for the randomized trial study (model K (77)) and the cohort study

(model C (12)).

from swimming in contaminated marine waters in southern
CA, we utilized two dose—response models (11, 12) (Table
1) developed in epidemiology studies conducted elsewhere
(in marine waters of the East U.S. coast and United Kingdom)
(18, 27). A local dose—response model for GI would be
preferable, but does not exist. Haile et al. (28) conducted an
epidemiology study at Los Angeles beaches and found that
skin rash, eye and ear infections, significant respiratory
disease, and GI were associated with swimming in waters
with elevated FIB or near storm drains; however, they did
not report dose—response models for illness and bacterial
densities.

The two dose—response models (hereafter referred to as
models C (12) and K (11)) are fundamentally different in that
model C was derived from a prospective cohort study while
model Kwas developed using a randomized trial study. Model
Chasbeen scrutinized in the literature (20, 26, 29—31). Among
the criticisms are lack of ENT measurement precision and
inappropriate pooling of data from marine and brackish
waters. World Health Organization (WHO) experts (10)
suggest that epidemiology studies that apply a randomized
trial design, such as model K, offer a more precise dose—
response relationship because they allow for better control
over confounding variables and exposure (26). Thus, the WHO
has embraced model K over cohort studies such as model
C for assessing risk. We report GI estimates obtained from
both models C and K in our study because they have both
been applied in the literature (8, 18), and form the basis for
water quality criteria worldwide.

Models C and K were developed in waters suspected to
be polluted with wastewater. The source of pollution at our

study site during the dry season is largely unknown (4),
although human viruses have been identified in LAOC coastal
creeks and rivers (32—36) and an ENT source tracking study
at one beach suggests sewage is a source (37). During the wet
season, stormwater is a major source of FIB to coastal waters
and Ahn et al. (38) detected human viruses in LAOC
stormwater. Because we cannot confirm that all the ENT at
our study site was from wastewater, there may be errors
associated with the application of models C and K. In addition,
there is evidence that dose—response relationships may be
site specific (30). The results presented in our study should
be interpreted in light of these limitations.

We converted incidence and odds, the dependent vari-
ables reported for model C and K, respectively, into risk of
GI (P) (Table 1). Prepresents total risk of GI to the swimmer,
and includes risk due to water exposure plus the background
GI rate (Po). Excess risk was calculated by subtracting the
background risk from risk (P — P;). While ENT is the
independent variable for model C, model K requires fecal
streptococci (FS), the larger bacterial group of which ENT
are a subset, as the independent variable. We assumed that
FS and ENT represent the same bacteria, following guidance
from the WHO (9).

Models C and K provide different functional relationships
between ENT and excess GI risk (Figure 2). Model C predicts
relatively low, constant risks across moderate to high ENT
densities relative to model K. At ENT less than 32 CFU/100
mL, model K predicts no excess risk; model C, however, does
predict nonzero risks even at these low levels of contamina-
tion. The data range upon which each model was built varies
considerably. Model C is based on measurements ranging
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from 1.2—711 CFU/100 mL and model K is based on
measurements from 0—35 to 158 CFU/100 mL. We extrapo-
lated models C and K when ENT densities were outside the
epidemiology study data ranges. Given the lack of epide-
miological data on illlness outside the ranges, extrapolation
of the models represents a reasonable method of estimating
excess GL

Excess Illness Due To Swimming. The excess incidence
of GI on day i at beach j (GI;) is given by the following
expression:

GI;; = A; fi(P;; — P,) (1)

P;;— P,is the excess risk of Gl on day i at beach j as estimated
from models C or K (Table 1), A;; is the number of beach
visitors, and f; is the fraction of swimmers on day i (14). We
assume P; is 0.06—the background risk for stomach pain as
reported by Haile et al. (28) for beaches within Santa Monica
Bay, CA. Daily values were summed across the year or season
to estimate the number of excess GI per beach. Seasonal
comparisons are useful in this region because of distinct
differences between attendance and water quality between
seasons. The wet season is defined as November through
March and the dry season is defined as April through October.
Note that the dry season corresponds to the season when
state law mandates beach monitoring (3).

Public Health Costs of Coastal Water Pollution. GI can
resultinloss of time at work, a visit to the doctor, expenditures
on medicine, and even significant nonmarket impacts that
represent the “willingness-to-pay” of swimmers to avoid
getting sick (sometimes referred to as psychic costs). Because
there is a lack of information on the costs of waterborne GI,
Rabinovici et al. (6) used the cost of a case of food-borne GI,
$280 (year 2000 dollars) perillness from Mauskopfand French
(39), as a proxy for the cost of water-borne GI for swimmers
in the Great Lakes. The $280 per illness represents the
willingness-to-pay to avoid GI and includes both market and
nonmarket costs (6). Dwight et al. (8) conducted a cost of
illness study for water-borne GI for two beaches in southern
California (Huntington State Beach and Newport Beach) and
determined the cost as $36.58 per illness in 2004 dollars based
on lost work and medical costs. Discounting for inflation,
this amount is equivalent to $33.35 in the year 2000 dollars.
This value does not include lost recreational values or the
willingness-to-pay to avoid getting sick from swimming. We
use the more conservative estimate of Dwight et al. (8) to
calculate the health costs of excess GI at LAOC beaches.
However, we also provide more inclusive estimates of the
cost of illness using Mauskopf and French’s $280 willingness-
to-pay value (39). Unless otherwise stated, all costs are
reported in year 2000 dollars.

Results

Attendance and Swimmers. Beach attendance was higher
during the dry season (from May through October) than in
the wet season (November through April) (Figure 3). We
estimate that the annual visitation to Los Angeles and Orange
County (LAOC) beaches for the year 2000 approached 80
million visits.

Water Quality. Water quality (measured in terms of ENT
concentration) varies widely across the beaches in the study.
(Figure S1 shows the log-mean of ENT observations at each
beach during the dry and wet seasons.) In general ENT
densities are higher during the wet season compared to the
dry. Water quality problems at a beach may exist chronically
over the course of the year or may be confined to particularly
wet days when precipitation washes bacteria into storm
drains and into the sea. The most serious, acute water quality
impairments can result in the issuance of a beach advisory
or beach closure. According to CA state law, water quality
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FIGURE 3. Beach attendance during wet and dry seasons 2000.

exceeds safe levels for swimming if a single beach water
sample has a concentration of ENT greater than 104 CFU/
100 mL. Figure 4 illustrates the percentage of the days for
which daily estimated ENT concentrations were in excess of
the state single sample standard. Exceedances during the
wet months generally outnumber exceedances during the
dry months. The exceptions are Corral, Bolsa Chica, and
Crystal Cove, which are all relatively clean beaches, even in
the wet season. Doheny, Malibu, Marina Del Rey, Cabrillo,
and Las Tunas had the worst water quality with over 33% of
the daily estimates in 2000 greater than 104 CFU/100 mL,
while Newport, Hermosa, Abalone Cove, Manhattan, Tor-
rance, and Bolsa Chica had the best water quality with less
than 5% of daily estimates under the standard.

Estimates of Excess GI and Associated Public Health
Costs due to Swimming. Figure 5 illustrates estimated annual
excess GI at beaches based on models C and K; results are
given for dry and wet months. Models C and K both indicate
that Santa Monica, the beach with the highest attendance
(Figure 3), has the highest excess GI of all beaches during
wet and dry seasons. Both models predict that the three
beaches with the lowest excess GI were San Clemente State,
Nicholas Canyon, and Las Tunas, a direct result of these
beaches being among the smallest and least visited in our
study area (Figure 3).
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There are marked seasonal differences between excess
GI predictions. Although water quality is typically worse
during the wet season compared to the dry (Figures 4 and
S1), more excess Gl are predicted for the dry season for most
beaches. This result is driven by seasonal variation in
attendance (Figure 3). The exceptions are model K predictions
for Zuma that indicate 0 and 6647 excess GI during the dry
and wet seasons, respectively. Zuma had no ENT densities
greater than 32 CFU/100 mL during the dry season, hence
the prediction of 0 excess GI.

Numerical predictions of excess GI for the entire year
from model C and model K vary markedly between beaches.
At 24 beaches, model K predicts between 18% and 700%
greater excess GI than model C. The greatest difference in
the estimated GI is at Doheny beach where models C and
K predict 18,000 and 153,000 excess GI, respectively. At 4
beaches (Zuma, Hermosa, Torrance, and Newport), model
K predicts between 1 and 90% lower incidence of GI than
model C. These beaches are generally clean with ENT
densities below the model K threshold of 32 CFU/100 mL for
excess risk.

The public health burden of coastal contamination
depends on both attendance and water quality. Figure 6
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FIGURE 5. Excess Gl by beach and season for models C and K.

illustrates how excess GI, based on predictions from models
C and K, varies as a function of water quality (percent of
daily ENT estimates in exceedance of standard) and at-
tendance. Red, yellow, and green symbols indicate beaches
with increasing numbers of GI. If reduction of public health
burden is a goal of local health care agencies, then beaches
with ared symbol are candidates forimmediate action. Nearly
all beaches are categorized as high priority during the dry
season based on model K (panels A and B). Model C indicates
that dry weather mitigation measures at Venice, Zuma, Santa
Monica, and Newport, some of the most visited beaches,
would significantly reduce the public health burden (panel
C), more so than wet weather mitigation measures (panel
D).

Another way of prioritizing beach remediation is to
examine the risk of GI relative to the USEPA guideline of 19
illnesses per 1000 swimmers (Figure S2). Model K indicates
thatat 19 and 15 of the 28 LAOC beaches during the wet and
dry seasons, respectively, risk is greater than twice the EPA
acceptable risk. Model C, on the other hand, indicates that
only two beaches (Marina del Rey and Doheny) during the
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in panel A applies to all panels.

TABLE 2. Countywide Public Health Impacts and Costs for Wet
and Dry Months (2000)

Gl cases health costs
county/
region season model C model K model C model K
Los
Angeles
dry 394,000 804,000 $13,100,000 $28,800,000
wet 33,800 189,000 $1,130,000 $6,310,000
total 427,800 993,000 $14,230,000 $35,110,000
Orange
dry 185,000 420,000 $6,180,000 $14,000,000
wet 15,000 66,200 $500,000 $2,210,000
total 200,000 486,200 $6,680,000 $16,210,000
region
total
dry 579,000 1,224,000 $19,280,000 $40,800,000
wet 48,800 255,200 $1,630,000 $8,520,000
total 627,800 1,479,200 $20,910,000 $51,320,000

dry season, and six (Marina del Rey, Doheny, Santa Monica,
Las Tunas, Will Rogers, and Malibu) in the wet season fall
into this “high” risk category.

Public Health Costs of Coastal Water Pollution. Table
2 summarizes the number of excess GI and associated public
health costs during wet and dry periods by county and season.
Based on the conservative cost of illness given by Dwight et
al. (8), the estimated health costs of GI based on models C
and Kis over $21 million and $50 million, respectively. If we
follow Rabinovici et al.(6) and use $280 per GI, the estimated
public health impacts are $176 million based on model C
and $414 million based on model K. For both LA and OC
beaches, county-wide costs obtained using model K yield
higher results than those obtained from model C, a direct
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result of the difference in GI estimates (Figures 5 and 6).
Health costs are greater in the dry season compared to the
wet suggesting that money may be well spent on dry-weather
diversions.

Discussion

Assignificant public health burden, in terms of both numbers
of GI and the costs of G, is likely to result from beach water
quality contamination in southern CA. The corollary to this
finding is that water quality improvements in the region
would result in public health benefits. Specifically, we make
three key findings: (1) removing fecal contamination from
coastal water in LAOC beaches could result in the prevention
of between 627,800 and 1,479,200 GI and a public health cost
of between $21 and $51 million (depending upon the
epidemiological model used) each year in the region using
the most conservative cost estimates and as much as $176
million or $414 million if we use the larger estimate of health
costs (6, 39); (2) even beaches within the same region differ
significantly in the degree to which swimming poses a public
health impact; and (3) public health risks differ between
seasons. Findings (2) and (3) are not surprising given spatio—
temporal variation in water quality (17, 40) and attendance
within the study site.

A previous study by Turbow et al. (18) estimated 36,778
excess HCGI (highly credible GI) per year from swimming at
Newport and Huntington State beaches (8). Our estimates
for the same stretch of shoreline are higher (68,011 and 87,
513 excess GI based on models C and K, respectively). Not
only did we use a different measure of illness (GI vs. HCGI)
we also used a Monte Carlo scheme to estimate ENT on
unsampled days whereas Turbow et al. (I18) used linear
interpolation, and we used higher, empirically determined



(14) measures of the percent of beach goers that swim. Dwight
etal. (8) used Turbow et al.’s (18) estimate to determine that
the health costs of excess GI at the same beaches were $1.2
million. Our health cost estimates are higher ($2.3 and $2.9
million for models C and K, respectively), due to the higher
incidence of ilness predicted by our models.

Beaches with chronic water quality problems are obvious
candidates for immediate contamination mitigation. Many
beaches in LAOC, however, are relatively clean and meet
water quality standards on most days. Clean beaches with
moderate to low levels of attendance do not represent a
significant public health burden (Figure 6). Nevertheless,
public health impacts are still substantial at heavily visited
beaches (for instance those with over 6,000,000 visitors per
year) even when water quality is good (e.g., Manhattan Beach)
(Figure 6). Generally speaking, it will be more difficult to
reduce contaminant levels at cleaner beaches. At beaches
with high attendance and generally good water quality (like
Newport Beach and Zuma), policy managers should continue
dry weather source reduction efforts (e.g., education cam-
paigns and watershed management), but should also rec-
ognize that the cost of eliminating all beach contamination
may outweigh the marginal public health benefits of doing
s0.

Our estimates of the potential health benefits that might
result from removing bacterial contamination from coastal
water in LAOC beaches have limitations. First, we focus on
alower bound estimate of the health cost of GI that does not
consider the amount a beach goer is willing to pay to avoid
getting sick (estimates using higher, but less scientifically
conservative estimates also are provided). Second, while we
focus on the public health impacts from GI. Exposure to
microbial pollution at beaches also increases the chance of
suffering from various symptoms and illnesses (28, 41). For
instance, Haile et al. (28) and Fleisher et al. (41) document
associations between water quality and respiratory illnesses,
acute febrile illness, fever, diarrhea with blood, nausea, and
vomiting, and earaches. Third, if the public believes swim-
ming is associated with an increased risk of illness, they may
be discouraged from going to the beach, resulting in a loss
of beach-related expenditures to local businesses and
recreational benefits to swimmers in addition to the loss in
health benefits described here. Fourth, we consider GI
occurring at a subset of LAOC beaches for which water quality
and attendance data were available (Figure 1). Fifth, implicit
in our analysis is the assumption that models C and K can
be applied to LAOC beaches. Despite these limitations, the
results reported here represent the best estimates possible
inlight of imperfect information. Future studies that establish
dose—response relationships for the LAOC region or confirm
incidence of swimming GI medically would improve esti-
mates of public health burden and costs.
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The Health Effects of Swimming in Ocean Water
Contaminated by Storm Drain Runoff

Robert W. Haile,! John S. Witte,> Mark Gold,?> Ron Cressey,* Charles McGee,’
Robert C. Millikan,® Alice Glasser,” Nina Harawa,® Carolyn Ervin,! Patricia Harmon,!
Janice Harper,! John Dermand,! James Alamillo,> Kevin Barrett,! Mitchell Nides,’
and Guang-yu Wang'®

Waters adjacent to the County of Los Angeles (CA) receive
untreated runoff from a series of storm drains year round. Many
other coastal areas face a similar situation. To our knowledge,
there has not been a large-scale epidemiologic study of persons
who swim in marine waters subject to such runoff. We report
here results of a cohort study conducted to investigate this
issue. Measures of exposure included distance from the storm
drain, selected bacterial indicators (total and fecal coliforms,
enterococci, and Escherichia coli), and a direct measure of
enteric viruses. We found higher risks of a broad range of

Keywords: environmental epidemiology, gastrointestinal illness,

borne illnesses, waterborne pathogens.

symptoms, including both upper respiratory and gastrointesti-
nal, for subjects swimming (a) closer to storm drains, (b) in
water with high levels of single bacterial indicators and a low
ratio of total to fecal coliforms, and (c) in water where enteric
viruses were detected. The strength and consistency of the
associations we observed across various measures of exposure
imply that there may be an increased risk of adverse health
outcomes associated with swimming in ocean water that is
contaminated with untreated urban runoff. (Epidemiology

1999;10:355-363)

ocean, recreational exposures, sewage, storm drains, water-

Runoff from a system of storm drains enters the Santa
Monica Bay adjacent to Los Angeles County (CA).
Even in the dry months of summer 10-25 million gal-
lons of runoff (or non-storm water discharge) per day
enter the bay from the storm drain system. Storm drain
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water is not subject to treatment and is discharged di-
rectly into the ocean. Total and fecal coliforms, as well
as enterococci, are sometimes elevated in the surf zone
adjacent to storm drain outlets; pathogenic human en-
teric viruses have also been isolated from storm drain
effluents, even when levels of all commonly used indica-
tors, including F2 male-specific bacteriophage, were low.!

Approximately 50—-60 million persons visit Santa
Monica Bay beaches annually. Concern about possible
adverse health effects due to swimming in the bay has
been raised by numerous interested parties.? Previous
reports indicate that swimming in polluted water (for ex-
ample, due to sewage) increase<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>