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ABSTRACT
Numerous studies have demonstrated relationships between indicator bacteria and human illness at
marine beaches impacted by point sources of pollution
with known human fecal contributions, but extrapolating current water quality thresholds built upon these
relationships at locations where nonhuman sources of
fecal pollution is uncertain. A good example is
Mission Bay, CA where tremendous resources have
been expended eliminating human sources of fecal
pollution, yet 20% of ongoing microbiological monitoring samples during dry weather exceed water quality objectives. This study answered two questions: 1)
did water contact increase the risk of illness in the two
weeks following exposure to water in Mission Bay?
and 2) did the risk of illness increase with increasing
levels of microbial indicators of water quality?
Baseline health at the time of exposure and again two
weeks later were measured in a cohort of 8,797 beachgoers during the summer of 2003. Nearly 2,000 water
samples were analyzed for bacterial indicators (enterococcus, fecal coliforms, and total coliforms) using
both traditional and non-traditional methods (chromogenic substrate or quantitative polymerase chain
reaction), novel bacterial indicator (Bacteroides), and
viruses (somatic and male-specific phage, adenovirus,
Norwalk-like virus) and associations between water
exposure and water quality indicators with health outcomes were assessed. While the incidence of diarrhea
and skin rash were elevated in swimmers compared to
non-swimmers, there was no statistically increased risk
in 12 other symptoms measured, including highly credible gastrointestinal illness (HCGI). The incidence of
illness was not associated with indicators traditionally
used to monitor beaches nor with the non-traditional
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water quality indicators. These results contrast with
most other recreational bathing studies, most likely
because of the lack of human sources of fecal pollution.

INTRODUCTION
Fecal indicator bacteria are monitored at marine
recreational bathing beaches to assess the risk of
contracting swimming-related illnesses. In southern
California, more than 85,000 samples are collected
and over $3 million are spent annually to assess public health risk using bacterial tests as indicators of
fecal contamination (Schiff et al. 2002). The focus
on bacteria as a public health monitoring tool is
based on the relationship between the density of
fecal indicator bacteria and the occurrence of illnesses among those with water exposure.
Numerous studies have demonstrated the relationship between fecal indicator bacteria at marine beaches and swimming-related illnesses (Pruss 1998, Wade
et al. 2003). Prominent among these studies were
those conducted by Cabelli (1983, Cabelli et al. 1979)
which reported a relationship between enterococcus
and illness at several beaches. Haile et al. reported an
association between swimming-related illnesses and
enterococcus, fecal coliforms, and total coliforms in
Santa Monica Bay, California (1999). The Cabelli
and Haile studies were the focal point for the establishment of water quality thresholds at marine beaches
using fecal indicator bacteria in the United States and
the State of California, respectively.
While previous studies successfully demonstrated the value of fecal indicator bacteria, virtually all
were conducted at locations where human sewage
was the predominant contamination source. Haile et
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al. was the only study to have focused on urban runoff
as a source, but even this non-point source was known
to contain human sources of fecal contamination
(1999). Most beach water quality problems in
California are attributable to non-point source runoff
(Noble et al. 2003, Schiff et al. 2003), and it is not
certain that human health relationships for waterborne
bacterial indicators would remain the same when nonhuman sources predominate (Calderon et al. 1991).
Because animals can shed bacterial indicators without
accompanying human pathogens (NRC 2004), there is
uncertainty about the present practice of extrapolating
water quality thresholds that are based on the risk of
swimming-associated illnesses from human point
source to non-point sources dominated by animalassociated fecal contamination. A poor correlation
between bacterial indicators and virus concentrations
has been found in urban runoff (Jiang et al. 2001,
Noble and Fuhrman 2001), in contrast to the significant relationships that have been found when examining water bodies influenced by human sources (e.g.,
septic tanks; Lipp et al. 2001).
A cohort study conducted in Mission Bay,
California, found state water quality standards to be
exceeded more than 20% of the time (Schiff and
Kinney 2001). Several million dollars have been
expended to remove human contamination by
inspecting and repairing the sanitary sewerage system surrounding the bay and diverting larger storm
drains away from the bay. Recent source tracking
studies suggested that human fecal material constitutes a minor proportion (<10%) of fecal inputs to
the Bay (City of San Diego and MEC/Weston 2004).
However, California water quality standard exceedences continue (Hanley 2002).
To address the pressing need for faster, more
specific water quality measurements to protect swimmers’ health, microbiologists are developing new test
methods. Chromogenic substrate assays have
become increasingly popular because they are faster
and easier than traditional methods, while producing
comparable results (Griffith et al. 2006). Geneticbased techniques are not yet commercially available
for fecal indicator bacteria, but researchers are capable of obtaining results in a matter of hours (Noble
and Weisberg 2005). Finally, genetic-based techniques are exploring new microbial indicators, such
as Bacteroides, a group of obligate anaerobes that
are abundant intestinal flora (Cabelli et al. 1982).
These techniques also provide new tools for measuring pathogens directly, including human specific

virus (Tsai et al. 1993, Noble et al. 2003).
Regardless of rapidity, specificity, or cost, the efficacy of any new public health monitoring tool can only
be evaluated through an epidemiological study that
documents relationships to the incidence of swimming-related illness.
The goal of this study was to examine health
effects experienced by swimmers and the relationship
of these effects to water quality indicators in this system where non-human fecal sources dominate. The
study was designed to answer two questions. First,
did water contact increase the risk of illness in the two
weeks following exposure to water in Mission Bay
during the summer of 2003? Second, did the risk of
illness increase with increasing levels of traditional
microbial indicators of water quality? As a corollary
question, the increased risk of illness with increasing
levels of new, non-traditional microbial methods or
indicators of water quality was also examined.

METHODS
Overview
The study was designed as a prospective cohort
(Wade et al. 2003, NRC2004). Participants were
recruited each sampling day and their current health
and degree of exposure to the water were recorded.
Water quality was synoptically measured at multiple
sites and over multiple time periods. Ten to 14 days
later, the participants were contacted by phone and
interviewed about symptoms of illness that occurred
after their beach visit. Regression models were used
to evaluate the association between exposure to indicators of water quality and illness and to compare illnesses between swimmers and non-swimmers.

Sampling sites
Study sites were selected to maximize the number of potential study participants. Beach-goers
were recruited at six Mission Bay beaches on weekends and holidays, beginning Memorial Day weekend and continuing through Labor Day 2003. Water
quality samples were collected at the same six
beaches. Eighteen sampling sites were targeted, with
the number of sites per beach ranging from two to
five, depending upon beach length and anticipated
swimming activity. Data were collected on 29 days.

Water quality data collection and analysis
(indicator organisms)
Twelve measures of water quality were collected
during the study. Three traditional indicators (ente-
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rococcus, total coliforms, fecal coliforms) were
measured by traditional methods (membrane filtration; MF) and each was also measured using the
chromogenic substrate (CS) method. Enterococcus
was also determined by a new genetic method, quantitative polymerase chain reaction (QPCR). The
final five measures were new indicators
(Bacteroides, somatic coliphage, male-specific coliphage, adenovirus, and Norwalk-like virus).
Water samples were collected with varying frequency, depending on the specific indicator. The
indicators, sampling frequency, and laboratory analysis methods are shown in Table 1. Additional details
regarding laboratory procedures are available in the
project technical report (Colford et al. 2005).

Human health data collection
All study instruments and protocols were
approved by the Committee for the Protection
of Human Subjects at the University of
California, Berkeley.

Mexico (interviews were conducted in either
English or Spanish); and 4) had not swam (face or
head under water) in the ocean or in a lake in the
previous seven days. If an individual or household
was eligible and agreed to participate, the interviewers obtained signed consent from the individual or all participating adult members of the household. Adults gave signed consent for children less
than 18 years of age. Interviewers marked the
screening form to identify the water sampling site
that was closest to the location of the individual or
family on the beach. Participants were given an
incentive and asked to complete a questionnaire
prior to their departure that day. The questionnaire
assessed possible exposures at the beach and exposures or illnesses experienced during the 2 - 3 days
prior to the beach visit. Participants who failed to
complete the survey at the beach were contacted
within three days by telephone.

Follow-up interview

Beach recruitment
Interviewers canvassed the study beaches.
Eligibility criteria included: 1) no previous participation in the study; 2) at least one family member of
the household at the beach was 18 years old or older;
3) home address in the United States, Canada, or

Approximately 14 days following their beach
visit, participants were telephoned and asked to complete a 10- to 15-minute interview. This interview
consisted of the following types of questions: 1)
demographic information; 2) swimming and other
exposures since the beach day; 3) pre-existing health
problems (e.g., chronic diarrhea); and 4) acute

Table 1. Methods, analytical laboratories, and sampling intensity used for water quality measurements during the
Mission Bay Epidemiology Study.

Parameter

Method

Analytical
Laboratory

Sampling intensity

Enterococcus

EPA 1600

City of San Diego

Beach composite once per day

Enterococcus

96 well Quantitray

City of San Diego

Hourly sample at every site

Enterococcus

Quantitative PCR

EMSL

Two samples per day at each site

Fecal Coliforms

APHA Method
9222D
96 well Quantitray

City of San Diego

Hourly sample at every site

City of San Diego

Beach composite once per day

Fecal Coliforms (E. coli)
Total Coliforms

City of San Diego

Hourly sample at every site

Total Coliforms

APHA Method
9222B
96 well Quantitray

City of San Diego

Beach composite once per day

Bacteroides

Quantitative PCR

EMSL

Two samples per day at each site

Somatic Phage

Modified EPA 1601

Beach composite once per day

Male-specific Phage

Modified EPA 1601

Adenovirus 40 and 41

Quantitative PCR

Norwalk-like Virus

Quantitative PCR

University of North
Carolina
University of North
Carolina
University of North
Carolina
University of North
Carolina

Beach composite once per day
Beach composite once per day
Beach composite once per day
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health conditions experienced since the visit to the
beach. As with the previous interviews, the head of
household answered questions for children less than
18 years of age.

Health outcomes measured
The health outcomes ascertained through the
interview included gastrointestinal illness, respiratory
symptoms, dermatologic symptoms, and other nonspecific symptoms. Gastrointestinal symptoms included nausea, vomiting, diarrhea, and stomach cramps.
In addition, two categories of highly credible gastrointestinal illness (HCGI) were measured. HCGI-1 was
defined as either: 1) vomiting; or 2) diarrhea and
fever; or 3) cramps and fever. This is consistent with
the way GI illness was defined by Haile et al. (1999).
Respiratory outcomes included cough, cough with
phlegm, nasal congestion or runny nose, sore throat,
and significant respiratory disease (SRD). Significant
respiratory disease was defined as: 1) fever plus nasal
congestion; or 2) fever plus sore throat; or 3) cough
with phlegm. This definition is also consistent with
Haile et al. (1999) Dermatologic outcomes included
skin rashes and infected cuts or scrapes. Non-specific
symptoms included fever, redness or eye irritation,
earache, and ear discharge.

quality thresholds as cutpoints (>35 vs. <35 and
>104 vs. <104). In all models involving water
quality indicators, a value of zero was used for
water quality exposure values below the detection
limit of the test.
Multivariate models included potential confounding factors, including age, gender, ethnicity,
income, allergies, swimming after the beach interview, collecting shells at the beach, digging in the
sand, playing with seaweed or algae, chronic or preexisting illnesses, contact with other sick people, use
of insect repellant at the beach, use of sunblock,
showering immediately after swimming, consumption of raw or undercooked eggs or meat, and consumption of food at the beach. All variables, except
age, were categorized as 1 or 0. Race was collapsed
into two categories, white and non-white.
All analyses were conducted using a nested
interaction model that effectively assigned nonswimmers a zero exposure value, while including an
indicator of swimming. The model permits comparisons among swimmers with different levels of indicator exposure, as well as comparisons among swimmers versus non-swimmers independent of indicator
level and is parameterized as follows:

Data Analysis
Two principal groups of analyses were conducted. The first was a set of models to evaluate any differences in illness rates between swimmers and nonswimmers. The analyses were repeated for two definitions of swimming. In the first set of analyses,
“swimming” was defined as participants answering
“yes” when asked if they had any water contact during their day at the beach. The analyses were also
repeated using a definition of “swimming” as those
who answered “yes” when asked if they had swallowed any water. Non-swimmers were those who
answered “no” when asked if they had contact with
water during their day at the beach.
The second group of analyses consisted of
regression models designed to evaluate the association between the risk of illness in swimmers and
water quality (as measured by the indicators). In
these models, the main outcome was a binary indicator of illness and a continuous measure of exposure,
modeled as the geometric mean for the indicator on
the beach and day of the swimmer’s exposure. As a
secondary analysis, enterococcus was treated as a
dichotomous variable using California state water

where p = probability of illness, x1= 1 if any contact
with water, 0 otherwise; x2 is a water quality indicator value (continuous); and x3 is a 1/0 indicator of
other specific water exposure (body contact, head
under water, etc.)
In the multivariate analyses, a backwards deletion procedure was used to identify factors that most
affected the water quality/illness relationship
(Rothman and Greenland 1982).
The risk of illness output from the models was
expressed as an odds ratio. For models comparing
swimmers and non-swimmers, the odds ratio can be
interpreted as the odds of a specific illness in swimmers divided by the odds of illness in non-swimmers. For models assessing the association between
water quality indicators among swimmers, the odds
ratios can be interpreted as the increase in the odds
of illness per defined unit of increase in the water
quality measure among swimmers. Odds ratios were
calculated by exponentiating the regression coefficient provided by the model output.
Models adjusted for relevant covariates (see
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above) were used to estimate the percentages of
swimmers and non-swimmers ill for any health outcomes with a statistically significant elevated adjusted odds ratio (OR). The adjusted attributable risk
estimates were determined by estimating adjusted
probabilities of swimmers and non-swimmers from a
multivariate logistic model, weighting the covariates
as the mean value for each covariate. The adjusted
attributable risk was then calculated as the difference
between the probability of illness among swimmers
with mean levels of covariates and non-swimmers
with mean levels of covariates. These results are
expressed as the number of excess cases of illness
predicted among 1,000 swimmers, along with a 95%
confidence interval (CI) of this estimate.

quantifiable levels of somatic phage, but not for
male-specific phage, which is thought to be more
strongly associated with fecal material.

Health outcomes
A total of 12,469 individuals and 5,062 households were enrolled in the study. Of these, 8,797
(71%) of the enrolled participants and 3,501 (69%)
of the households completed the follow-up telephone
interview. Fifty-seven percent (n = 4,971) of those
that completed the follow-up interview were swimmers, compared to 3,742 non-swimmers. Table 3
shows the individual and household sociodemographic characteristics of the study group.

Health outcomes for swimmers versus
non-swimmers

RESULTS
Water quality
A total of 1,897 water samples were collected.
All but five of these samples were analyzed successfully in the laboratory. The majority of samples had
quantifiable levels of indicator bacteria (Table 2).
About 16% of the samples exceeded state water
quality thresholds for traditional fecal indicator bacteria, with enterococcus accounting for most of the
exceedances and total coliforms the least .
Table 2 also shows the range of concentrations
for virus measurements. Pathogenic virus was detected in only one sample. The majority of samples had

A significant increase in diarrhea (OR 1.36, 95%
CI 1.04 - 1.78) and skin rash (OR 2.25, 95% CI 1.60
- 3.16) was observed among swimmers when swimming was defined as having any water contact (Table
4). When swimming was defined as having swallowed water, there was a significant association
between exposure and diarrhea (OR 1.89, 95% CI
1.34 - 2.66), cramps (OR 1.53, 95% CI 1.08 - 2.15),
skin rash (OR 2.11, 95% CI 1.37 - 3.24), and eye
irritation (OR 1.69, 95% CI 1.23 - 2.3; Table 4).
No significant elevations were found in any of the
other health outcomes measured, regardless of the

Table 2. Range of concentrations for traditional and non-traditional water quality indicators (number/100 ml) and
frequency of exceedance (N = 1,897) of the State of California’s water quality threshold.

Total No.
of
Samples

No. of
Samples
Below
Detection

Geomean
(No. per
100ml)

Max.
(No. per
100ml)

No. of Samples
Exceeding
State Water
Quality
Threshold

State Water Quality
Threshold

Enterococcus-CS

1,897

585

29

57,940

265

>104

Fecal Coliform

1,897

304

25

48,000

99

>400

Total Coliform
Total:Fecal Ratio

1,897

808

102

45,000

5

>10,000

1,897

N/A

N/A

N/A

75

790

46

65

141,053

351

Total:Fecal < 10 When
Total > 1,000

EnterococcusQPCR*
Bacteroides

>104

790

294

102

3,718,815

N/A

N/A

Adenovirus

151

150

-

0.01

N/A

N/A

Norwalk-like Virus

151

151

-

-

N/A

N/A

Male-specific Phage

141

125

0.2

0.8

N/A

N/A

Somatic Phage

141

45

0.6

36.6

N/A

N/A

*Quantitative polymerase chain reaction
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Table 3. Individual sociodemographic characteristics collected from study participants at all beaches from
Mission Bay.
Surveyed Participants
Characteristic

All
(N = 8,797 )

Swimmers
(N = 4,971 )

Non-swimmers
(N = 3,742)

Missing
(N = 84)

n

%

n

%

n

%

n

%

1,214
1,808
2,366
2,928
332
149

13.8
20.6
26.9
33.3
3.8
1.7

870
1,461
1,215
1,251
76
98

17.5
29.4
24.4
25.2
1.5
2.0

326
332
1,127
1,654
253
50

8.7
8.9
30.1
44.2
6.8
1.3

18
15
24
23
3
1

21.4
17.9
28.6
27.4
3.6
1.2

4,761
3,948
88

54.1
44.9
1.0

2,624
2,292
55

52.8
46.1
1.1

2,100
1,609
33

56.1
43.0
0.9

37
47
0

44.0
56.0
0.0

2,495
369

28.4
4.2

1,181
165

23.8
3.3

1,307
194

34.9
5.2

7
10

8.3
11.9

62
463
4,723
407
227
51

0.7
5.3
53.7
4.6
2.6
0.6

35
177
3,052
241
96
24

0.7
3.6
61.4
4.8
1.9
0.5

27
281
1,616
163
128
26

0.7
7.5
43.2
4.4
3.4
0.7

0
5
55
3
3
1

0.0
6.0
65.5
3.6
3.6
1.2

Age
0-5
5.1 - 12
12.1 - 30
30.1 - 55
>55
Missing
Gender
Male
Female
Missing
Race
White
African American
American Indian/
Alaskan Native
Asian/Pacific Islander
Hispanic/Latino
Mixed Race
Other
Missing

definition of swimming.
We explored the relationship
between participant age and health outcomes after water exposure (Table 5).
Among participants with any water contact, the strongest and only significant
association with diarrhea was among
children ages 5 to 12 years (OR 2.80,
95% CI 1.07 - 7.27). The OR increased
with increased exposure in the 5 - 12
year old age group (OR 5.30, 95% CI
1.96 - 14.33). Skin rash was significantly associated with several age groups
among participants either with any water
contact or who reported swallowing
water. Significant associations were also
found among those who swallowed
water and who reported skin rash (ages
0 - 5 years and 5 - 12 years) and eye irritation (ages 5 - 12 years).
Table 6 shows the attributable risk
calculations for diarrhea, stratified by
age group. The estimated excess of
cases among swimmers vs. non-swimmers was greatest in participants age 5
- 12 years with any water contact (27.4
excess cases per 1000 swimmers) and

Table 3. (Continued)

Characteristic
Household size (# of persons)
1
2
3
4
5
6
7
>8
Missing
Country of Residence (HH)
United States
Mexico
Canada
Missing
Average Annual Income (HH)
< 10,000
10,001 to 20,000
20,001 to 30,000
30,001 to 40,000
40,001 to 50,000
50,001 to 60,000
60,001 to 70,000
70,001 to 80,000
80,001 to 100,000
>100,000
Missing
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Surveyed Participants (N = 3,501 Households)
n

%

1,269
649
532
511
290
140
68
42
0

36.2
18.5
15.2
14.6
8.3
4.0
1.9
1.2
0.0

3,170
66
2
263

90.5
1.9
0.1
7.5

284
639
444
360
294
231
181
210
229
309
321

8.1
18.3
12.7
10.3
8.4
6.6
5.2
6.0
6.5
8.8
9.2

Table 4. Adjusted odds ratios for health outcomes relative to various types of water exposure. Bolded numbers
indicate statistical significance.
Health Outcome

Adjusted OR (95% CI)
Any Water Contact

Gastrointestinal
Diarrhea

Water on Face

Swallow Water

1.36 (1.04 - 1.78)

1.54 (1.16 - 2.06)

1.89 (1.34 - 2.66)

HCGI-1

0.96 (0.68 - 1.37)

1.03 (0.71 - 1.50)

1.01 (0.62 - 1.66)

HCGI-2

0.93 (0.49 - 1.75)

1.10 (0.57 - 2.13)

1.12 (0.51 - 2.45)

Nausea

0.88 (0.64 - 1.23)

1.11 (0.77 - 1.61)

1.41 (0.91 - 2.17)

Cramps

1.07 (0.81 - 1.42)

1.14 (0.86 - 1.51)

1.53 (1.08 - 2.15)

Vomiting

0.85 (0.58 - 1.26)

0.92 (0.61 - 1.37)

0.86 (0.49 - 1.52)

Skin Rash

2.25 (1.60 - 3.16)

2.39 (1.72 - 3.31)

2.11 (1.37 - 3.24)

Eye Irritation

1.19 (0.93 - 1.52)

1.29 (0.99 - 1.68)

1.69 (1.23 - 2.30)

Ear
Earache
Ear Discharge
Fever
Respiratory
SRD

0.96 (0.65 - 1.44)

1.00 (0.64 - 1.56)

1.10 (0.63 - 1.93)

0.40 (0.16 - 1.01)

0.47 (0.19 - 1.13)

0.82 (0.22 - 3.00)

0.96 (0.70 - 1.32)

1.04 (0.74 - 1.47)

1.15 (0.76 - 1.75)

1.08 (0.80 - 1.45)

1.03 (0.75 - 1.43)

0.99 (0.62 - 1.57)

Sore Throat

0.89 (0.69 - 1.16)

0.96 (0.71 - 1.32)

0.87 (0.56 - 1.34)

Cough

0.74 (0.54 - 1.02)

0.77 (0.54 - 1.11)

0.82 (0.47 - 1.41)

among those who had swallowed water (59.0
excess cases per 1000 swimmers).

Relationship between health outcomes and
water quality among swimmers
No correlation was observed between the risk of
illness and increased levels of traditional water quality indicators for enterococcus, fecal coliform or total
coliform. Using diarrhea as an example, odds ratios
were not statistically elevated due to increases in
enterococcus (Table 7). The lack of relationship
resulted despite numerous approaches to assigning
water quality exposure (i.e., combining or separating
sites at a beach) or calculation of indicator metrics
(i.e., daily geomean, daily maxima, or various cutpoints). Of particular note, exposure to indicator
measures above the two different California state
water quality thresholds did not correlate with a significant increased risk of illness (Table 8).
We found no correlation between increased risk
of illness and levels of Bacteroides, enterococcus
using rapid methods (QPCR), human pathogenic
virus (adenovirus and Norwalk-like virus), or somatic phage (data not shown, results available in
Colford et al. 2005). The relationship with viruses

could not be adequately evaluated because no
Norwalk-like virus was found and adenovirus was
only found in one sample, though the low counts
were consistent with the absence of increased health
risk for the other health outcomes evaluated.
Significant associations between the levels of
male-specific coliphage and HCGI-1, HCGI-2, nausea, cough, and fever were observed (Table 9).
However, a low number of participants were exposed
to the water at times when male-specific coliphage
was detected (Table 10). Therefore, the relationships
between male-specific coliphage and various health
outcomes should be interpreted cautiously.

DISCUSSION
Swimmers experienced more diarrhea and skin
rash than non-swimmers in Mission Bay. The prevalence of these symptoms increased with higher exposure (i.e., reported swallowing water), further suggesting that these symptoms were mediated by water
contact. However, increased risk was not observed
for more severe symptoms such as fever, vomiting,
or multi-symptom categories such as HCGI. These
more severe symptoms are the foundation for
Federal and State water quality thresholds (Cabelli
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Table 5.
Health outcomes by age group and water exposure type.
statistical significance.

Bolded numbers indicate

Any Water Contact
Age Group (years)

Health Outcome
0-5

>5 - 12

>12 - 30

>30

Gastrointestinal
Diarrhea

0.75 (0.40 - 1.40)

2.80 (1.07 - 7.27)

1.71 (0.96 - 3.05)

1.28 (0.85 - 1.93)

HCGI-1

0.86 (0.45 - 1.59)

1.33 (0.56 - 3.14)

0.73 (0.36 - 1.44)

1.37 (0.60 - 3.15)

HCGI-2

0.74 (0.31 - 1.75)

2.26 (0.28 - 18.45)

0.64 (0.15 - 2.74)

2.10 (0.30 - 14.73)

Nausea

1.90 (0.62 - 5.83)

1.40 (0.52 - 3.79)

0.46 (0.26 - 0.83)

1.11 (0.63 - 1.95)

Cramps

1.20 (0.53 - 2.70)

1.61 (0.77 - 3.37)

0.57 (0.34 - 0.94)

1.51 (0.93 - 2.43)

Vomiting

0.58 (0.31 - 1.10)

1.59 (0.54 - 4.68)

0.68 (0.31 - 1.47)

1.45 (0.64 - 3.30)

Skin Rash

5.86 (1.81 - 19.0)

3.26 (1.30 - 8.15)

1.60 (0.89 - 2.86)

1.84 (1.04 - 3.25)

Eye Irritation

0.53 (0.27 - 1.04)

1.84 (0.94 - 3.61)

1.21 (0.81 - 1.82)

1.23 (0.80 - 1.88)

Ear
Earache

0.86 (0.31 - 2.39)

1.14 (0.37 - 3.49)

0.62 (0.30 - 1.25)

1.47 (0.73 - 2.96)

Ear Discharge

0.12 (0.01 - 1.66)

0.22 (0.03 - 1.59)

0.58 (0.14 - 2.37)

0.63 (0.10 - 3.86)

Fever

0.68 (0.39 - 1.16)

1.67 (0.67 - 4.15)

0.83 (0.44 - 1.56)

1.44 (0.73 - 2.84)

Respiratory
SRD

0.63 (0.32 - 1.22)

1.23 (0.57 - 2.66)

1.01 (0.58 - 1.75)

1.43 (0.86 - 2.35)

Sore Throat

0.74 (0.33 - 1.69)

1.21 (0.57 - 2.57)

0.82 (0.51 - 1.30)

0.90 (0.61 - 1.35)

Cough

0.52 (0.27 - 1.02)

0.84 (0.38 - 1.87)

0.78 (0.41 - 1.49)

0.84 (0.49 - 1.45)

Table 5. (Continued)
Swallow Water
Age Group (years)

Health Outcome
0-5

>5 - 12

>12 - 30

>30

Gastrointestinal
Diarrhea

0.97 (0.47 - 2.01)

HCGI-1

0.61 (0.25 - 1.49)

5.30 (1.96 - 14.33)

1.76 (0.79 - 3.91)

1.78 (0.86 - 3.66)

1.72 (0.65 - 4.59)

1.34 (0.49 - 3.67)

HCGI-2

0.74 (0.23 - 2.36)

0.70 (0.08 - 6.29)

2.83 (0.32 - 24.83)

0.92 (0.13 - 6.46)

3.15 (0.18 - 54.04)

Nausea

2.27 (0.76 - 6.81)

2.29 (0.84 - 6.23)

0.56 (0.21 - 1.46)

2.08 (0.81 - 5.33)

Cramps

2.05 (0.88 - 4.78)

2.51 (1.18 - 5.33)

0.52 (0.23 - 1.18)

1.83 (0.85 - 3.92)

Vomiting

0.41 (0.14 - 1.18)

2.15 (0.57 - 8.13)

1.27 (0.43 - 3.77)

1.13 (0.12 - 10.12)

10.42 (2.34 - 46.40)

4.10 (1.39 - 12.09)

1.15 (0.46 - 2.86)

1.32 (0.39 - 4.46)

0.89 (0.41 - 1.92)

2.87 (1.44 - 5.71)

1.48 (0.82 - 2.67)

1.53 (0.72 - 3.25)

0.25 (0.03 - 2.18)

2.09 (0.65 - 6.78)

0.78 (0.26 - 2.28)

0.89 (0.18 - 4.30)

tf*

tf

tf

tf

Fever

0.73 (0.36 - 1.45)

2.36 (0.88 - 6.28)

1.51 (0.64 - 3.55)

1.04 (0.22 - 4.91)

Respiratory
SRD

0.62 (0.24 - 1.57)

1.18 (0.46 - 3.03)

1.03 (0.41 - 2.55)

0.71 (0.15 - 3.25)

Sore Throat

0.81 (0.26 - 2.50)

1.03 (0.42 - 2.52)

0.90 (0.38 - 2.10)

0.69 (0.25 - 1.86)

Cough

0.44 (0.15 - 1.32)

1.34 (0.48 - 3.70)

1.50 (0.53 - 4.27)

tf

Skin Rash
Eye Irritation
Ear
Earache
Ear Discharge

*tf = too few individuals for analysis
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Table 6. Frequency (percent ill ) reporting diarrhea and calculated attributable risk.

Adjusted Attributable
Risk* (95% CI) per 1000
swimmers
Any Water Contact
All Ages (years)
0-5
>5 - 12
>12 - 30
>30
Swallow Water
All Ages (years)
0-5
>5 - 12
>12 - 30
>30

Percent ill - Adjusted
Non-swimmers

Swimmers

11.1 (0.0 - 22.1)
-14.1 (-47.7 - 18.5)
27.4 (-8.9 - 63.7)
14.3 (-7.0 - 35.6)
10.0 (-8.6 - 28.6)

3.20
6.01
1.59
2.09
3.74

4.31
4.60
4.33
3.51
4.75

27.2 (8.9 - 45.6)
-1.6 (-42.5 - 39.4)
59.0 (15.0 - 103.0)
18.5 (-13.6 - 50.6)
26.4 (-15.7 - 68.4)

3.25
6.09
1.48
2.55
3.63

5.97
5.93
7.38
4.40
6.28

*Expressed as excess cases per 1,000 swimmers

1983, Haile et al. 1999) and have been the focus of
most previous epidemiology studies (Wade et al.
2003). Symptoms such as HCGI are considered
more relevant because multi-symptom reactions that
include fever are typically pathogen mediated,
whereas symptoms like rash and diarrhea can result
from saltwater irritation.
Unlike most previous marine recreational epidemiology studies, we found no relationship between
illness rates and fecal indicator bacteria. Wade et al.
reviewed 27 marine recreational water epidemiology
studies and found increased relative risk with increasing fecal indicator concentrations in most of them
(2003), particularly for enterococcus. However, in
essentially all of these studies, water quality was
impacted by known sources of human fecal contamination. There appears to be little human fecal contamination in Mission Bay as evidenced by a recent
source tracking study that found the predominant
source of fecal contamination was avian (Gruber et al.
2005). While animal sources can also harbor diseasecausing agents, they are less likely to serve as vectors
for human disease (NRC 2004).
The use of bacterial indicators as predictors of
swimming-associated illnesses is based on the presumption that they have survival properties similar to
the pathogens they are intended to mirror. This presumption is less likely to remain true when circulation
is restricted and residence times increase, which can
be days to weeks in Mission Bay (SIO 2003).
Increased survival and perhaps even regrowth of fecal
indicator bacteria, has been suggested in sediments

and wrack lining beaches including Mission Bay (City
of San Diego and MEC/Weston 2003, Weiskel et al.
1996). Regardless, the lack of relationship of nonhuman sources of fecal indicator bacteria to health
risk suggests that water contact advisories posted at
beaches in Mission Bay during the course of this
study were not reflective of public health risk.
It is arguable whether viral measures in our
study were better indicators of risk and could be
used in place of bacterial indicators for health risk
assessments in Mission Bay. We found that increasing density of male-specific phage was correlated
with increased incidence of several health outcomes,
including HCGI-1, HCGI-2, nausea, cough, and
fever (Table 10). This is consistent with the success
of this measure in freshwater application (Lee et al.
1997). However, we interpret these associations cautiously because male-specific coliphage was not
detected often and few subjects were exposed to the
water at those times (Table 10).
The human-specific viruses we measured in
Mission Bay were rarely detected, consistent with
our low rates of swimming-associated illnesses. We
did not encounter high virus counts that would have
allowed us to assess their effectiveness as predictors
in the positive direction. Interpretation of viruses as
negative predictors is compromised by technology
limitations. We used the most advanced techniques
available, but quantifying virus particles in seawater is
difficult because DNA and RNA are lost due to complexation and interferences when concentrating and
extracting nucleic acid material. Thus, we cannot be
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0.98 (0.39 – 2.43)

1.15 (0.47 – 2.79)
1.27 (0.52 – 3.13)
0.50 (0.14 – 1.76)

Fever

Respiratory
SRD
Sore Throat
Cough

1.13 (0.34 – 3.81)
1.45 (0.05 – 42.31)

0.74 (0.34 – 1.58)

Eye Irritation

Earache
Ear Discharge

0.84 (0.34 – 2.04)

Skin Rash

Ear

0.77 (0.33 – 1.80)
0.76 (0.28 – 2.04)
0.97 (0.18 – 5.23)
0.72 (0.22 – 2.38)
0.87 (0.38 – 2.00)
0.69 (0.22 – 2.22)

Any Water
Contact

Gastrointestinal
Diarrhea
HCGI-1
HCGI-2
Nausea
Cramps
Vomiting

Health Outcome

1.47 (0.23 – 9.33)
0.34 (0.05 – 2.13)
0.06 (0.01 – 0.70)

1.09 (0.21 – 5.82)

0.45 (0.04 – 5.15)
1.09 (0.01 – 189.13)

0.79 (0.17 – 3.73)

0.65 (0.11 – 3.85)

0.31 (0.06 – 1.59)
1.64 (0.23 – 11.77)
1.65 (0.09 – 31.24)
0.79 (0.10 – 6.35)
0.67 (0.14 – 3.09)
1.98 (0.18 – 21.55)

Swallow Water

Enterococcus

0.58 (0.25 – 1.33)
1.42 (0.61 – 3.31)
0.44 (0.14 – 1.43)

0.57 (0.24 – 1.37)

1.50 (0.51 – 4.37)
7.13
(0.31 – 164.89)

0.69 (0.33 – 1.41)

0.86 (0.36 – 2.06)

0.41 (0.18 – 0.93)
0.65 (0.25 – 1.67)
0.59 (0.11 – 3.08)
0.56 (0.19 – 1.68)
0.58 (0.26 – 1.28)
0.76 (0.23 – 2.55)

Any Water
Contact

1.11 (0.16 – 7.77)
0.25 (0.06 – 2.03)
0.16 (0.02 – 1.58)

0.72 (0.14 – 3.76)

0.38 (0.04 – 3.37)
0.79
(0.00 – 129.89)

0.67 (0.15 – 2.89)

0.67 (0.12 – 3.68)

0.33 (0.07 – 1.48)
1.53 (0.22 – 10.63)
3.49 (0.20 – 61.77)
1.30 (0.17 – 9.71)
0.62 (0.14 – 2.72)
2.63 (0.26 – 26.55)

Swallow Water

Fecal Coliform

0,68 (0.26 – 1.75)
1.50 (0.59 – 3.82)
0.37 (0.10 – 1.36)

0.79 (0.29 – 2.11)

1.85 (0.53 – 6.48)
6.31
(0.27 – 144.82)*

0.64 (0.29 – 1.40)

1.35 (0.52 – 3.51)

0.34 (0.15 – 0.77)
0.58 (0.21 – 1.59)
0.48 (0.09 – 2.70)
0.39 (0.12 – 1.25)
0.84 (0.34 – 2.14)
0.48 (0.14 – 1.62)

Any Water
Contact

0.78 (0.10 – 6.12)
0.40 (0.06 – 2.61)
0.14 (0.01 – 1.45)

0.40 (0.07 – 2.20)

0.46 (0.04 – 4.99)
5.21
(0.02 – 1139.85)

1.21 (0.24 – 6.09)

3.49 (0.59 – 20.64)

0.47 (0.09 – 2.50)
0.64 (0.08 – 4.92)
0.43 (0.02 – 8.79)
0.35 (0.04 – 2.85)
0.56 (0.12 – 2.59)
0.69 (0.06 – 8.20)

Swallow Water

Total Coliform

Table 7. Adjusted odds ratio (95% CI) for the association of enterococcus, fecal coliform and total coliform levels (ln of daily geometric mean at the beach level)
two weeks after exposure. The unit change in exposure in these models was set to represent a change of geometric mean of 30.

human sources are dominant.
While we found that traditional fecal indicators were ineffective predictors of health
effects, Mission Bay may be an exception
Health Outcome
Adjusted OR (95% CI)
rather than the rule. Mission Bay has been
> 104 vs. < 104
> 35 vs. < 35
subjected to extensive cleanup activities.
Gastrointestinal
Recent source tracking studies have identiDiarrhea
1.01 (0.73-1.39)
1.22 (0.85-1.76)
fied that human fecal sources are now only
0.74 (0.51-1.06)
HCGI-1
1.13 (0.73-1.75)
a minor contributor to the overall bacterial
0.69 (0.38-1.25)
HCGI-2
0.80 (0.37-1.73)
Nausea
0.78 (0.51-1.20)
1.12 (0.65-1.92)
load (City of San Diego and MEC/Weston
Cramps
0.91(0.66-1.24)
1.36 (0.95-1.95)
2004). Our study does suggest the need for
Vomiting
0.67 (0.43-1.03)
1.13 (0.67-1.92)
further evaluation of traditional fecal indicaSkin Rash
0.83 (0.61-1.15)
1.00 (0.67 - 1.49)
tor bacteria in circumstances where nonEye Irritation
0.97 (0.72-1.32)
0.77 (0.53-1.11)
point, non-human contributions are the
dominant fecal source. We found that nonEar
1.08 (0.68-1.70)
Earache
1.18 (0.70-2.00)
traditional ways of quantifying fecal con0.94 (0.19-4.62)
Ear Discharge
1.15 (0.30-4.36)
tamination, such as QPCR, were unassociatFever
0.92 (0.65-1.31)
0.89 (0.58-1.37)
ed with health effects. This contrasts with a
recent study which observed a relationship
Respiratory
SRD
0.96 (0.67-1.37)
1.13 (0.73-1.73)
between enterococcus measured by QPCR
Sore Throat
1.10 (0.80-1.50)
1.15 (0.77-1.72)
and gastrointestinal illness at Great Lakes
Cough
0.65 (0.40-1.05)
0.51 (0.25-1.03)
beaches (Wade et al. 2005). Unlike
Mission Bay, however, these beaches were
impacted by human fecal contamination.
certain that the low levels we observed were due to
Our findings are unique in this field and do not
their absence from the system or from difficulties in
agree with earlier studies reporting associations
recovering viruses that were present. Our results do
between water quality indicators and illness. Like
suggest that these non-bacterial measures may have
Mission Bay, many other enclosed marine beaches,
the potential to be more effective than traditional bacparticularly in California, suffer from impaired water
terial indicators as predictors of illness when nonquality due to non-point sources of bacteria and poor
circulation. We do not recommend extrapolation to
Table 9. Adjusted odds ratios for various health outother enclosed beaches at this time, however,
comes after two weeks for any water contact (per unit
because we are uncertain if Mission Bay has unique
increase) to male-specific coliphage. Statistically sigsite characteristics. Further studies to confirm the
nificant results are shown in bold face type.
reduced risk of swimming related illnesses at beachHealth Outcome
Adjusted OR (95% CI)
es impacted by non-point sources of fecal pollution
Gastrointestinal
appear justified and will be an important element of
Diarrhea
1.14 (0.97 - 1.35)
developing revised water quality thresholds and/or
1.26 (1.06 - 1.48)
HCGI-1
improved indicators of water quality. Finally, our
1.43 (1.13 - 1.82)
HCGI-2
findings from Mission Bay were collected during
1.34 (1.16 - 1.55)
Nausea
Cramps
1.04 (0.83 - 1.32)
periods of dry weather with no known sewage spills.
Table 8. Adjusted odds ratios for health outcomes using two
dichotomous measures of exposure to enterococcus. There were
no statistically significant results.

Vomiting
Skin Rash

1.21 (0.96 - 1.53)
1.00 (0.77 - 1.31)

Eye Irritation

1.14 (0.95 - 1.36)

Table 10. Association of male-specific coliphage
(defined as >0.10 cfu) with diarrhea.

Ear
Earache
Ear Discharge

Diarrhea
Reported

No Diarrhea
Reported

Total

Male-specific Phage
Present (>0.10 cfu)

8

153

161

Male-specific Phage
Absent

195

3,878

4,073

Total

203

4,031

4,234

Too few
Too few

Fever

1.25 (1.09 - 1.44)

Respiratory
SRD
Sore Throat
Cough

1.05 (0.85 - 1.31)
1.04 (0.83 - 1.30)
1.22 (1.02 - 1.48)
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We would predict an increase in health risks, and
likely an association with water quality indicators, if
large sources of untreated human fecal material
entered the Bay. Health risks to swimmers during
wet weather remain unknown.
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