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⦁ 
ABSTRACT

Recreational water epidemiology studies are rare in settings with minimal wastewater treatment 

where risk may be highest, and in tropical settings where warmer temperature influences the 

ecology of fecal indicator bacteria commonly used to monitor recreational waters. One exception 

is a 1999 study conducted in São Paulo Brazil. We compared the risk and exposure characteristics 

of these data with those conducted in the United Kingdom (UK) in the early 1990s that are the 

basis of the World Health Organization’s (WHO) guidelines on recreational water risks. We then 

developed adjusted risk difference models (excess gastrointestinal illness per swimming event) 

for children (<10 years of age) and non-children ( 10 years of age) across five Brazil beaches. 

We used these models along with beach water quality data from 2004 to 2015 to assess spatial 

and temporal trends in water quality and human risk. Risk models indicate that children in Brazil 

have as much as two times the risk of gastrointestinal illness than non-children. In Brazil, 11.8% 

of the weekly water samples from 2004 to 2015 exceeded 158 enterococci CFU/100ml, the 

highest level of fecal streptococci concentration measured in the UK study. Risks associated with 

these elevated levels equated to median NEEAR-Gastrointestinal Illness (NGI) risks of 53 and 96 

excess cases per 1,000 swimmers in non-children and children, respectively. Two of the five 

beaches appear to drive the overall elevated NGI risks seen during this study. Distinct enteric 

pathogen profiles that exist in tropical settings as well as in settings with minimal wastewater 

treatment highlight the importance of regionally specific guideline development.

KEYWORDS

Escherichia coli; Enterococci; Quantitative Microbial Risk Assessment; beaches; South America; 

Brazil
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HIGHLIGHTS

⦁ Brazil children have 2X the risk of gastrointestinal illness than non-children
⦁ Enterococci levels are higher in Brazil than the primary UK study that informed 

WHO beach guidelines
⦁ Elevated enterococci levels led to 96 excess NGI cases per 1000 swimming 

children
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⦁ 
ABBREVIATIONS

ml – milliliter 

CFU – colony forming units

GI – gastrointestinal illness

WHO – World Health Organization

USEPA – United States Environmental Protection Agency

QMRA – Quantitative Microbial Risk Assessment

CETESB – São Paulo State Environmental Company

NGI – NEEAR Gastrointestinal Illness

NEEAR - National Epidemiological and Environmental Assessment
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1.0 INTRODUCTION

In much of the world, sewage is poorly treated prior to being discharged into receiving 

waterbodies. Oceans and beaches are often the recipient of this contamination, particularly within 

the tropics where a high proportion of countries lack wastewater treatment. It is well documented 

that recreational activities in sewage contaminated beaches represent an important exposure 

pathway (Mehnert and Stewien, 1993; Payment and Locas, 2011) linked to increased 

gastrointestinal and upper respiratory infections (Dufour, 1984; Kay et al., 1994; Wade et al., 

2008, 2003). Most of these studies, however, have been conducted in temperate climates where 

wastewater treatment is common, despite the large numbers of local residents and tourists at risk 

in tropical beaches where wastewater treatment is less common. An exception is a study 

conducted in 1999 at São Paulo beaches in Brazil where improperly treated sewage has been and 

continues to be discharged to waters commonly used for recreational activities. Analysis of these 

data indicated an association between increased fecal indicator bacteria and increased cases of 

gastrointestinal  illnesses, which  support previous  findings.  (Colford et al., 2012; Lamparelli et 

al., 2015; Turbow et al., 2003; Wade et al., 2008, 2003). We build upon these analyses at the 

same tropical setting to evaluate World Health Organization (WHO) guidelines currently used to 

support water quality regulations throughout the world.

Current WHO guidelines were derived from a randomized control trial of swimmers and non-

swimmers comparing the risk of exposure to beach water (Kay et al., 1994). Due to the limited 

data available on recreational water risk in LMIC, specifically in the tropics, many countries 

generally rely on the WHO guidelines. Although this practice  is commonly accepted, there are 

many  questions with  regard  to  the  generalizability  of  these  studies  to  tropical  settings.  For 
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example, researchers have argued that traditional bacterial indicators, used in regulatory activity 

and  specifically  in  the WHO  guidelines,  are  inappropriate  for  warmer  waters  in  the  tropics 

(Byappanahalli et al., 2012; Fujioka et al., 1985). Additionally, the types of pathogens present in 

the water depend on both climate (tropical vs. temperate settings), as well as the degree to which 

wastewater is treated. These differences suggest that the etiology of risks and the risk levels vary 

by geographic setting, socioeconomic status, climate, sewage treatment infrastructure, and 

background disease rates (Girardi et al., 2019; Levine et al., 1993), and highlight the fact that 

regulations and guidelines should consider relying more on site- or region-specific data and 

analysis. 

In this manuscript, we examine the recreational water risks in LMIC tropical settings using 

locally specific epidemiological data from São Paulo, Brazil beaches (Lamparelli et al., 2015) to 

build concentration-response models and compare them to models used by the WHO. We then 

apply these locally derived models to water quality data collected over 10 years to examine 

recreational water risks during the same period and to examine the regulatory implications of this 

site- or region-specific approach.

2. METHODS

2.1 Study location

This study is based on data collected from five urban beaches in the state of São Paulo, Brazil: 

Enseada (Beach 1), Pitangueiras (Beach 2), Astúrias (Beach 3), Aparecida (Beach 4), and Ocian 

(Beach 5) (Figure 1). These beaches, located within 4 municipalities, continue to be influenced by 

untreated sewage (CETESB - Environmental Company of the State of São Paulo, 2018; 
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Lamparelli et al., 2015).

2.2 Epidemiological data

Human health outcomes following beach visitations were obtained through a prospective cohort 

study conducted by CETESB (Environmental Company of São Paulo State) as previously 

described (Lamparelli et al., 2015). Briefly, a beach survey was used to interview 23,238 

participants about their activities at the beach (i.e. whether or not they swam, submerged their 

head, swallowed water, etc.). Seven to ten days later, follow-up phone interviews were conducted 

with 16,637 (72%) of the participants to determine if any developed health symptoms. The health 

outcome of interest in this study was defined as vomiting, diarrhea (defined as 3 or more loose 

stools in a 24 hour period), or stomach ache with nausea. This set of symptoms is referred to as an 

NGI illness (NEEAR-Gastrointestinal Illness) as it is similar to the illness definition used in 

USEPA-sponsored studies (Wade et al., 2008). Cumulative incidence (per 1000 individuals) was 

estimated for stratified age groups ( 10 years and >10 years) at each beach as were odds ratios 

(OR) of health outcomes (NGI) related to beach water exposure.

2.3 Water quality data

Fecal contamination at beach sites was determined by measurements of the fecal indicator 

bacteria enterococci, consistent with the WHO and USEPA recommendations, and the Kay et al. 

(1994) studies conducted in the UK. For the purposes of this study, fecal streptococci and 

enterococci were considered equal (World Health Organization, 2003). During the Brazil 

epidemiological study (January 9th to February 6th, 1999), grab samples were collected once daily 

at each of the five urban beaches and processed for enterococci on mE and EIA agar as 

previously described (Lamparelli et al., 2015; Levin et al., 1975). Magenta colonies on mE and 
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EIA agar were assumed positive for enterococci. All results were reported as colony forming 

units (CFU) per 100 ml (Lamparelli et al., 2015). 

In addition to the water quality data collected during the epidemiological study, weekly 

enterococci concentrations from routine beach water quality monitoring at the five study beaches 

were obtained for the time period between January 2004 and December 2015. The enterococci 

enumeration method for this later period differed from those performed during the Brazil 

epidemiological because the national labs began using mEI agar in the early 2000s. Briefly, beach 

water was filtered through a membrane filter, placed on mEI agar, and incubated at 41°C for 24 

hours (United States Environmental Protection Agency, 2009). Serial dilutions were performed 

on all samples to obtain a countable plate containing 20-60 enterococci colonies.

9



Figure 1 Map of beaches locations and respective municipalities
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2.2 Data analysis 

Risk Difference Models

We developed two risk difference models to compare the risk of NGI illness across measured 

enterococci levels (swimmers were assigned the concentration values for the day they swam). 

One model used all subjects, where non-swimmers were assigned as the reference group, and the 

other model used only swimmers (only those that reported entering the water) and was developed 

with a continuous variable of enterococci exposure. These models were calculated for each age 

group ( 10 and >10) across all beaches and both assumed gastrointestinal illness was directly 

related to enterococci concentrations. We then estimated the probability of an NGI illness as a 

function of enterococci water quality using a logistic regression model. Adjusted models were 

developed using model-based standardization (Greenland, 2004), which adjusted estimates of 

probabilities conditional on the following covariates: Contact with sand, ate food prepared on the 

beach, contact with untreated water in the previous week, and contact with pool water in previous 

week. This risk difference model, based on enterococci exposure, was defined as the 

concentration-response function and used in the subsequent risk assessments. 

Model Comparison

We conducted a comparative analysis between the Kay et al. (1994) model based on a study in 

the UK and the model developed here based on the Brazil study. In order to compare illness risks 

between the current study and the Kay et al. (1994) study, risks were standardized to a 7-day 

follow up period. The overall and strata specific gastrointestinal illness rates from Kay et al., 

(1994) were multiplied by 0.343 as the manuscript states “34.3% of gastroenteritis cases 

developed within 7 days of the study day, the remaining 65.7% had onset dates up to 21 days.” 
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The number of people exposed (defined as entering the water) and the number of individuals 

reporting illness were used to determine illness rates per 1000. These rates were determined using 

water quality categories defined by Kay et al. (1994) (e.g. 0.1-19, 20-39, 40-59, 60-79, 80 

organisms/100 ml). For this model comparison, the Brazil data was stratified by age groups 

defined as < and 18 years of age to allow for direct comparison with the Kay et al. data. For the 

remainder of the analysis, we present age groups stratified by < and 10 years of age, which 

better corresponds to much of the current literature.

Risk Assessment

Based on the risk difference models derived from the epidemiological study (described above), 

we calculated weekly risk from swimming at the São Paulo, Brazil beaches using enterococci 

concentrations measured once weekly at each of the five study beaches between 2004 and 2015. 

The best fit curve to the risk difference models was a four-parameter nonlinear logistic dose-

response equation (e.g. Hill equation) (equation 1). The fitted value parameters for the dose-

response curve are described in Table S1 for each age category. We present the weekly risk for 

one beach in the main body of this manuscript and the remaining beaches in the supplemental 

materials.

Equation 1. 
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Where y equals the response given a specific dose, x is the independent variable, α is the 

minimum response when enterococci concentrations = 0 CFU/100 ml, θ is maximum response 

expected, η is the Hill coefficient, and κ ingested dose of enterococci. 

The strength of our concentration-response function is that it is site-specific and based on 

enterococci measurements from the 1999 epidemiological study. In evaluating the 

appropriateness of using a concentration-response function to estimate risk, climate setting (e.g., 

tropics vs. temperate) and wastewater treatment techniques must be considered. The site-specific 

nature of our analysis addresses both of these issues. A remaining assumption of our approach is 

that the functional relationship between the concentration of fecal indicator bacteria (in this case 

enterococcus) and illness was unchanged between 1999, when the concentration-response 

function was developed, and 2015.

3.0 RESULTS

Enterococci concentrations across all study beaches during the 1999 Brazilian epidemiological 

study ranged from <1.0 to 700 CFU/100 ml (geometric mean = 29.7 CFU/100 ml). Epidemiologic 

data are provided elsewhere describing an overview of the study population, crude disease rates, 

and adjusted risk models (Lamparelli et al., 2015). In brief, swimmers had approximately 36% 

(OR=1.36 95% CI 1.05-1.58) higher odds of becoming ill (measured as self-reported NGI) than 

non-swimmers, accounting for other exposures such as contact with sand, contact with untreated 

water in the previous week, and beach location. The baseline risk of NGI among non-swimmers 

was 58 per 1000. Among swimmers, Beach 5 exhibited the highest NGI risks at 200 cases per 

1000. For children, swimmers were also higher than non-swimmers (230 per 1000 compared to 

130 per 1000). NGI risks for swimmers at each beach are detailed in Table S2. 
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3.1 Concentration-Response (from risk difference models)

The adjusted risk difference model for swimmers (Figure 2) illustrates that NGI risks for children 

( 10 years old) are appreciably higher than for non-children (>10 years old). At higher 

concentrations, children are at twice the risk of non-children to have NGI. The adjusted models 

showed an attenuated risk compared to the crude estimates suggesting that there were other 

pathways of transmission (e.g. consuming food on the beach) that were correlated with swimming 

(unadjusted model results not shown). When including non-swimmers in the analysis, risk 

differences were further attenuated by approximately 50% suggesting that the non-swimmers 

represented a different population with higher baseline risks. Therefore, we chose to use 

swimmers exposed to low enterococci levels as a reference group rather than relying on non-

swimmers, since non-swimmers may represent a group with a different baseline risk. The 

reference group in these analyses were estimated risks among swimmers exposed to < 0.5 

CFU/100 ml.
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Figure 2. Adjusted risk differences between swimmers and swimmers in the lowest exposure 

group (< 0.5 CFU/100 ml) during the epidemiological study for all swimmers, those 10 years of 

age (children), and those >10 years of age (non-children).

3.2 Comparative analysis

To compare the Brazil data with those published by Kay et al. (1994) in the UK, water quality 

was categorized into 20 unit categories of enterococci (per 100 mL). We use an age category of 

less than and greater than 18 years to provide a point of comparison with the Kay data. Risks 

associated with the >18 years were similar to those risks associated with >10 years (a cut-off used 

in the Brazil epidemiology study). The baseline rates of gastrointestinal illness, measured by the 

unexposed adult category, were higher in Brazil (44.2 cases per 1000) than in the UK (33.3 cases 

per 1000). Although small sample sizes within each exposure category resulted in uncertain 

estimates, one main distinction between the two studies is that the Brazil data had a steeper rise in 

risk from the 60 - 80 concentration bin to the > 80 bin. In contrast the UK data exhibits a more 

gradual rise from the 40 - 60 concentration bin to > 80 bin. Another difference between the 

studies was the range of concentrations found in the water. In the UK study the range was from 0 

to 158 fecal streptococci CFU/100ml and for the Brazil study the range was from <1 to 700 

enterococci CFU/100ml. When we examined higher concentration bins for the Brazil data (80 –

100 and 100 – 200) we did not observe higher levels of risk. 

Table 1. NGI Risk (cases per 1000) among non-swimmers (unexposed) and swimmers (for 

different exposure levels) for both the Brazil and the United Kingdom (UK) Cohort Studies 
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Enterococci 

Concentration

(CFU/100 ml)

Brazil 

(< 18 yrs of age)

(n=8,318)

Brazil

(Adults Only 18 yrs)

(n=8,319)

UK 

(7 Day Rate Adults only)*

(n= 1,112)

Unexposed 103.5 44.2 33.3

0.1-19.9 93.1 34.7 37.4

20-39.9 130.9 44.7 36.4

40-59.9 106.6 36.5 62.8

60-79.9 105.3 28.3 96.4

80 190.0 93.1 104.3

*All rates multiplied by 0.343 to account for only 34.4% of cases reported after 7 days (Kay et 

al., 1994)

3.3 Risk Assessment

We applied the Brazil concentration-response risk difference model to the enterococci 

concentrations measured at the study beaches weekly between 2004 and 2015 (n=3,120). Our risk 

difference models predict an average 41.6 excess cases of NGI per 1000 swimmers across all 

beaches and age groups during this period. Stratified by children and non-children, the median 

predicted risks were 53 and 26 excess cases of NGI per 1000, respectively (Figure S1). Across all 

swimmers and dates, the risk based on a single exposure ranged from 12.5 to 130.4 excess cases 

per 1000 swimmers. Based on exposure, the risk in children ranged from a median of 40 cases per 

1000 when exposed to <20 CFU/100ml to a median of 120 cases per 1000 when exposed to >158 

CFU/100ml (Figure 4). Children exhibited approximately twice the risk of that seen in non-

children. 
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On average, weekly enterococci levels were 85.5 CFU/100ml. However, weekly water quality 

was highly variable, ranging from 1.6 to 2084.0 CFU/100 ml (Figure S2). For example, 1.9% of 

the samples during the 10 years were above 700 CFU/100ml, the highest concentration observed 

during the 1999 Brazil epidemiological study, and 11.8% of the samples were above 158 

CFU/100ml, the highest concentration observed during the 1994 UK study. This represents 368 

high exposure events across the 10 years, which would require extrapolation if the UK 

concentration-response function was used. During these high-risk events, the mean enterococci 

concentration was 351 CFU/100ml, equating to a median risk difference of 53 and 96 cases per 

1000 in non-children and children, respectively. In comparison, during the same period when 

enterococci concentrations were below 158 CFU/100 ml (mean = 28.4±33.9 CFU/100 ml), the 

median risk difference for non-children and children was 24 and 50 cases per 1000, respectively. 

30% of these 368 high-risk events occurred in the summer season (December – February), 18% 

occurred in January, and 69% of these events occurred in Beaches 4 and 5. Figures 3 and S3 

illustrate the overall elevated risks of NGI from swimming at the study beaches largely driven by 

these weekly high-risk events. 
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Figure 3. Beach 1 weekly risk differences for all swimmers between 2004 and 2015 with 

emphasis on 2010-2011.
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Temporal analysis of beach water quality identified no statistically unique year or season across 

the five beaches (p>0.05). In general, the lowest enterococci concentrations (arithmetic means) 

were measured in the winter season (June, July, and August) and the highest concentrations were 

measured in the summer season (December, January, and February), albeit these seasonal 

differences were not statistically significant. Beach 4 was the exception to these patterns where 

average enterococci concentrations were lowest in the summer season and highest in the spring 

and fall seasons (p<0.05). Overall, enterococci concentration means were statistically higher at 

beaches 4 and 5 compared to the other beaches (p<0.01)(Table 2). 

⦁ Table 2. Descriptive statistics for enterococci (CFU/100 ml) 

measured at the study beaches between 2004 and 2015

Measure Beach 1 Beach 2 Beach 3 Beach 4 Beach 5

Samples 624 624 624 624 624

Minimum* 1.0 1.0 1.0 1.0 1.0

Mean 14.4 10.8 13.0 37.8 32.9

Maximum 900.0 760.0 672.0 8000.0 4001.0

Standard Deviation 86.7 76.1 75.5 608.0 297.2

Median 13.00 11.00 14.00 39.50 31.00

95th percentile 215.40 152.00 163.40 620.00 620.00

5th percentile 1.00 1.00 1.00 2.00 2.00

*Detection limit: 1 CFU/100 ml
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Figure 4. NGI risk difference (cases per 1000) amongst non-children ( 10 years of age) and 

children (<10 years of age) per exposure categories defined by the quartiles of enterococci 

concentrations from weekly water quality monitoring between 2004 and 2015. The line in the 

middle of the box and the upper and lower edges of the box represent the median, 75th, and 25th

percentiles for the NGI rates in each category, respectively. The T-bars extending from the box 

represents the NGI rate ranges and the points represent the 5th and 95th percentile outliers. 

4.0 DISCUSSION

As highlighted by the events leading up to the Rio Olympics (Eisenberg et al., 2016), water 

contaminated with poorly treated sewage is common worldwide and puts local residents and 

tourist at risk in many regions, and tropical beaches are no exception. These events also highlight 

how little we know about the exposure pathways and risks associated with these contamination 

events. Here we utilized a unique data set from beaches in São Paulo, Brazil to highlight a 

number of issues. First, the concentration-response model we created using epidemiological data 

from São Paulo, Brazil beaches allows for site- or region-specific risk assessments in tropical 

settings. Second, peak contamination levels in Brazil were higher than those reported in studies 

from the UK, as well as in other high-income countries that have wastewater treatment plants. In 

particular, in São Paulo beaches between 2004 and 2015, 11.8% of the weekly samples exhibited 

these higher risk conditions. Third, children are at greater risk from swimming at these study 

beaches and should be targeted in future studies. 

More epidemiological and water quality studies in tropical settings where wastewater treatment is 

minimal are necessary to develop relevant regulations. Site- or region-specific concentration-
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response models benefit from not only using site-specific exposure and outcome data but also by 

collecting data on potential confounding variables such as contact with sand, eating food prepared 

on the beach, contact with untreated water in the previous week, and contact with pool water in 

the previous week. Reporting adjusted risks reduces bias, more closely align with risk estimates 

from randomized control trials, and therefore more closely aligns with the actual risks associated 

with swimming at beaches. We observed lower risk differences between swimmers and 

unexposed populations for each age classification in the adjusted models compared to the 

unadjusted models. This positive confounding suggests that the unadjusted estimates includes 

risks associated with other exposure pathways.

The fact that children are at higher risk is not surprising, and has been shown in prior beach 

studies in temperate waters (Wade et al., 2008). The current study found children were at greater 

risk compared to non-children at all water quality conditions, but especially when enterococci 

exceeded 158 CFU/100 ml. It has been demonstrated that children are more likely to spend more 

time in water and swallow more water per minute of exposure compared to adults (DeFlorio-

Barker et al., 2018; Dufour et al., 2017). These results emphasize the importance of targeting 

children in future epidemiological and risk assessment studies as regulations and guidelines are 

meant to protect the more vulnerable groups within a population. Further work is needed to better 

understand the reason why children are more at risk. It may be that children have higher exposure 

levels (e.g., ingesting more water) or they are more susceptible to infection and disease for a 

given exposure compared to older individuals.

The high levels of fecal contamination measured at these São Paulo beaches during the 1999 

epidemiology study and the subsequent surveillance data reported since 2005 suggests chronic 
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recreational water quality contamination. The main pollution sources at the study beaches were 

previously identified as storm water runoff, partially treated sewage, and uncontrolled wastewater 

discharges ( Lamparelli et al., 2015). Additionally, 2% of all samples collected at São Paulo 

beaches between 2004 and 2015 (n=3120) were above 700 CFU/100 ml. These high levels of 

fecal indicator bacteria measurements suggest poorly treated sewage or contaminated urban 

runoff (Noble et al., 2003) and was recently highlighted as a risk to swimmers at Brazil beaches 

(Cox, 2016). 

The data we present here on enterococci concentrations at São Paulo beaches far exceed those 

reported in the UK epidemiological studies. Examining 10 years of surveillance data from these 

beaches indicated that concentrations exceeded the maximum reported concentrations from the 

UK data 12% of the time. Furthermore, the baseline illness rates reported during the 1999 study 

was higher than those reported in the UK study. Many recreational water risk assessments convert 

fecal indicator bacteria to expected pathogen concentrations and then calculate risk on those 

pathogens(Rodrigues et al., 2016; Schoen and Ashbolt, 2010; Soller et al., 2014). The current 

study assumed enterococci related directly to NGI, which we know do not cause disease (i.e., 

they are surrogate indicators). The concentration–response function derived in the current study 

was empirically based and any conversion to a set of pathogens introduces multiple assumptions 

that was decided to be less accurate than the applied approach. The combination of using more 

relevant baseline illness and specific water quality surveillance data to estimate the concentration-

response function argues for the need to develop more site- and regional-specific risk 

assessments. 

⦁ As with many recreational beach studies, this project was limited by the granularity of the 
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data and uncertainties of the environmental conditions. Microbial quality of water was 

measured once per day at each beach during the epidemiological study and assumed 

representative of all swimmer exposures for that date. However, it is well established that 

microbial concentrations in coastal waters change rapidly for many reasons (Boehm, 

2007; Bush et al., 2014; Verhougstraete and Rose, 2014; Whitman et al., 2004). The 

highly variable nature of bacteria in water and their settling and resuspension rates were 

not included in the applied models, which leads to exposure misclassification bias. Future 

risk models should incorporate measures of these environmental variables on various 

temporal scales. 

⦁ 
5.0 CONCLUSION 

Social and environmental conditions are strong determinants of pathogen dynamics in the 

environment. In tropical settings around the world, water temperatures are higher than in 

temperate climates. These same settings have a higher density of low-income communities. The 

result is very different microbial ecologies in the tropics compared to temperate high-income 

settings. Regionally specific guidelines are therefore critical to better serve these distinct settings. 

We highlight this issue by illustrating that the WHO recreational water quality guideline, based 

largely on the results from the Kay et al. (1994) epidemiological study performed at UK beaches, 

is not appropriate as a basis for guideline development in tropical settings where there is minimal 

wastewater treatment. Twenty years ago, a comprehensive review of recreational water 

epidemiological studies showed the low occurrence of research in low-middle income countries

(Prüss-üstün, 1998), and the gap remains. We must strive to perform additional epidemiological 

studies at beaches in these areas to support improved locally derived health guidelines.
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SUPPLEMENTAL MATERIAL

Table S1. Model input parameters for dose-response Hill equations for each age category

Equation parameter < 10 years 10 years All

α -5.58E-02 -1.65E-02 -3.39E-02

θ 5.33E-01 3.82E-01 4.31E-01

η 1.65E-01 2.14E-01 1.82E-01

κ 6.52E+04 2.81E+05 1.14E+05
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Table S2 Descriptive statistics of cohort survey at the five Brazil beaches. Swimmers were 

defined as those that entered the water and submerged their head. NGI (NEEAR GI Illness is 

defined as anyone experiencing the following symptoms: diarrhea (three or more loose stools in a 

24 h period); vomiting; or nausea with stomachache

Beach Age Number of 

Swimmers

NGI cases 

among 

swimmers

% swimmers w/ 

NGI*

Beach 1

(Bertioga -

Enseada)

10 

years
635 68 10.7

Enseada) > 10 years 362 10 2.8

All 997 78 7.8

Beach 2

(Guarujá -

Pitangueiras)

10 

years
1162 174 15.0

Pitangueiras) > 10 years 338 26 7.7

All 1500 200 13.3

Beach 3

(Guarujá -

Astúrias)

10 

years
729 80 11.0

Astúrias) > 10 years 214 13 6.1

All 943 93 9.9

Beach 4

(Santos -

Aparecida)

10 

years
556 66 11.9

Aparecida) > 10 years 142 10 7.0

All 698 76 10.9
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Beach 5

(Praia 

Grande –

Ocian)

10 

years
1005 231 23.0

Grande –

Ocian)

> 10 years 409 53 13.0

Ocian) All 1414 284 20.1

TOTAL 10 

years
4087 619 15.1

> 10 years 1465 112 7.6

All 5552 731 13.2
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Figure S1. Rates of NGI (cases per 1000) amongst non-children (>10 years of age) and children 

( 10 years of age) at each study beach between 2004 and 2015. The line in the middle of the box 

and the upper and lower edges of the box represent the median, 75th, and 25th percentiles for the 

NGI rates in each category, respectively. The T-bars extending from the box represents the NGI 

rate ranges and the points represent the 5th and 95th percentile outliers. 
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Figure S2. Weekly average enterococci concentrations (CFU/100ml) across all beaches between 

2004 and 2015
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Figure S3. Weekly risk differences for all swimmers between 2004 and 2015 at beaches 1, 2, 3, 

and 5
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