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Abstract

Objectives: The Galápagos provides an important setting to investigate the health impacts of a 

new drinking water treatment plant (DWTP) in a limited resource environment. We examine how 

household perceptions and practices affect the relationship between water quality and infections 

before and after DWTP.

Methods: Ethnographic data and self-reported infections were collected from 121 mothers and 

168 children ages 2-10 from Isla San Cristóbal. Household tap water samples were tested for 

levels of fecal contamination. Community level infection rates were estimated using discharge 

records from the Ministry of Public Health. The effects of the new DWTP and fecal contamination 

levels on infections were tested using logistic and Poisson models.
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Results: Perceptions of water quality and household practices influenced exposures to 

contaminated tap water. We found minimal change in drinking water sources with 85% of 

mothers sampled before the DWTP and 83% sampled after using bottled water, while >85% 

from the pooled sample used tap water for cooking and hygiene practices. The DWTP opening 

was associated with lower odds of fecal contamination in tap water, reported urinary infections, 

and community level rates of urinary and gastrointestinal infections. The household practice of 

recently washing the cistern contributed to higher contamination levels after the DWTP opened.

Conclusions: To ensure access to clean water, public health works need to consider how 

household perceptions and practices influence tap water use and quality, in addition to 

infrastructure improvements. Exposures to contaminated tap water contribute to the burden of 

infectious disease in environments with inadequate water infrastructure.
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INTRODUCTION

The United Nations “recognizes the right to safe and clean drinking water and sanitation 

as a human right that is essential for the full enjoyment of life and all human rights” (UN, 

2010:2). The World Health Organization (WHO) estimated that inadequate water, sanitation 

and hygiene (WASH) caused 829,000 deaths in 2016 and that improved infrastructure and 

access to WASH could lessen the global burden of disease by 10% (WHO, 2016). The Joint 

Monitoring Programme (JMP) between WHO and UNICEF introduced new indicators of 

safely managed drinking water and sanitation towards the achievement of the 2030 Agenda 

for Sustainable Development Goal (SDG) 6 on “access to safe and affordable drinking 

water” (UN, 2018:11; WHO and UNICEF, 2017). The new standard for safely managed 

drinking water is free of fecal contamination, available when needed, and accessible at 

home. However, the SDG-6 Synthesis Report 2018 on Water and Sanitation stated that 

countries are not on track to meet these targets, citing renewed challenges to ensure water 

safety and improve water quality among basic services, with 2.1 billion people lacking 

access to safely managed water (UN, 2018). The report called for national governments to 

adapt targets for local conditions and provide improved monitoring, yet it is not clear how 

are these targets will be implemented in limited resources environments.

In Ecuador between 2000 and 2015, access to basic water services grew from 83% to 

93%, and safely managed drinking water rose from 66% to 74%, according to the JMP 

report (WHO and UNICEF, 2017). Ecuadorians with basic sanitation services increased 

from 71% to 86%, yet safely managed sanitation services remained constant at 42%. The 

Galapágos Archipelago is an important research setting to investigate the health effects of 

improved water since access to clean water is a major public health concern (Page, Bentley, 

& Waldrop, 2013; Walsh et al., 2010). With only two fresh water sources in the highlands 

of Isla San Cristóbal, the availability of water has historically been a pressing issue for the 

four populated islands (Liu & d’Ozouville, 2013). Located more than 700 miles from the 

Ecuadorian coast, providing and maintaining adequate water and sanitation infrastructures to 

the 25,000 residents and over 200,000 yearly tourists can be challenging (INEC, 2015; 
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Schep, Ruesen, Lujan Gallegos, Van Beukering, & Botzen, 2014). In 2010, 90% of 

households on Isla San Cristóbal received piped water from the municipality (CGREG & 

INEC, 2010), yet the water treatment facility was not operational. Residents viewed the 

piped water as unsafe and contaminated, relying on bottled water for drinking and using the 

contaminated municipal water for household purposes (Guyot-Tephany, Grenier, & Orellana, 

2013). In 2010, 75% of households on the island had toilets connected to the municipal 

sewer system and an additional 23% connected to septic tanks (CGREG & INEC, 2010), 

yet the waste water treatment facility was also not operational and untreated sewage water 

was drained into the ocean (Gerhard, Choi, Houck, & Stewart, 2016). During this time, the 

island’s public hospital reported high rates of water-borne illnesses and other gastrointestinal 

(GI) infections consistent with fecal bacteria exposure (CGREG, 2010).

In August to September of 2013, the municipality on Isla San Cristóbal opened a new, 

modern drinking water treat plant (DWTP) to replace the previous ineffective system. With a 

safely managed, properly functioning DWTP, fecal contamination should not be detectable, 

water should be clean and the health risk of water-borne illnesses at should be low (WHO, 

2011). Recent work examining levels of fecal contamination in the municipal distribution 

network before and after the new DWTP demonstrated marked improvements, but sporadic 

contamination persisted at the household level (Gerhard, Choi, Houck, & Stewart, 2016).

The interaction between behavior and environment is a main component of the WHO 

framework for WASH interventions (WHO, 2018). Disease transmission is determined by 

the interaction between lifestyles or practices and environment, and interventions must 

incorporate an understanding of local behaviors (Fink, Günther, & Hill, 2011; Fisher, Kabir, 

Lahiff, & MacLachlan, 2011). In keeping with the UN’s recommendation of implementing 

and monitoring water improvements at the local level, we aimed to evaluate the health 

impacts associated with improvements in water quality on Isla San Cristóbal brought by 

the new DWTP. Our study focused on points of water exposures within the household, and 

incorporated community level data collected from public health centers.

Using a biocultural perspective, we investigated household perceptions and practices 

concerning water quality and use in order to contextualize the link between contaminated 

water, exposures and infections. This paper 1) describes how households use the municipal 

tap water and their perceptions of water quality before and after the DWTP, 2) analyzes 

levels of fecal contamination in household tap water before and after the DWTP, and 

determines what additional household factors influenced tap and drinking water quality, 3) 

tests the relationships between self-reported urinary and GI infections before and after the 

DWTP and levels of fecal contamination in tap and drinking water, and 4) examines changes 

in community level urinary and GI infections before and after the new DWTP.

SAMPLE AND METHODS

Cross-sectional household data were collected over two field seasons that fell before and 

after the new DWTP began operation in August-September 2013. We used a convenience 

sample of children 2-10 years old and their mothers in 12 neighborhoods in Puerto 

Baquerizo Moreno, which constitutes the urban populated area of the island of San 
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Cristóbal. Sixty-one mothers and their 82 children were interviewed during the first field 

season between June and July 2013, and an additional 60 mothers and their 86 children 

were interviewed during second field season between February and March 2014. A small 

subsample of 29 mothers from the first field season were revisited during April 2014 to 

examine longitudinal tap water quality. This study received approval for human subject 

research by the University of North Carolina, Chapel Hill (UNC-Chapel Hill) and the local 

review board at the Universidad San Francisco de Quito.

Data collection methods and analyses are described elsewhere (Houck, 2017). Briefly, levels 

of fecal contamination in household water were tested for the presence and most probable 

number (MPN) of Escherichia coli using the culture-based IDEXX Colilert test (IDEXX 

Laboratories, Inc. Westbrook, Maine). One sample of tap water was analyzed from each 

household surveyed during both field seasons to determine water quality before and after 

the DWTP. Tap water samples from a subset of households from the first field season were 

collected and tested after the DWTP opened to examine longitudinal tap water quality. 

Samples of drinking water were collected from the source (bottled, boiled tap or filtered 

tap) during the first field season only and analyzed for fecal contamination. Household 

tap and drinking water quality was defined according to the WHO, levels <1 E. coli MPN/

100mL water are at low health risk for the community, 1-10 E. coli MPN/100mL are 

intermediate risk, >10 E. coli MPN/100mL are high risk (WHO, 2011).

Using data from mothers’ interviews, household water use measures were created, including 

the source of water used for drinking, cooking, washing dishes, laundry, hand washing and 

bathing. Questions regarding the source of water for cleaning produce and brushing teeth 

were added during the second field season. We noted the presence of a toilet and its location 

inside or outside of the home to assess sanitation and classified the facilities as improved or 

unimproved. We asked mothers how often their children washed their hands with soap and 

water after using the bathroom, and whether children bathed inside or outside of the house. 

Mothers were asked about the municipal tap water quality, how they received and stored 

municipal water, and treatment practices. After the first field seasons had begun, questions 

were added concerning cistern cleaning practices, such as physically cleaning (emptying and 

washing) the cistern and adding chlorine. During the second field season, we asked whether 

the household was notified that the municipal tap water was potable. Lastly, mothers were 

asked if they or their children experienced symptoms of urinary infection, such as painful 

urination or increased frequency, or diarrhea or vomiting indicating GI infection within the 

past two weeks.

Community level infection data for Galápagos came from the study of Egresos hospitalarios 
y perfil de morbilidad hospitalaria del Sistema Nacional de Salud, which contains all in-/

out-patient admission records and diagnoses from every public hospital, clinic and health 

post, compiled by the Ministerio de Salud Pública (MSP) or Ecuadorian Ministry of Public 

Health. Since treatment at public hospitals and clinics is free of charge and because there 

were few private doctors on the island, the majority of residents who sought medical care 

would have been captured in this database. Special permission to access these data was given 

by the Galápagos MSP and the analyses received human subject research approval by the 

Institutional Review Board at UNC-Chapel Hill.

Houck et al. Page 4

Am J Hum Biol. Author manuscript; available in PMC 2021 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cases of urinary and GI infections were summarized using relevant diagnoses from the 

MSP data for 2013 to 2014 from Isla San Cristóbal, as the main focus of the study, and 

from Isla Santa Cruz as a comparison. Cases of diarrhea, gastroenteritis, and intestinal 

infections caused by protozoa, helminths, bacteria or viruses were recorded as GI infections. 

Urinary tract infection diagnoses were recorded as urinary infections. Individuals who were 

repeatedly seen for the same type of infection within a two-month period were only counted 

as one case. Rates of urinary and GI infections were calculated using population estimates 

from the special 2015 population and household census for Galápagos (INEC, 2015).

Statistical analysis

Household survey data: Non-parametric tests of association were used to evaluate 

variables influencing tap and drinking water quality, and reported infection. We used logistic 

regression to estimate the odds ratios of households sampled during the second field season 

(referent: first season) on experiencing high levels of fecal contaminated water (>10 E. coli 
MPN/100mL of water) and self-reported GI and urinary infections separately, adjusted for 

sanitation type. Logistic models were also used to calculate the odds ratios of high levels 

of fecal contaminated water (>10 E. coli MPN/100mL of water) on risk of GI and urinary 

infections. All infection models were stratified by mothers and children and adjusted for 

sanitation type and age, along with sex and clustering at the household level for children.

Community infection rates: Poisson regression models were used to estimate the 

independent effects of the DWTP opening (after DWTP October 2013-December 2014; 

referent: before DWTP January-September 2013) on monthly urinary and GI infections by 

island, adjusted for the rainy season (January to April).

RESULTS

Water usage from household survey:

All households in our study received municipal water by pipe or sometimes water truck, 

which was typically stored in above-ground plastic or concrete cisterns and distributed into 

the home for use by faucets. Mothers used the municipal tap water for household cleaning 

such as washing dishes and laundry, and a few used collected rainwater when available. 

However, 11% used bottled or filtered water for cooking purposes and 15% of mothers 

(from the second field season) used treated tap water (either boiled, filtered or disinfected) 

for cleaning fruits and vegetables (Table 1).

Most mothers reported that they used tap water for family hygiene behaviors of hand 

washing and bathing. When asked about the frequency of hand washing of their children, 

mothers reported that 64% always wash, 15% frequently wash and 21% sometimes or rarely 

wash with soap after using the toilet. Approximately 14% of children bathed outside of the 

house, often in separate containers or tubs using the tap water. Only one mother said she 

used filtered water for bathing her children. Among children from the second field season, 

87% used household tap water for brushing teeth, while 13% used filtered or bottled water.
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Household sanitation facilities:

All households in our study had improved sanitation facilities, 83% inside the home and 

17% outside (Table 1). Since the sewage waste facility was not operational during the time 

of study, they would not be considered safely managed according to JMP classification 

(WHO and UNICEF, 2017).

Perceptions and practices concerning household tap water quality:

When asked about the quality of the municipal water households received, all mothers from 

the first field season reported that the water was contaminated and not suitable for drinking 

(Table 2). Among mothers from households sampled after the DWTP opened, 50% said it 

was potable, 27% heard it was potable, 17% did not know and 7% responded that it was 

unsafe for drinking. Of the 30 mothers who said it was potable, 25 of them reported that 

they were notified of this by the municipality. Approximately 91% of mothers from the first 

field season reported that they added chlorine to their cisterns compared to 70% during the 

second field season. Among households from the first field season, 57% reported that they 

had physically emptied and washed their cistern within the last month compared to 41% 

from the second field season.

Drinking water source and quality:

There were few differences in drinking water sources between the two field seasons with 

85% of households using bottled water prior to the DWTP and 83% after (Table 2). 

Approximately 12% before and 13% after used boiled or filtered tap water, and only 3% 

of households relied on untreated tap water during both field seasons. During the first 

field season, 77% of households had low fecal contamination levels in drinking water, 10% 

had intermediate levels and 13% had high levels (Figure S1). We found no significant 

differences in fecal contamination levels based on drinking water source (p>.05). There were 

also no significant relationships between drinking water contamination levels and reported 

infections (p>.05).

Household tap water quality before and after water treatment facility:

Based on the longitudinal water quality data from the 29 households that were visited before 

and after the DWTP opened, 83% went from high to low fecal contamination, 10% remained 

at intermediate levels and 7% remained at high levels (p<.001) (Figure S2).

Based on the cross-sectional data, 79% of households sampled prior to the DWTP had high 

fecal contamination levels in tap water, which was significantly reduced to 7% after the 

DWTP opened (p<.001) (Figure 1). Yet, the proportion of household tap water samples 

with intermediate levels rose slightly from 15% to 17%, signifying that contamination was 

still occurring. Based on the WHO standards, 77% of households had safe levels following 

the opening, compared to only 7% prior. Logistic regression demonstrates that households 

sampled after the DWTP opened had significantly lower odds of highly contaminated water 

>10 E. coli MPN/100mL (OR 0.02, 95%CI 0.01-0.06) than households sampled before 

(Table 3).
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After the DWTP opened, 2% of the households that used chlorine treatment (n=41) had 

high contamination levels, compared to 17% who did not add chlorine to their cisterns 

(n=18) (p=.062) (Figure 1). Among the households that physically washed their cistern 

within the last month of the study (n=36) 36% had high levels of fecal contamination, 

compared to 27% that washed the tank between 1-12 months ago (n=33). Among those that 

had never cleaned their tank or had cleaned it more than a year ago (n=10), 90% had low 

contamination levels and no households had high fecal contamination levels (p=.041).

Self-reported infections before and after water treatment:

Based on the cross-sectional data before the DWTP, 41% of mothers sampled reported 

urinary infections, which was significantly reduced to 15% following the opening (p=.002) 

(Figure 2A). Among children, reports of urinary infections also dropped from 15% to 

2% following the DWTP opening (p=.004). Logistic models demonstrate that households 

sampled after the DWTP opened had significantly lower odds of reported urinary infection 

among mothers (OR 0.22, 95%CI 0.09-0.57) and children (OR 0.08, 95%CI 0.02-0.39) 

(Table 3).

Self-reported GI infection among mothers significantly increased from 7% before to 

18% after the DWTP opened (p=.044), while rates of GI infections among children 

decreased from 26% to 21%, yet not significantly (Figure 2A). Logistic regression found 

no association between GI infections before and after the opening of the DWTP among 

mothers or children (Table 3).

Self-reported infections and fecal bacterial contamination in household tap water:

In the pooled cross-sectional sample, mothers from households with high fecal 

contamination levels in tap water reported significantly higher rates of urinary infection 

at 42%, compared to 17% from households with lower fecal contamination (≤10 E. coli 
MPN per 100mL) (p=.002) (Figure 2B). Similarly, 14% of children from households with 

high contamination levels reported urinary infections, whereas only 4% of households with 

lower levels reported urinary infections (p=.024). Belonging to a household with high fecal 

contamination in tap water increased odds of reporting urinary infections among mothers 

(OR 3.84, 95%CI 1.62-9.11) and children (OR 4.95, 95%CI 1.50-16.41) (Table 3).

Among mothers from households with high fecal contamination levels in tap water, 10% 

reported GI infections compared to 14% among households with lower levels, yet these 

differences were not significant (Figure 2B). However, 31% of children from households 

with high contamination levels reported GI infections compared to 18% from households 

with lower levels (p=.039). High contamination levels in household tap water were not 

significantly associated with GI infections among mothers and were marginally associated 

with higher odds in children (OR 1.95, 95%CI 0.92-4.15) (Table 3).

Community level infections treated by the MSP health centers:

There was considerable monthly variability over time in GI infections on both islands, 

and urinary infections on Santa Cruz, resulting in overall declines in urinary and GI cases 

(Figure 3). Following the DWTP opening in August-September 2013, the mean monthly rate 
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of urinary infections declined from 0.04 to 0.02 per 1,000 people on San Cristóbal and 0.09 

to 0.07 on Santa Cruz (Figure S3). Monthly rates of GI infections also fell from 0.20 to 0.12 

per 1,000 people on San Cristóbal and 0.18 to 0.15 on Santa Cruz after the DWTP. Poisson 

models indicate significant declines following the opening of the DWTP on both islands, 

independent of seasonal effects (Table 4). The negative effects of the DWTP opening on 

monthly urinary (β −0.67, SE 0.07 p<.001) and GI (β −0.69, SE 0.04 p<.001) cases were 

greater on Isla San Cristóbal, compared to Isla Santa Cruz (β −0.45, SE 0.04 p<.001 and β 
−0.37, SE 0.03 p<.001, respectively).

DISCUSSION

The greatest health impact associated with the opening of the DWTP was significantly 

reduced odds of self-reported urinary infections in mothers and children. At the community 

level on Isla San Cristóbal, the DWTP opening was associated with significantly lower cases 

of urinary infections treated at public health centers, with a smaller effect size observed 

on Isla Santa Cruz. Supporting these findings, mothers and children from households 

with high fecal contamination levels had higher odds of urinary infection. Bathing or 

showering in contaminated water may allow for fecal bacteria to enter the urinary tract. 

There are limited studies examining bathing or swimming in fecal contaminated water 

and community-acquired urinary infections, yet exposure to Pseudomonas aeruginosa in 

contaminated hot tubs have been reported to cause urinary infections (Mena & Gerba, 2009; 

Salmen et al., 1983).

Additional ecological factors can increase risk of urinary infection when exposed to 

fecal bacteria, which may contribute to the higher overall rates in Galápagos. Studies 

have suggested that populations with unsafe drinking water have higher consumption of 

sweetened beverages such as bottled juice and sodas (Barquera et al., 2010; Piernas, 

Barquera, & Popkin, 2013), which can worsen dehydration and increase the risk of urinary 

infections (Beetz, 2003; García-Arroyo et al., 2016). Mothers in our sample reported higher 

rates of infection than children, which may be due to sexual activity or recurrent infections 

(Tandogdu & Wagenlehner, 2016). Ecuador and other Latin American countries have high 

rates of multidrug-resistant urinary tract E. coli isolates, which could be contributing to the 

elevated levels of infection (Salles et al., 2013).

We speculate that urinary infections such as asymptomatic bacteriuria in children may go 

unreported, as symptoms are less obvious, especially among infants and younger children 

(Nicolle et al., 2005). As a consequence of inadequate water and sanitation infrastructure in 

resource poor environments, diarrheal disease, parasitic infection and environmental enteric 

dysfunction are the main research foci in improving childhood health and development. We 

suggest a complementary focus on investigating the causes and consequences of urinary 

infections as they contribute to the burden of disease and immune activation in these 

environments.

The strength of this study was the biocultural context provided by the household survey, 

without it the community-level analyses of water quality and infections offer a limited 

understanding of the health impacts of the DWTP on the island. Based on data from the 
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MSP, we found evidence of a decline in cases of urinary and GI infections after the DWTP, 

yet attributing these reduced rates to the DWTP opening is problematic. Santa Cruz also 

experienced significant improvements in rates of infection without a functioning DWTP 

during the same time period. Water-borne infections, especially childhood diarrhea can 

be driven by climatic conditions such as rainfall through the contamination of drinking 

water sources (Carlton et al., 2014; Levy, Woster, Goldstein, & Carlton, 2016). Some 

studies indicate that urinary tract infections also show seasonal variability (Anderson, 1983; 

Simmering, Tang, Cavanaugh, Polgreen, & Polgreen, 2017). We found that seasonal effects 

partially explain the patterning of rates due to the rainy season. More research is necessary 

to determine how environmental factors such as flooding, temperature and humidity interact 

with water quality and availability, and influence community level infections in Galápagos.

Previous work documented considerable improvements of water quality in the finished 

water (output) from the DWTP on Isla San Cristóbal; yet, fecal contamination persisted 

at the household level (Gerhard et al., 2016). A global review of fecal contamination 

in improved (piped) versus unimproved sources found significantly lower odds of fecal 

contamination, yet 38% of the almost 200 sites with improved sources were contaminated 

(Bain et al., 2014). Municipal tap water quality data from our study demonstrated significant 

improvements associated with the opening of the DWTP on Isla San Cristóbal, yet 

infrastructure and household factors also influenced persistent levels of contamination. In 

over 20 years in the United States, problems with the public water distribution system have 

caused 21 thousand cases of infections (Craun & Calderon, 2001). In global areas with 

limited urban planning, the construction of sewerage and water line networks are sometimes 

laid together, allowing for cross contamination if pipes break or for back-siphoning related 

to low pressure (Lee, Lee, Schwab, & Schwab, 2005; Moe & Rheingans, 2006). With the 

completion of the new DWTP on Isla San Cristóbal, the municipality began replacing the 

water distribution network, although at the time of this study the basic sewage waste water 

remained untreated (Gerhard et al., 2016).

Our investigation of household level factors concerning perceptions and practices of 

water quality and water use provided the background to explain the persistent levels of 

contamination and their link to health outcomes at the community level. The household 

practice of regularly adding chlorine to the cistern provided an additional protective effect 

in decreasing high fecal contamination levels after the DWTP. In limited resource settings, 

home chlorination interventions have been associated with dramatically reduced rates of 

self-reported diarrhea (Fagerli et al., 2017; Mengistie, Berhane, & Worku, 2013). In contrast, 

households that reported that they washed their cistern within the last month, or even 

less than a year ago had high levels of fecal contamination, which were not present in 

households that washed their cistern over a year ago or had never washed it. This pathway 

of contamination may be caused by transferring fecal bacteria by hand. Numerous studies 

have demonstrated the relationship between poor hand hygiene, water contamination and 

childhood diarrhea (Ercumen et al., 2017; Ngure et al., 2013; Pickering et al., 2010). 

Intervention and education programs on water quality need to address infrastructure 

improvements along with household practices to ensure access to clean water (Fisher et 

al., 2011).
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We also found a mismatch between perceptions of municipal water quality after the DWTP 

opened and drinking water practices. After the opening, the majority of mothers reported 

that the tap water was potable or that they heard it was, with close to half being notified 

by the municipality. Despite this, there was little to no change in reported drinking water 

sources between the two field seasons. A water study in Galápagos from 2011 suggested 

that water use is based on the community’s perception of worth, where drinking water has 

high economic value and high quality, compared to piped water with little value and poor 

quality (Guyot-Tephany et al., 2013). This may explain why even though mothers were told 

by the municipality or others that the tap water was safe to drink the community had not 

changed its perception of water quality. Public perceptions of water quality seems to be a 

stable concept over time that greatly influences drinking water behaviors globally (Doria, 

Pidgeon, & Hunter, 2009).

In addition to poor drinking water quality, habitual exposure to fecal contamination in 

household tap water through daily activities may also contribute to the burden of infection 

in low resource environments. Improvements in water quality used for household cleaning 

and hygiene greatly reduced rates of diarrhea by 26% and ascariasis infection by 29% in a 

review of 144 studies (Esrey, Potash, Roberts, & Shiff, 1991). Mothers in our study relied on 

the municipal tap water for daily household cleaning practices and family hygiene behaviors 

that could result in exposure, since 24% of households had unsafe fecal contamination levels 

after the DWTP opened. Likewise, showering, bathing or brushing teeth with tap water can 

result in small amounts being swallowed, in addition to being inhaled (McKone & Daniels, 

1991; Weisel & Jo, 1996).

Children from the household survey had higher rates of GI infections compared to mothers, 

which is similar to other studies that have suggested that children are more vulnerable to 

unhealthy environmental conditions (Sly & Flack, 2008; Wild & Kleinjans, 2003). This 

may be due to the development of the immature immune system and gut microbiota 

(Koenig et al., 2011; Thompson, 2012), and behavioral conditions such as poor hygiene 

and putting fingers in their mouths (Ngure et al., 2013; Xue et al., 2007). Exposures to 

fecal contamination causing GI infections can also occur at schools (Jasper, Le, & Bartram, 

2012). Bacterial and parasitic intestinal infections have critical growth and development 

implications for Ecuadorian children, who by the age of 2, exhibited a 90% prevalence of 

enterotoxigenic E. coli antibody titers (Brüssow et al., 1990).

The application of a mixed methods approach improved our understanding of the link 

between water quality and reduced infection rates associated with the new DWTP on the 

island of San Cristóbal. However, several limitations of this work must be considered. 

This observational study was not prospective in design around the DWTP and cannot draw 

causal links between water quality and health outcomes. The small sample size for each 

field season and the limited longitudinal data before and after the DWTP opened constrain 

statistical inference about the effects of improved water quality. Yet, we were able to 

establish a significant association between higher levels of fecal contamination in household 

tap water and self-reported urinary tract infections. Linking these self-reported infections 

to biomarkers of immune function and urinalysis will be an interesting next step in this 

research.
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Community level infection rates were calculated from the MSP monthly diagnostic cases, 

and the Ecuadorian census for Galápagos does not provide person-month estimates for 

the islands, which can fluctuate given migration and employment conditions (Epler, 2007; 

Taylor, Hardner, & Stewart, 2009). Having only eight months of MSP data before the DWTP 

opening limits our understanding of the exogenous negative trends in cases of infection 

on both island prior to the DWTP. We speculate measurement error may account for a 

proportion of the declines as the MSP began using a computer-based patient record system 

in January 2013 and diligence of data entry may have decreased over time. In addition, 

changes in treatment seeking behavior may have changed and these data only captured cases 

treated in the public health system on the islands, excluding cases treated at home, on the 

mainland or untreated.

CONCLUSION

Access to clean water is a human right, yet solely providing improved water sources such 

as piped water does not alone ensure healthy conditions. The case on Isla San Cristóbal is a 

crucial example of this paradox as the previous water treatment facility was not functioning 

and the new DWTP produced safe water but still did not ensure universal access to safe 

drinking water at the point of use. At first glance, municipal improvements in drinking 

water quality seemed to underlie the significant community level declines in GI and urinary 

infections. Anthropological investigation of household perceptions and practices provided 

vital insight into water quality and exposures to contaminated household tap water, showing 

that the majority of the population relied on purchasing clean bottled water for drinking. 

Habitual exposures to contaminated household tap water through household cleaning and 

hygiene behaviors were linked to risk of urinary infections in mothers and children. The 

implications of this work is two-fold. First, in understanding and ensuring access to clean 

water, public health works need to consider how household level perceptions and practices 

influence water quality and water use, in addition to infrastructure improvements. Second, 

we propose that daily exposures to contaminated non-drinking tap water and their link to 

urinary tract infections are crucial factors missing in research on the burden of infectious 

disease in poor resource environments with inadequate water and sanitation infrastructure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Water treatment and handling factors influencing household tap water quality on Isla San 

Cristóbal. Note: * p < .05 ***; p < .001
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Figure 2: 
Self-reported infections among mothers and children on Isla San Cristóbal including (A) 

infections before and after installation of a new drinking water treatment plant, and (B) 

infections in households with fecal contamination detected in household tap water. Note: * p 
<.05; ** p <.01; *** p <.001
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Figure 3: 
Monthly infection cases on Isla San Cristóbal and Isla Santa Cruz
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Table 1.

Sample characteristics of the household survey

Mothers
n=121

Children
n=168

Demographics

Sample, % before H2O treatment (n) 50.4 (61) 48.8 (82)

% after H2O treatment (n) 49.6 (60) 51.2 (86)

Mean age, years (SD) 30 (8) 6 (3)

Sex, % female (n) 100 (121) 48.2 (81)

Water sources for household usage

Cooking water source, % tap (n) 89.3 (108)

% bottled or filtered (n) 10.7 (13)

Cleaning produce water source
a
, % tap (n) 85.2 (52)

% boiled tap (n) 4.9 (3)

% filtered tap (n) 8.2 (5)

% disinfectant (n) 1.6 (1)

Sanitation

Sanitation, % improved inside home (n) 82.6 (100)

% improved outside home (n) 17.4 (21)

Hygiene behaviors

Hand washing, % always (n) 63.7 (107)

% frequently (n) 14.9 (25)

% sometimes or rarely (n) 21.4 (36)

Bathing location, % inside (n) 85.7 (144)

% outside (n) 14.3 (24)

Brushing teeth water source
a
, % tap (n) 87.4 (76)

% filtered or bottled (n) 12.6 (11)

a
Only for the 2nd field season
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Table 2.

Perceptions and practices on Isla San Cristóbal concerning household water quality

Before H2O treatment
n=61

After H2O treatment
n=60

Municipal water potable
a
, % no (n) 100 (60) 6.7 (4)

% yes (n) 0 50 (30)

% heard it was (n) 0 26.7 (16)

% do not know (n) 0 16.7 (10)

Notified by municipality 
b
, % yes (n) - 48.1 (25)

% no (n) - 51.9 (27)

Chlorine treatment in cistern 
c
, % yes (n) 91.3 (21) 69.5 (41)

% no (n) 8.7 (2) 30.5 (18)

Physical washing cistern 
c
, % <month (n) 57.1 (12) 41.4 (24)

% month-year (n) 42.9 (9) 41.4 (24)

% >year or never (n) 0 17.2 (10)

Drinking water source, % bottled (n) 85.2 (52) 83.3 (50)

% boiled tap (n) 4.9 (3) 6.7 (4)

% filtered tap (n) 6.6 (4) 6.7 (4)

% untreated tap (n) 3.3 (2) 3.3 (2)

a
Mother’s perception of municipal water quality

b
From 2nd field season only

c
Question was not asked of entire sample from the 1st field season
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Table 3.

Adjusted odds of high fecal contamination in tap water and reported infection by household water quality 

factors

Households
a

Mothers
b

Children
c

High fecal levels
c

Urinary infection GI infection Urinary infection GI infection

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Model set A

After water treatment
d 0.02 (0.01, 0.06)*** 0.22 (0.09, 0.57)** 3.15 (0.90, 11.07) 0.08 (0.02, 0.39)** 0.79 (0.36, 1.72)

Model set B

High fecal levels
e

- 3.84 (1.62-9.11)** 0.66 (0.20, 2.25) 4.95 (1.50-16.41)** 1.95 (0.92, 4.15)

a
Model adjusted for sanitation

b
Models adjusted for sanitation and age

c
Models adjusted for sanitation, age, sex and clustering at the household level

d
Modeling the effects of households sampled during the 2nd field season

e
Modeling the effects of households with high levels of fecal contamination (>10 E. coli MPN per 100mL) on the pooled sample

**
p < .01

***
p < .001
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Table 4.

Results for Poisson models after the DWTP on MSP cases of community infections

Urinary infection models GI infection models

Coefficient SE
a P value Coefficient SE

a P value

San Cristóbal

After DWTP
b −0.67 0.07 0.000 −0.69 0.04 0.000

Rainy season
c 0.28 0.07 0.000 0.41 0.04 0.000

Santa Cruz

After DWTP
b −0.45 0.04 0.000 −0.37 0.03 0.000

Rainy season
c −0.13 0.04 0.003 0.26 0.03 0.000

a
Standard error

b
Drinking water treatment plant

c
January to April
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