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a b s t r a c t

The Sustainable Development Goals recognize that the availability and quality of improved water sources
affect how households use and benefit from these sources. Although unreliability in piped water supplies
in low- and middle-income countries (LMICs) has been described, few studies have assessed household
coping strategies in response to unreliable water supplies and associated health outcomes. We charac-
terized unreliability in the piped water supply of the town of Borb�on, Ecuador over the twelve years
following a major upgrade, as well as household coping strategies and associations with diarrhea. We
examined trends in primary and secondary drinking water sources, water storage, and water treatment
using longitudinal data collected from 2005 to 2012. In 2017, a follow-up survey was administered
(N¼ 202) and a subset of 84 household water samples were tested for chlorine residual levels and mi-
crobial contamination.

From 2005 to 2017, access to a household water connection increased from 19.4% to 90.3%. However,
reliability decreased over time, as in the latter half of 2009, households had access to piped water 79% of
the time, compared to 63% by 2017. Piped water samples were highly contaminated with total coliforms
(100% of samples) and Escherichia coli (89% of samples).

From 2005 to 2017, households less likely to report drinking water treatment (50.6%e5.0%). And from
2009 to 2017, bottled water was increasingly consumed as the primary drinking water source (18.8%
e62.4%). From 2005 to 2012, having a household connection was not statistically significantly associated
with diarrhea case status (OR: 0.86 95%CI: 0.53, 1.39). Neither household water treatment nor bottled
water consumption were negatively associated with diarrhea. Increased water storage was associated
with diarrhea (OR: 1.33 per 10L of water stored, 95%CI: 1.05, 1.69).

Household water treatment, and consumption of purchased bottled water, two coping strategies that
households may have undertaken in response to an unreliable water supply, were not associated with a
reduced likelihood of diarrhea. These data suggest a need to understand how impoverished rural
households in LMICs respond to unreliable water supplies, and to develop heath messaging appropriate
for this context.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Creating sustainable water systems for rural communities in
hnson, 1996)School of Public
Arbor, MI, 48109-2029
low- and middle-income countries (LMICs) has been a persistent
challenge for the development sector. From 1990 to 2015, 2.6 billion
people gained access to improved drinking water (WHO/UNICEF
Joint Monitoring Programme for Water Supply and Sanitation,
2017). However, in setting and monitoring the 2030 Sustainable
Development Goals, the international development community
acknowledged that the availability, accessibility, and quality of
improved water sources d including piped water supplies d is
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variable. Globally, 17% of the world’s population uses an improved
water source defined as ‘basic’, in that it may not always be avail-
able when needed and may not be free from contamination (WHO/
UNICEF Joint Monitoring Programme for Water Supply and
Sanitation, 2017). Over a billion of these individuals may rely on a
piped water system that is intermittent (Bivins et al., 2017). And,
even as access to piped water increases globally, the reliability of
piped water supplies, based on the average hours of supply pro-
vided, may be declining in some parts of the world (Thompson
et al., 2001). In Latin America, Africa, and Southeast Asia, a third
or more of piped water supplies (WHO and UNICEF, 2000) were
estimated to be available for fewer than 24 h per day in the year
2000 (Bivins et al., 2017; Kumpel and Nelson, 2016). As rapid ur-
banization stresses resources for providing drinking water, the
number of people receiving piped water intermittently is also
predicted to increase (Kumpel and Nelson, 2016).

Unreliable water supplies may fail to provide health benefits
(Adane et al., 2017; Ercumen et al., 2014; Hunter et al., 2009;
Trudeau et al., 2018; Wolf et al., 2014). Here we assess “reliability”
though dimensions of 1) intermittency (i.e. how often water is
supplied), 2) quality, and 3) user satisfaction. Intermittency of
supply and inadequate chlorination are risk factors for microbial
contamination (Craun et al., 2010; Ercumen et al., 2014; Grady et al.,
2015; Lee and Schwab, 2005; Shaheed et al., 2014; Trudeau et al.,
2018). Unreliable water supplies may also drive users towards
coping mechanisms (Majuru et al., 2016) including increased water
storage, increased home treatment of water, and increased pur-
chasing of water. The coping strategies households adopt are
influenced by socio-economic status, the extent of unreliability, and
other factors (Majuru et al., 2016). However, relatively few studies
have investigated the impact of these coping strategies on diarrheal
disease.

Similar to the global trend, there remains significant discrep-
ancy in access to safe water between urban and rural parts of
Ecuador. In 2015, 84% of the urban population in Ecuador had access
to safely managed water, compared to only 55% of the rural pop-
ulation (World Bank, 2018). Ecuador also grapples with the chal-
lenge of keeping installed water supply infrastructure functioning.
A 2006 study found that up to 38% of rural potable water systems
were at major risk or had poor prospects for sustainability, based on
a consideration of economic, organizational, political, social, tech-
nical and environmental factors. This evaluation also noted that
systems at most serious risk were those in towns in the northern
border regions of the country (CARE, 2006).

In this study we evaluate changes in piped water access and
intermittency and household level responses over 12 years in the
rural northern coastal town of Borb�on, Ecuador. The community-
managed water distribution system of this town was built in the
late 1990s and was substantially upgraded in 2006 as part of the
United States Agency for International Development (USAID)
Northern Border Program (USAID, 2009). Water is pumped from
Fig. 1. Conceptual Diagram.
Intermittent access directly increases contamination, which may lead in turn to diarrheal d
storage, treatment, or to rely more on secondary or alternative drinking water sources. T
consuming contaminated drinking water.
the river below the confluence of the Santiago and Cayapas rivers,
immediately upstream of the main population center. The plant is
run by a community-led water committee, who receive technical
assistance from the regional government. Chlorine and aluminum
sulfate are added centrally, although supplies are not always
available or may be used in less-than-recommended quantities.
Chlorine residuals are not routinely monitored.

The objectives of this study were to examine how access to an
unreliable water supply relates to household behaviors around
water use, and to assess the association between access to an un-
reliable system, household water use behaviors, and diarrheal
disease (Fig. 1).

2. Materials and methods

The town of Borb�on is situated at the convergence of the San-
tiago, Cayapas, and Onzole rivers, as well as on the highway
approximately midway between the major cities of Esmeraldas and
San Lorenzo. Borb�on is therefore a regional center for neighboring
villages, although the permeation of road networks into the region
over the past two decades has decreased its relative centrality. In
2001, the national census of Ecuador estimated the population in or
study site to be around 6,203 individuals (approximately 1,200
households) (Instituto Nacional de Estadistica y Censos, 2001). A
2018 census by the study team identified 930 households (personal
communication, J.N.S. Eisenberg), which suggests that the popu-
lation of the town did not increase significantly over the study
period of 2005e2017. Anecdotally however, several small villages
outside of Borb�on proper were connected to the water system
during this time, increasing the total number of households
receiving water through the system to around 1,800 (personal
communication, J. Obando).

We utilized longitudinal data on sources of drinking and do-
mestic water and diarrhea from a study of diarrheal disease and
community remoteness, the results of which have been reported
elsewhere (Bhavnani et al., 2016, 2012; Eisenberg et al., 2006).
Briefly, 200 households (from 2005 to 2009) were enrolled using a
stratified randomization scheme intended to proportionately
represent each neighborhood of Borb�on. Inmid-2008, a further 200
households were added (400 total households from 2008 to 2012).
Households continued to participate in the study from year to year,
unless they left the study area, in which case they were replaced by
a new household. Approximately once a year (see Supplemental
Table 4 for survey dates), a case-control study of diarrhea was
conducted (Bhavnani et al., 2016). The case-control study consisted
of visiting each enrolled household daily over two weeks to pro-
spectively capture cases of diarrhea. Diarrhea was defined as the
passage of three or more semi-liquid or liquid stools over a 24-h
period (Baqui et al., 1991). From 2005 to 2008, two household
controls, and one community control, were selected for each case,
while from 2009 to 2012, 10% of enrolled individuals were selected
isease. Unreliable water systems may cause households to change practices related to
hese coping strategies have the potential to both increase, and decrease, the risk of
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as community controls during each case-control study, and no
household controls were selected (Fig. 2). The sample size for the
study was calculated based on a primary comparison between
diarrhea and community remoteness (with Borb�on representing
the ‘least remote’ comparator).

The Borb�on water system was upgraded in 2006, between the
first and second waves of data collection. From 2005 to 2009, data
on water usage was collected from each case and control in the
study, while, from 2010 to 2012, information on water use was
collected from all participating households, regardless of whether
individuals from that household were subsequently identified as
cases or selected as controls.

To complement these diarrheal case-control data, two addi-
tional surveys were also conducted, the results of which are re-
ported for the first time here (Fig. 2). First, in 2009, an in-depth
household survey focused on the reliability of the water supply
was conducted. All households present in the case-control study at
the moment of the in-depth survey were invited to participate. This
survey included detailed questions about intermittency (howmany
days water was available in the last week), satisfaction with the
water system, the benefits to households of obtaining a pipedwater
system, and coping strategies that were used when water was not
available. Midway through 2009 data collection, a broken water
pump that had adversely affected the quality of service was
replaced, thus also allowing us to examine how households
respond to a sudden decrease in intermittency.

Secondly, in 2017, a follow-up survey was conducted to assess
reliability and level of satisfaction with the piped water system, as
well as primary and secondary water sources, coping strategies and
household demographic and socioeconomic factors. In this study, a
new sample of households were selected through a stratified
randomization scheme intended to provide proportional repre-
sentation, similar to that used to select participants into the earlier
case-control study (see Supplemental Table 1). Two-week diarrheal
prevalence was not assessed.

In 2017, water samples were collected directly from piped water
taps from a subset of surveyed households (42%). If pipedwater was
not available at the time of the interview, up to two follow-up visits
were conducted. Chlorine residual testing was conducted imme-
diately using a Hach Pocket Colorimeter II. A 100-mL sample was
collected in aWhirlpak Bag (Fort Atkinson,WI). To enumerate E. coli
and total coliforms, the sample was taken to a temporary field
laboratory and processed within 6 h by mixing with IDEXX Colilert
Reagent and pouring it in an IDEXX Quanti-tray 2000 (Westbrook,
ME). The trays were sealed with an IDEXX sealer and incubated at
35 �C for 24 h. A second household samplewas processed only if the
first sample was compromised. AWhirlpak bag filled with distilled
water was carried by the fieldworkers each day and tested to check
Fig. 2. Study Activities.
From 2005 to 2012, case-control studies of diarrheal disease were held approximately annu
conducted. Changes to the study sampling scheme implemented in 2018 are described in g
for potential contamination during the sample collection process,
and laboratory controls of distilled water were processed every
third day. Water quality results were quantified for risk levels for
E. coli based on the most probable number (MPN) estimated per
100ml of water: <1 (“low risk”), 1e10 (“moderate risk”), 10e100
(“high risk”); and >100 (“very high risk”) (UNICEF and World
Health Organization., 2013). The enumerators were students from
the United States.

Trained field staff administered study surveys orally using paper
forms in 2005e2012 and the Qualtrics software applet on handheld
tablets in 2017. Informed consent was obtained from all house-
holds. Both the University of Michigan institutional review board
and Universidad San Francisco de Quito bioethics committee
approved the 2005e2012 and 2017 protocols. The protocol used in
2009 was also approved by the Stanford University institutional
review board.

2.1. Statistical analysis

Trends in water availability, water storage, and water treatment
were assessed over time, weighted by the inverse probability of
sampling from 2005 to 2009 to adjust for the case-control design as
previously described (Bhavnani et al., 2016), and unweighted study
sample averages from 2010 to 2012 and in 2017.

To examine household coping strategies related to multiple drink-
ing water sources (Study Aim 1), household drinking water sources,
in order of use, were calculated from rankings of primary, sec-
ondary, and tertiary reported water sources. We also developed
bivariate logistic regression models to determine the relationship
between socioeconomic status and the odds of having a piped
water connection in the home, and ordinal logistic regression
models to determine the relationship between socioeconomic
status and access (days per week of pipedwater). The predictors we
considered were the number of children under five present in the
household, household education (highest level achieved by any
member of the household), household construction, summarized
through an index of housing materials that has previously been
validated in the region (Lopez et al., 2018) and awealth index based
on aggregate ownership of assets (Supplemental Table 2).

In mid-2009, damage to the water treatment system’s water
pump interrupted service for several weeks. Survey data captured
households both before and after the pump was repaired. Two-
sided t-tests were used to compare household water treatment,
storage, and reliance on secondary sources between households
surveyed during versus after the interruption. Because different
households were surveyed before (N¼ 296) and after (N¼ 65) the
pump repair, household socioeconomic status (level of education,
asset score, and building materials score) was also compared
ally, and in 2009 and 2017, two in-depth surveys of water system reliability were also
ray.
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during, versus after, the interruption to examine whether associa-
tions between water related behaviors and the timing of the pump
repair may have been confounded by household socioeconomic
status.

To describe the association betweenwater system access, water use
behaviors, and diarrheal disease (Study Aim 2),we developed logistic
models where the outcome of interest was diarrheal case status
and the dependent variables considered were access to a piped
connection, drinking water source, water storage, and water
treatment. Because cases and controls could come from the same
households, these models included a random intercept to adjust for
household membership as well as inverse-probability sampling
weights to account for the study sampling scheme. To examine the
impact of a piped water connection on diarrheal disease, we first
developed bivariate models (A1-A4) examining the unadjusted
association between a household piped water, water treatment,
and primary drinking water source, on diarrhea. We then devel-
oped a set of multivariable logistic regression models adjusting for
the age of the diarrheal case and the highest level of education
achieved by anymember of the household (B1eB4). To examine the
association between household coping strategies and diarrhea
disease among households with a piped water connection, we also
developed a final set of adjusted models that were identical to the
second set but were restricted to households that had a pipedwater
connection (C1eC4). In both the second and third sets of models,
age of a case or control was expressed as

ffiffiffi

A
p

þ A, where A¼ age in
years. This combination of terms was selected using fractional
polynomial regression that identifies curvilinear relationships be-
tween age and diarrhea, selecting those polynomial terms that best
describe the data (Royston et al., 1999),a In addition to age and
household education, we also considered other potential con-
founders that were not included in our final models. These included
household building materials, household assets, chronological year,
and a first-order Fourier series to address potential seasonality. The
determination of covariates to include in the final model was based
on: 1) statistical significance of p� 0.150 in bivariate logistic
regression models; 2) overall model fit, which were included
regardless of statistical significance; and 3) overall model fit based
on Akaike’s criteria (AIC). Covariates that decreased the model AIC
by> 4 were retained in final multivariable models (Burnham and
Anderson., 2003)”. We included variables related to our primary
study questions of piped water access and household coping stra-
tegies in our bivariate models regardless of these criteria. Models
are fully described in Supplemental Table 3.

All statistical analyses were conducted using SAS software
version 9.4 (SAS Institute, Cary, North Carolina) or Stata software
version 15.1 (College Park, Texas).

3. Results

From 2005 to 2012, 1,690 interviews, comprising 645 unique
households, captured information about water sources
(Supplemental Table 4). During the same time period, 1377 unique
individuals from these households participated in the nested case-
control studies. Of these, 1009 were included only once, 277 were
included twice, 73 were included 3 times, and 18 were included 4
or 5 times. 557 unique households were represented in the case-
control studies, of which 220 were included in only one case-
control study, 159 were included in case-control studies in 2
years, and 178 were included in 3e5 case-control studies. From July
to August 2009, 361 households participated in the in-depth survey
of water supply reliability. The follow-up survey was administered
from June 9 to July 20, 2017. Out of 205 households invited to
participate in the 2017 survey, three declined, and 202 households
were enrolled. Water was sampled from 84 of these households.
3.1. Trends in piped water access

In 2005, the primary reported household water sources
(N¼ 147) were: river water (weighted percentage¼ 44.0%), well
water (35.8%), piped water (16.7%), rainwater (0.5%), purchased
water (2.5%) or unspecified other sources (0.5%). In 2006, imme-
diately following the plant upgrade, the weighted percentage of
individuals reporting river water, well water, piped water, rain-
water, purchasedwater, or other unspecified primary water sources
was 10.9%, 4.8%, 71.5%, 11.8%, 0.0%, and 1.0% (N¼ 131) respectively.
Of the 147 individuals interviewed in 2005, 28 were also inter-
viewed in 2006.

In 2009, households reported benefits resulting from the piped
water connections they had obtained: 45.0% reported having newly
installed a toilet, 49.4% reported having installed a shower, 76.2%
reported washing their plates in the kitchen, 36.8% reported
washing their clothes in the house, and 21.0% reported bathing in
the house. Household wealth and education were associated with
greater odds of access to a domestic water connection, while the
presence of children under five in the household was associated
with reduced odds of access to a domestic water connection
(Supplemental Table 5).

By 2017, piped water coverage had expanded to 90.4% of the
community (Fig. 3a). However, the mean number of days inwhich a
household had at least some water in the past week decreased to
62.8% (4.4 days per week, standard error¼ 0.1), compared to 78.5%
(5.5 days per week, standard error¼ 0.3) in the second half of 2009
(two-sided t-test p-value¼ 0.0003). 90.0% of households with a
domestic piped water connection reported not having received any
water on at least one day during the past week. No household
received water more than 12 h a day. Less than a quarter (23.3%) of
households said that they were satisfied with their piped water
service, down from 68.8% in the second half of 2009 (two-sided t-
test p-value<0.0001).

3.2. Household coping strategies to intermittent piped water

In mid-2009, damage to the water treatment system’s water
pump interrupted service for several weeks. The household survey
during this period enrolled 296 households while the pump was
damaged (July 18-August 1), and 65 households after it was
repaired (August 2e13). There was no evidence that households
surveyed during versus after the interruption differed by level of
education (8.1 years versus 7.9 years, two-sided t-test p-value:
0.73); asset scores (12.1 versus 11.0, two-sided t-test p-value: 0.17),
and building material scores (3.8 versus 3.7, two-sided t-test p-
value: 0.31). Households surveyed after service was restored were
statistically less likely to report storing water (two-sided t-test p-
value: 0.03), and less likely to report multiple water sources (two-
sided t-test p-value: 0.03). Similar household water treatment
practices were not statistically different before and after service
was restored (two-sided t-test p-value: 0.87) (Fig. 4).

From 2009 to 2017 the percentage of households that reported
that piped water was their primary drinking water source fell from
67.6% to 32.7% (two-sided t-test p-value<0.0001), while the per-
centage of households that reported that bottled water was their
primary drinking water source rose from 18.8% to 62.3% (two-sided
t-test p-value<0.0001, Fig. 3b). The proportion that reported
drinking primarily river water, well water, or ground water fell
from 13.0% to 5.0% (two-sided t-test p-value¼ 0.0035, Fig. 3b).

The percentage of the community treating their drinking water
fell from a high of 50.6% in 2005, to 5.0% by 2017 (two-sided t-test
p-value<0.0001). The percentage of households storing domestic
water was 88.6% in 2009 and 57.4% by 2017 (two-sided t-test p-
value<0.0001). Weighted and unweighted averages of primary



Fig. 3. Trends in household access to piped water, and household point-of-use water treatment, from 2005 to 2017
Data from the longitudinal study (2005e2012), the 2009 in-depth household survey, and the 2017 follow-up survey, is combined to estimate trends in water sources and water use
behaviors over time. Data are weighted according to the study sampling scheme. Over time, an increasing proportion of households had access to a piped water connection (3a) but
reported bottled water as their primary drinking water source (3b).
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water source, household water storage, and household water
treatment, by study year, are presented in Supplemental Table 4.
Among households that treated their water in 2009, 79.5% used
boiling, and 20.5% used chlorination. There was no evidence that
these relative proportions varied over time (data not shown).

In 2017, 44.7% of households reported more than one drinking
water source in the past week, up slightly from 38.6% in the second
half of 2009 (two-sided t-test¼ 0.1633). Only two-thirds of
households that described bottled water as their primary drinking
water source had used this source exclusively in the past week.
18.3% of households had used both bottled and piped water in the
past week, 7.4% had used pipedwater with another source, 7.4% had
used bottled water with another source, and 8.4% had used one or
more other sources (well water, river water, and rain water)
(Table 1).
3.3. Water quality

Water samples collected in 2017 had a median free chlorine
residual of 0.02mg/l with a range of 0.00e0.09mg/l. All samples
(N¼ 83) were below the WHO standard of 0.20mg/l (WHO, 2011).
Only 10.8% (N¼ 9) of water samples had E. coli concentrations of <1
MPN/100ml (low risk) and no samples had a total coliform con-
centration <1 MPN/100mL (Table 2). The median total coliform
concentration was 188.2 MPN/100ml, and the median E. coli con-
centration was 3.1 MPN/100ml. (Table 2).
3.4. Risk of diarrhea

The two-week prevalence of diarrhea was highest in the first
years of the study (9.6% in 2005) and lower in later years (e.g. 4.4%



Fig. 4. Trends in household water practices after 2009 system repair.
In mid-2009, a water pump that had been broken for several weeks was repaired mid-survey. Households interviewed before the repair (from July 18 and August 1) reported service
on 44% of days, and household interviewed afterwards (August 7 to August 13th) reported service on 79% percent of days.

Table 1
Community drinking water sources in order of reported use, 2017.
We determined these rankings based on the weighted frequency with which households listed water sources as primary, secondary, or tertiary drinking water sources.

Hierarchy of drinking water sources
(N¼ 202)

Primary drinking water source in past week Exclusively consumed
In past week

Sometimes consumed in past week

62.4% 40.1% 68.3%
31.7% 18.3% 47.0%
2.0% 1.0% 6.9%
2.0% 1.5% 5.9%
1.0% 0.0% 6.4%
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in 2012, Supplemental Table 4).
Across all time points, households that weremore educated, had

more assets, and had higher building material scores, tended to be
more likely to have a household connection (Supplemental Table 5).
Households with young children (who are at the greatest risk of
diarrhea) were less likely to have a water connection than house-
holds without young children odds of having a domestic water
connection reduced by 30% for each additional child under five in
the household (OR: 0.70; 95% CI: 0.56, 0.88). Access to a pipedwater
connection was associated with a reduced odds of diarrhea in
bivariate logistic regression models (OR: 0.65, 95% CI: 0.44, 0.98).
However, after adjusting for the age of the case or control, this
relationship was attenuated (OR: 0.86, 95% CI: 0.53, 1.39). Among
households with a domestic water connection, each additional 10L



Table 2
Descriptive statistics of indicator bacteria from water samples collected in 2017
All samples were taken directly from piped water supplies (i.e. from the tap). The
chlorine residual was undetectable (less than 0.2
mg/l) in all samples.

Total Coliforms
(MPN/100mL)

Escherichia coli
(MPN/100mL)

N 83 83
Min 5.1 0
25% percentile 85.4 1
Median 188.2 3.1
50% percentile 498.8 12.1
Max >2419.6 >2419.6

Risk Level (UNICEF and World Health Organization, 2013)
(E. coli concentration MPN/100ml), % total

Very low risk (<1 MPN) n/a 11%
Low risk (1e10 MPN) n/a 63%
Medium risk (11e100 MPN) n/a 25%
High risk (>100 MPN) n/a 1%

* MPN ¼ Most Probable Number, estimates the number of organisms per 100 mL,
which is approximately equivalent to CFU/100 ml.
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of water stored was associated with a 33% increase in the odds of
diarrhea (OR: 1.33; 95% CI: 1.05, 1.69). Neither household treatment
of drinking water, nor use of bottled water, was associated with
diarrhea. Although not statistically significant, individuals who
reported drinking bottled water trended toward an increased odds
of being a diarrhea case versus those drinking piped water (OR:
2.23; 95% CI: 0.45, 11.15; Table 3).

4. Discussion

The strategies that study participants used to cope with unre-
liable water supply in our study site gradually shifted over time.
Improvements to the water system in 2006 likely led households to
shift from reliance on rain, well, and surface water toward piped
water use. However, in the latter half of the study period, piped
water consumption became less common, and purchased bottled
water consumption increased. Household water storage and reli-
ance on multiple drinking water sources remained common coping
strategies over the entire 12-year period, while household water
treatment, a common strategy early on, was gradually phased out.
Households with a child under five were less likely to have a
Table 3
Association between diarrheal disease and coping strategies related to unreliable water
This table shows the odds of diarrheal disease associated with household coping strategi
logistic regression models. Model details are described in Supplemental Table 5.

2005e2012
Diarrheal Disease

Models A1-A4: Bivariate
logistic regression

Model
logisti

1. Domestic water connection 0.65 (0.44, 0.98)
(p¼ 0.038)

0.86 (0
(p¼ 0.

2. Number of liters stored/50L 1.03 (0.88, 1.20)
(p¼ 0.700)

1.06 (0
(p¼ 0.

3. Household treatment of
drinking water¼ yes

0.99 (0.63, 1.55)
(p¼ 0.970)

0.84 (0
(p¼ 0.

4. Primary drinking water: source:
¼ bottled 2.26 (0.66, 7.67)

(p¼ 0.192)
3.52 (0
(p¼ 0.

¼ other 1.27 (0.55, 2.92)
(p¼ 0.578)

0.83 (0
(p¼ 0.

Each cell shows the odds ratio, 95% confidence internal, and p-value.
*adjusting for age and maximum household education.
***Ref¼ domestic water connection. Using data from 2010 to 2012 only.
domestic water connection, and, after adjusting for differences in
the age of diarrhea cases and controls, access to a domestic water
connection was no longer statistically significantly associated with
diarrhea. Household water storage, a coping strategy that house-
holds may have used to buffer themselves against an unreliable
water supply, was associated with increased disease risk.

Many studies have examined the quality and availability of
piped water systems in LMIC communities (Ercumen et al., 2015;
Kumpel and Nelson, 2016; Simukonda et al., 2018), and several have
described household coping strategies in response to unreliable
water supplies (Katuwal and Bohara, 2011; Majuru et al., 2016;
Pattanayak et al., 2005). However, few reports have examined how
unreliable water supplies may impact household coping strategies
over time or how they are affected by sudden changes in inter-
mittency. Here, we examine both long- and short-term household
coping strategies associated with an unreliable water supply. These
data are complementary. The long-term trends in water use (i.e.,
increases in bottled water use) were likely influenced by changes in
national income, policy, or technology over the same period. During
this period we also observed a short-term change; i.e., in 2009,
households surveyed immediately after a sudden improvement in
the water system reported significantly less water storage, and less
reliance on secondary sources, than households surveyed prior to
the water system improvement. This change in behavior was likely
influenced by the perceived changes in water reliability.

Unreliable water supplies may have both positive and negative
effects. The low levels of free chlorine residual and presence of total
coliforms and E. coli detected in piped water samples from 2017 are
similar to many other studies of LMIC communities (Bain et al.,
2014; Grady et al., 2015; Shaheed et al., 2014; Sorlini et al., 2013).
Compared with similar studies, our results showed a smaller per-
centage of samples with no E. coli contamination (<1 MPN/100ml)
but also a smaller percentage that were classified as high risk
(Grady et al., 2015; Shaheed et al., 2014). However, the available
alternatives of well water, ground water, and stored rainwater were
likely of even poorer quality (Levy et al., 2008). The unreliablewater
supply may also have nevertheless led to indirect improvements in
sanitation and hygiene, as participants reported that domestic
water connections had enabled them to install flush toilets and
showers and to wash clothing and plates more easily. On the other
hand, our results support many other studies that have shown that
unreliability leads to increased home water storage (Pattanayak
systems
es from 2005 to 2012, based on bivariate (unadjusted) and multivariable (adjusted)

s B1eB4: Multivariable
c regressions*

Models C1eC3:
Multivariable logistic regression*, households
with a domestic connection only

.53, 1.39)
547)

n/a

.83, 1.36)
620)

1.33 (1.05, 1.69)
(p¼ 0.020)

.47, 1.50)
562)

0.75 (0.37, 1.51)
(p¼ 0.415)

.91, 13.70)
069)

2.23 (0.45, 11.15)
(p¼ 0.330)

.32, 2.13)
698)

n/a
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et al., 2005). We demonstrate that the quantity of water stored was
associated with the odds of diarrhea case status (OR: 1.33 per 10L
stored; 95% CI: 1.05, 1.69), likely due to recontamination (Levy et al.,
2008; Wright et al., 2004). The impact of these water management
practices likely reduced the derivative health benefits of the water
supply.

Our results also highlight the extent to which reliance on mul-
tiple drinking water sources creates risks for vulnerable house-
holds. While we observed decreases in the percentage of
households that primarily relied on rainwater, well water, and
ground water over time, our data also suggests that these
continued to be common secondary sources, both for domestic use
and for consumption. Even occasional exposure to contaminated
water increases disease risk (Enger et al., 2013), which may explain
why household water treatment was not statistically significantly
protective against diarrhea in our population.

Our finding that, over time, study participants increasingly
preferred bottled water as a drinking water source is also reflective
of broader national trends. Twenty-one percent (21%) of people in
Ecuador rely on bottled water as a primary drinking source, even
though 97% of the population has access to another improvedwater
supply such as piped water (WHO/UNICEF Joint Monitoring
Programme for Water Supply and Sanitation, 2017). In 2017, the
JMP reversed its previous position on bottled water and now ac-
cepts it as an ‘improved’ source. A recent study from the same re-
gion of Ecuador found that 73% of reusable bottled water and 25% of
non-reusable bottles were contaminated (Mills et al., 2018), so
bottled water in this context should be defined as a ‘basic’ or
‘limited’ improved source, as it is both i) potentially contaminated
and ii) not consistently accessible. Bottled water consumption also
tended to be associated with an increased, rather than a decreased,
risk of diarrhea, although this was not statistically significant (odds
ratio: 2.23 for those primarily drinking bottled versus piped water;
95% confidence interval: 0.45, 11.15). Other have reported that so-
cioeconomic status is a strong predictor of preferred coping stra-
tegies (Hamoudi et al., 2012; Jalan and Somanathan, 2008). For
reference, 20L of bottled water may be purchased in Borb�on for
approximately USD 1.00e1.25. In comparison, 20L of chlorinated
water piped water cost approximately USD 0.03e0.15 over the
study period.1 Our results reinforce the notion that bottled water
should not be considered a sustainable solution for increasing ac-
cess to safe water (Cohen and Ray, 2018). Dependence on this
source is inherently inequitable, and lower economic status
households are particularly vulnerable to fluctuations in availabil-
ity, cost, and quality (Cohen and Ray, 2018).

Our study has several limitations. We describe trends in water
access and usage over an extended (12-year) period. However,
these data are assembled from several sources, including studies
with changing sampling methods and surveys. None of these data
collection activities were designed, or powered, with the a priori
intention of testing associations between unreliable water systems
and diarrhea, and several key pieces of information are unavailable.
Specifically, although our evidence shows that the 2006 system
upgrade improved coverage (from 16.7% to 77.8%), data on the
reliability of this supply prior to 2009 is limited. Information on
secondary drinking water sources was only collected during the
2009 and 2017 surveys, both in the same season. As a result, our
ability to examine the impact of seasonality on secondary drinking
water sources is limited. In 2017 we performed a cross-sectional
1 In 2009, users were charged a flat monthly rate of USD 5.60 for the first
1000m3 of piped water used, and then volumetrically at USD 0.56/m3 for additional
water. By 2017, the payment scheme had shifted and service was free for all
households.
survey, rather than a diarrheal case-control study, and therefore,
we are unable to relate water coverage or household coping stra-
tegies to diarrhea at this time point. We did not test piped water for
chemical or heavy metal contaminants that affect the quality of the
water source, although gold mining activities upstream of the
water collection site makes this a concern (Rebolledo Monsalve,
2017). Our results are also limited by the small number of houses
surveyed after the system repair in 2009, as well as only having
water quality test results for a small number of households (N¼ 84)
at a single timepoint (2017). We also did not assess water supply
predictability, whether users knew when water would be available,
although this is another important dimension of reliability (Majuru
et al., 2016). Perhaps the most significant limitation is that little
information was collected related to knowledge and attitudes over
time, including how and why households made decision related to
water use. For example, survey respondents were not asked why
they chose to treat, or not treat, their drinking water, or what
motivated preferences for piped or purchased bottled water. We
speculate that community members assumed that piped water had
already been sufficiently treated, or that health educationmessages
emphasized the treatment of river, rain, or well water, rather than
the potential utility of treating piped water. It is also unclear why
household water storage was reported less frequently from 2009 to
2017, even as the water supply apparently became less reliable. We
also did not capture household expenditures related to water,
which, given increasing reliance on bottled water, likely increased
over time. Future work should aim to better understand household
decision-making around water use.

5. Conclusion

Water systems that provide intermittent or otherwise subopti-
mal service for extended periods, like the one we describe here, are
clearly undesirable. There is a need for locally appropriate water
supplies that meet current and future capacity needs and can be
sustainably maintained. However, given that unreliable water
supplies are both common, and that the number of people
dependent on such supplies is expected to increase, there is also a
need to understand how households cope with these systems.

� In communities with unreliable water systems, studies should
aim to capture data about drinking water storage, treatment,
and secondary drinking water sources alongside information
about primary drinking water source.

� Bottled water should not be considered a sustainable mecha-
nism for increasing access to safe drinking water.

� There is a need to better understand why impoverished rural
households choose bottled water over lower-cost home treat-
ment, and to develop low-cost strategies to promote more
effective coping strategies in this context.
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