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Abstract

Exposure to fecally contaminated drinking water contributes to the global disease burden,
especially in sub-Saharan Africa (SSA). We used cross-sectional data and elimination regression
analysis to examine factors influencing E. coli contamination in household drinking water
samples from 4,499 rural households in nine countries in SSA (Malawi, Mozambique, and
Zambia in Southern Africa; Ghana, Mali, and Niger in Western Africa; and Kenya, Rwanda, and
Tanzania in Eastern Africa). The proportion of household water samples containing E. coli was
71%, ranging from 45% (Malawi) to 89% (Tanzania). Pooled and multi-country predictive logistic
regression models showed that using an unimproved-type water source, the absence of a
community water committee, and domestic animal ownership were significantly associated
with household drinking water contamination. Household water treatment and storage
practices, sanitation and hygiene practices, and payment for drinking water were not
significantly associated with E. coli contamination in any model. The season was a significant
predictor of E. coli in the pooled model; samples collected in the rainy season were 2.3 [2.0,
2.7] times as likely to be contaminated with E. coli. Practitioners and policymakers should
prioritize implementing piped on-plot water services, establishing effective local water source
management structures, and incorporating animal husbandry practices into water, sanitation,
and hygiene interventions.
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Water Impact Statement

This study demonstrates the importance of local context when planning interventions and
assessments related to microbial contamination of household drinking water. Practitioners
should prioritize expanding on-plot water services, establishing effective water source
management, and incorporating safe animal husbandry practices into water quality
interventions. Researchers should investigate the effects of user payment, household water
treatment, and storage practices on water quality.

Introduction

Drinking water is an important fecal-oral disease transmission pathway.' Exposure to fecally
contaminated drinking water causes diarrheal diseases and enteric fevers, long-term
developmental effects, and death.*® The burden of waterborne disease is most pronounced in
low- and middle-income countries (LMICs), including sub-Saharan Africa (SSA), where diarrheal
disease is a leading cause of death in children.” The United Nations Sustainable Development
Goal (SDG) target 6.1 calls for “universal and equitable access to safe and affordable drinking
water for all.” This target necessitates using “safely managed” drinking water services, which
are on-plot, available when needed, and free from fecal and chemical contamination.® More
than half of the global population lacking safely managed drinking water lives in SSA; an
estimated 31% of the population of SSA had access to safely managed drinking water services
compared to 73% of the global population in 2022.° These challenges are especially pronounced
in rural areas of SSA, where 15% of the population has access to safely managed drinking water
compared to 53% in urban areas.’®*!
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Escherichia coli (E. coli), a bacterial species found in the gut of humans and other animals, is
commonly used to indicate human and non-human fecal contamination, poor sanitation and
hygiene conditions, and other disease-causing pathogens in water.'? Up to half of the
population of SSA is exposed to drinking water that does not meet the WHO guidelines for safe
drinking water (no detection of E. coli in 100 milliliters of drinking water) at a given time.
Drinking water is often fecally contaminated in rural and low-resource settings and from
unimproved water sources such as surface water, unprotected dug wells, and unprotected
springs.®** However, improved water sources (which have the potential to deliver safe water by
nature of their design and construction) can also be contaminated by pathways such as open
defecation, animal access to water sources, and the deterioration of water quality between
source and consumption.®** Though it is a commonly reported indicator for tracking progress
towards SDG target 6.1, water source type correlates poorly with the absence of microbial
contamination.
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Understanding the influence of household risk factors on fecal contamination of drinking water
can enhance the monitoring of safe water access and inform interventions to reduce human
exposure. Numerous household factors beyond water source type reportedly affect household
drinking water quality, including household wealth, sanitation and hygiene practices, and the
presence of animals and animal feces.'*° Broader community and climatic factors — such as
rurality, seasonality, and community-level sanitation or waste disposal practices — may have a
greater impact on household water quality.**?
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While previous studies offer insights into the factors that may affect drinking water
contamination, large-scale multi-country studies comparing the factors affecting contamination
across contexts are rare. To date, most have been small-scale in a single country,>1%1° or rely
on large-scale national surveys (e.g., Demographic and Health Surveys [DHS] or Multiple
Indicator Cluster Surveys [MICS]) that contain some relevant determinants but are not designed
to explore drinking water quality or underlying determinants in depth.# %17 Systematic reviews
and other studies with aggregated reporting are limited by variations in definitions and
measurement techniques for dependent and independent variables, which makes robust
comparison across settings challenging.'***

For this study, we analyzed data from a cross-sectional survey of 4,499 households in nine
countries in SSA to examine factors that influence the presence of E. coli in rural household
drinking water and contextualize findings specific to three regional African Union (AU)
groupings. Our findings represent one of the largest multi-country observational datasets
designed to examine water, sanitation, and hygiene outcomes (WaSH) and related predictors.
Questions were translated into the local language but were identical across contexts,
facilitating multi-country comparisons.

Qur findings are built on available evidence by analyzing and comparing predictors of water
quality across countries. Understanding how different risk factors influence the type and
magnitude of fecal contamination across contexts can further inform specific water quality
policies, practices, and research in SSA.

Methods

Setting

The Water Institute at the University of North Carolina, Chapel Hill (UNC), and the international
non-governmental organization (INGO) World Vision collected data on WaSH in rural areas of
14 LMICs as part of a program evaluation. Here, a subset of data from rural households in nine
countries in SSA — all surveyed households with complete water quality data — were analyzed
in a secondary analysis of drinking water contamination and associated risk factors. The study
included three countries in each included AU region: Malawi, Mozambique, and Zambia in
Southern Africa; Ghana, Mali, and Niger in Western Africa; and Kenya, Rwanda, and Tanzania in
Eastern Africa. The de-identified datasets from the evaluation are publicly available.?! For
detailed data collection methods, see the program evaluation final report.?? Methods are
summarized below.

Sampling

Cluster-randomized, population-based sampling was used. Between 100 and 200 household
subnational administrative sampling units were obtained from the national census bureau or
national statistics office of each country. Clusters were randomly selected with probability
proportional to size allocation and stratified by World Vision program and comparison areas.
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Fifty-six clusters were selected from each stratum. All households were mapped within each
cluster, and 25 were randomly selected for the survey.

Up to five households per cluster with drinking water available during the survey were
randomly selected for microbial water quality testing. If fewer than five households had
drinking water available, all were sampled. All households with microbial water quality testing
data and complete survey data were included in this analysis. Clustering and weighting were
not accounted for in the study because probability proportional to size allocation produced an
equal probability of selection of roughly equally sized clusters and, therefore, households.

Survey design

The survey instrument included interview questions and direct observations of the household
environment and characteristics, drinking water (source, storage, and management), sanitation,
and hygiene (Table 1). Household surveys were administered to the female head of household,
if available.

Local research consultants or World Vision staff translated and verified the survey instrument.
Surveys were programmed in mWater (New York, NY, USA), a mobile survey tool. Quality
assurance and quality control measures, such as permitted value ranges and automatic GPS
recording, prevented enumerators from entering implausible values. Data were collected
during a single season in each country from June to August 2017.

Water quality testing

In selected households, respandents were asked to serve water used for drinking. A 100 mL
water sample was tested for E. coli using the Compartment Bag Test (CBT) (Aquagenx, Chapel
Hill, NC, USA). CBTs were processed immediately following surveys by incubating for either 48
hours at ambient temperatures of 25 to 30°C, 24 hours at ambient temperatures above 30°C,
or, if the ambient temperature was below 25°C, samples were stored in a cooler with ice until
the end of the day in the field and then placed in a 35 to 37°C incubator for 24 hours. Visible
color changes after the waiting period indicated the contamination level of E. coli in water
samples.??

Published on 22 February 2024, Downloaded by University of North Carolina at Chapel Hill on 2/22/2024 1:32:31 PM,

Analysis

For cleaning, data from mWater were exported into Stata/SE 14.2 (College Station, TX, USA).
Further cleaning and analysis specific to this study were conducted using SAS Version 9.4 (SAS
Institute Inc, Cary, NC, USA). In the regression analysis, water contamination was used as a
binary outcome variable, defined as the presence or absence of E. coli in 100 mL.®

Twenty-four binary predictor variables were selected from the larger dataset for testing in
predictive models based on theorized relationships, associations, or potential confounding with
the outcome variable according to existing qualitative or quantitative evidence and in
consultation with subject-matter experts (Table 1).2%* The following variables were defined
according to the WHO/UNICEF Joint Monitoring Program for Water Supply, Sanitation, and



Page 5 of 22

Published on 22 February 2024, Downloaded by University of North Carolina at Chapel Hill on 2/22/2024 1:32:31 PM,

Environmental Science: Water Research & Technology

View Article Online

DOI: 10.1039/D3EW00915G

Hygiene (JMP): unimproved water, no handwashing facility, and water unavailable.?® Definitions
are provided in Table 1.

All selected predictor variables had adequate variation for validity in a model. Seven predictor
variables had responses of “Do not know,” “Other,” or non-responses recorded for one to
fifteen households, which were imputed to the reference level and ignored.

Table 1. Predictor variables related to water, sanitation, hygiene, and household demographics used as predictor variables in
analyses of E. coli contamination in household drinking water in nine countries in sub-Saharan Africa

Grouping Variable Variable definition Observed /
Reported
Sitcsine Water o Th_e most probable number (MPN) of 21 E. coli per 100 mL household Observed
contamination  drinking water
Season Rainy season Rainy season at the time of sampling Observed
Unimproved No primary water source or classified as unimproved source (e.g., Reported
water unprotected dug well or spring, surface water)
Discontinuous  The household does not have 24-hour per-day water service at the water Reported
service source.
) Off-plot Primary water source located off-plot Reported
— Unavailability _ Sufficient water unavailable when needed or less than 12 hoursperday  Reported
30+ min to The length of time for one round trip to a water source is 30 minutes or Reported
source ~ greater. )
Do not pay ~ The household does not pay for the use of the primary water source ~ Reported
No water Water source not managed by a water committee Reported
committee
No treatment  The household does nothing to drinking water to make it safer Reported
Storage " The household stores drinkihg water in the home Observed
Animal access Storage container within reach of animals Observed
Unclean " The container contains dirt, debris, garbage, fecal matter, etc. Observed
Water storage contalnert - - - - -
No container Storage container not entirely covered by a lid Observed
lid
Wide The storage container has a wide opening Observed
container
opening
Owns animals  Ownership of one or more animals by the household ~ Reported
No clothesline  Household currently do not have access to clothesline ~ Reported
No dish rack Household currently does not have access to a dish rack Reported
Honsshal No electricity The household does not have electricity or a power source Reported
B— No rubbish pit  Households do not have access to a rubbish pit for trash disposal Reported
Relative Primary school highest education completed by either male or female head Reported
education of household
Wealth Households are separated into guintiles based on documented wealth Reported
quintile
Visible feces Visible excreta in the yard (15-meter radius of the household) Observed
No hygiene No handwashing facili-ty at the household or limited facility without water  Observed
Sanitation facility and/or soap
Open Open defecation practiced by any member of the household Reported
defecation

We created two predictive models using survey logistic regression procedures for the three
included AU regions. We also made two pooled models (with all nine study countries), resulting
in eight models in total.
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To generate the first model for each region and the pooled data, we used logistic regression to
predict the odds of unsafe household water contamination against hypothesized predictor
variables.? To generate the second model, we created reduced models by employing semi-
automatic monitored stepwise backward elimination methods. This method entails starting
with the full logistic regression model and then using a standard set of guidelines to reduce the
model step-by-step to only the predictor variables with a significant effect in the model. At each
step of the elimination process, we manually removed the variable with the lowest partial F-
statistic. We checked that the model diagnostics (including convergence) were acceptable and
that the Akaike information criterion (AIC) improved.?** We continued manual elimination until
all remaining predictor variables had low enough partial F-statistics to produce p-values that
were less than the significance-to-stay value (p < 0.05).

The SAS procedures automatically assessed collinearity. Collinearity was not apparent except
for the season variable (whether it was rainy season at the time of sampling). All countries in
the Western AU region were surveyed in the rainy season and all other countries in the dry
season, resulting in exact collinearity between country and season and between the AU region
and season. Because season is an important factor in water quality, we included this variable in
the pooled model but did not include it in the regional models.

We used descriptive statistics to determine whether predictor variable odds ratios showed a
different relationship with the outcome in the respective country grouping than their observed
relationship in descriptive statistics. No instances were found; assessments of potential
interactions were insignificant and did not alter effects. We checked residual plots to ensure
the link function was appropriate and observed constant variances. We checked ANOVA tests of
model fit, convergence criteria, and other automatic model diagnostics plots produced by SAS.

Ethics

This study comprises a secondary analysis of publicly available, de-identified data. When data
were collected initially, all participants gave informed consent in their language before
enrollment. Data collection was approved by the UNC-Chapel Hill Institutional Review Board
(IRB #17-0663) and appropriate agencies within each included country.
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Results

The analysis included 4,499 household surveys and drinking water quality results from rural
areas in the nine study countries: 1,550 responses in the Southern AU region, 1,369 responses
in the Western AU region, and 1,580 responses in the Eastern AU region.

Countries from West Africa were sampled during the rainy season, accounting for 30.4% of all
study households (Table 2). Overall, 31.1% (+ 0.7%) of households reported using an
unimproved primary drinking water source, and 35.5% (+ 0.6%) reported open defecation. Most
households had no hygiene facilities (91.8% £ 0.4%), stored drinking water (85.2% + 0.5%), had
an off-plot water source (85.0% + 0.5%), and owned animals (82.3% + 0.6%) (Table 2). A
minority of households did not have drinking water available when needed (6.6% + 4.4%), had



Page 7 of 22

Published on 22 February 2024, Downloaded by University of North Carolina at Chapel Hill on 2/22/2024 1:32:31 PM,

Environmental Science: Water Research & Technology

View Article Online

DOI: 10.1039/D3EW00915G

discontinuous water service (18.0% + 0.6%), reported traveling 30+ minutes to collect water
(26.1% + 0.6%), did not have a lid on water storage containers (28.4% + 0.7%), or had an
unclean water storage container (28.4% + 0.7%) (Table 2).

Table 2. E. coli in drinking water collected from households (N=4,499) in a rural water program evaluation survey in nine sub-
Saharan African countries.

Percent of all households

Percent of E. coli in drinking water

Grouping Predictor variable % (standard error) % (standard error)
Season Rainy season 30.4 (N/A) 80.4 (1.1)
Unimproved water 31.1(0.7) 80.1(1.1)
Discontinuous service 18.0 (0.6) 68.8 (1.6)
. Off-plot 85.0 (0.5) 71.3(0.7)
::z‘r';:ater Unavailability 6.6 (0.4) 68.6 (2.7)
30+ min to source 26.1(0.6) 72.3(1.3)
Do not pay 66.0 (0.7) 72.3(0.8)
No water commitiee 41.0(0.7) 75.5(1.0)
Storage 85.2 (0.5) 70.7 (0.7)
No treatment 68.2 (0.7) 70.2 (0.8)
SR SO Animal access 39.1(0.7) 70.1(1.1)
Unclean container 28.4(0.7) 71.4(1.2)
No container lid 28.4(0.7) 69.1(1.3)
Wide container opening 57.4(0.7) 70.9 (0.9)
Owns animals 82.3(0.6) 72.1(0.7)
No clothesline 31.8(0.7) 74.5(1.1)
No dish rack 64.8 (0.7) 72.0(0.8)
No electricity 64.1(0.7) 70.2 (0.8)
No rubbish pit 52.8 (0.7) 71.7 (0.9)
Household Lower relative education 48.3(0.7) 71.3(1.0)
characteristics Wealth quintile
Poorest 21.0(0.6) 73.5(1.5)
Poor 21.3(0.6) 72.7 (1.5)
Middle 20.2 (0.6) 73.4 (1.4)
Wealthy 19.0(0.6) 70.1(1.5)
Wealthiest 18.4(0.6) 63.7 (1.5)
Visible feces 53.1(0.7) 74.4(0.9)
Sanitation No hygiene facility 91.8(0.4) 70.7 (0.7)
Open defecation 35.5(0.6) 75.6(1.1)
Total 70.5 (0.6)

Presence of E. coli
E. coli was detected in 70.5% (+ 0.6% standard deviation) of all 4,499 100 mL household
drinking water samples, ranging from 45% (Malawi) to 89% (Tanzania) of households. Relative
to other predictor variables, the proportion of samples with E. coli present was highest where
sample collection took place during the rainy season (80.4% + 1.1%, only Western AU) or in
households with an unimproved water source (80.1% + 1.1%). The proportion of samples with
E. coli present was lowest in households in the wealthiest quintile (63.7% + 1.5%).

Predictive regression models
All elimination models had higher measured predictive power according to the AIC than
unadjusted models (Table 3). No observable trends in residual plots were apparent for all
elimination models, ANOVA tests were significant (p<0.0001), and convergence criteria were
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met; no other automatic model diagnostic plots indicated concerns with model fit or
assumptions. Fifteen variables were significant predictors of the presence of E. coli in at least
one of the four reduced models (all countries, South AU region, West AU region, and East AU
region) (Table 3). Nine predictor variables were not significant predictors in any reduced
models: discontinuous service, unavailability, no treatment, storage, animal access to stored
drinking water, unclean container, no container lid, no hygiene facility, and open defecation.

For the pooled model that included all nine study countries, seven predictor variables remained
significant in the reduced model, and all were associated with increases in the odds of E. coli
presence in household drinking water. Season (sampling during the rainy season) had the
largest effect size of all significant predictor variables in the pooled model; sampling during the
rainy season had greater odds of detecting E. coli in drinking water samples by 2.3 [2.0, 2.7]
times relative to sampling during the dry season.

Using an unimproved-type water source was the next largest effect size in the pooled model;
the odds of detecting E. coli were 1.9 [1.6, 2.3] times higher in households with an unimproved-
type water source compared to households with improved-type water sources. The remaining
variables significant in the pooled model were owning animals (1.4 [1.1, 1.6]), not having a
community water committee (1.3 [1.1, 1.5]), having visible feces in the yard (1.3 [1.1, 1.4]),
having a main water source off-plot (1.2 [1.1, 1.5) or 30+ minutes away (1.2 [1.1, 1.4]), or being
in the lowest wealth quintile (1.1 [1.1, 1.1]).
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In the Southern AU region reduced model (Malawi, Mozambique, Zambia), the predictor
variables with the largest effect sizes were using an unimproved water source (1.8 [1.3, 2.5]),
no water committee (1.7 [1.2, 2.2]), and a water source off-plot (1.6 [1.2, 2.3]). Having a lower
education level [1.1, 1.8], no rubbish pit [1.1, 1.7], owning animals [1.1, 1.8], and having a water
source 30+ minutes away [1.1, 1.7] were each associated with 1.4 times greater odds of
households having E. coli in drinking water compared to reference levels. Households that did
not pay for water were less likely to have E. coli in their drinking water (0.7 [0.6, 0.9]).

In the Western AU region reduced model (Ghana, Mali, Niger), the odds of contamination of
household drinking water with E. coli were greater by 1.6 [1.1, 2.1] times for households with
no water committee; 1.4 [1.1, 1.8] times for households with visible feces; 1.4 [1.1, 2.0] times
for households with no clothesline; and 1.2 [1.1, 1.3] times for households in a lower wealth
quintile. Contamination of household drinking water was less likely in households with no
rubbish pit (0.6 [0.5, 0.8]) than samples from househaolds with a rubbish pit.

In the Eastern AU region reduced model (Kenya, Rwanda, Tanzania), households using an
unimproved water source had 1.9 [1.5, 2.6] times greater odds of E. coli contamination of
drinking water contamination than households with improved water sources. A water storage
container with an opening wide enough for people’s whole hands to touch the water was
associated with 1.8 [1.4, 2.4] times the odds of E. coli contamination compared to storage
containers with narrow openings that protect the water from hands and objects. The odds of
contamination of drinking water in this region also were greater by 1.5 [1.1, 1.9] times for
households that did not pay for water, 1.4 [1.1, 1.9] times for households that owned animals,
1.4 [1.1, 1.8] times for households that did not have electricity; and 1.3 [1.1, 1.7] times for
households that did not have a dish rack.

Model comparison

In each region, all predictor variables had similar odds ratios in the reduced and unadjusted
models. Fifteen predictor variables were significant in at least one reduced model — the odds
ratios and associated 95% Cls are shown in Figure 1. Using an unimproved water source,
owning animals, and not having a community water committee were significant in the pooled
model and two of the three regional models, Having an off-plot water source, requiring 30+ min
to collect water, being in the lowest wealth quintile, and having visible feces in the yard were all
significant in the pooled and one regional model. Five predictor variables were significant in
only one model: lower relative education level was significant in the Southern AU region;
having a storage container with a wide opening, no dish rack, and no electricity were all
significant in the Eastern AU region, and having no clothesline was significant in the Western
AU region.

Two predictor variables demonstrated significant but conflicting associations with E. coli in
household drinking water across regions. Not paying for water was associated with lower odds
of contamination in the Southern AU region (0.7 [0.6, 0.9]), but greater odds of contamination
in the Eastern AU region (1.5 [1.1, 1.9]) reduced models. Likewise, not having a rubbish pit was
associated with lower odds of contamination in the Western AU region (0.6 [0.5, 0.8]) and
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greater odds in the Southern AU region (1.3 [1.1, 1.7]) reduced models. Two insignificant
predictor variables in unadjusted models became significant in the elimination process: wealth
quintile in the Western AU region and time to source (30+ min away) in the pooled elimination
model.
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Figure 1. Comparison of odds ratios and 95% confidence intervals of predictor variables for the presence of E. coli in household
drinking water from pooled and African Union region logistic regression elimination models.

Discussion

Using cross-sectional survey and drinking water contamination data from 4,499 rural
households, we identified factors influencing E. coli contamination of household drinking water
in nine countries in SSA. The households included in this study had similar but slightly lower
WaSH access relative to WHO/UNICEF JMP 2022 estimates for rural households in SSA.1X Our
data are consistent with other studies showing lower access rates in rural versus than urban
settings.'®?® Our results confirm that most rural study households drink water contaminated
with E. coli.

QOur study builds on available evidence by providing insight into how predictors of drinking

water quality vary across contexts. A strength of our research is that the same indicator
definitions, survey questions, and data collection methods were applied across each country,
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facilitating direct comparison across regions with more reliability than in previous studies.
Previous studies have examined water quality using similarly large datasets (e.g., MICS) but lack
the wide range of predictors, such as water source management, we have discussed here.!?
Understanding the factors that influence fecal contamination and how they change across
contexts can inform efforts to increase safe drinking water access, overcome drinking water-
related disparities in LMICs, and help improve their monitoring and outcomes. Our results,
however, should not be over interpreted — this study was conducted in rural areas of LMICs in
SSA and results may vary substantially as compared to urban areas or humanitarian contexts.

Main water source

Most main water source type characteristics significantly influenced drinking water
contamination in at least one reduced model. In three of four reduced models — including the
pooled model — households with an unimproved-type water source were significantly more
likely to have contaminated drinking water than those with an improved-type source. This
result is consistent with studies demonstrating improved sources have less E. coli
contamination and better overall water quality.*17:?®

Regional differences in the predictive power of the improved/unimproved variable may be
driven in part by the distribution of source types within each classification. For example, in the
Western AU region—the only region where improved source type was not predictive of
contamination—most unimproved sources were unprotected dug wells (75.9%), with relatively
little surface water use (17.9%). In contrast, surface water was the predominant source type in
the Eastern and Southern regions among those using unimproved sources (49.7% and 42.6%,
respectively).

The improved/unimproved-type classification is a weak predictor of safe water, especially at a
single time point. Multiple studies have found that improved-type water sources contain
microbial contamination.>*32 We found that 69% of all households in this study had access to an
improved-type water source according to the JMP classification, but E. coli was detected in two-
thirds (67%) of those households. We did not specifically examine the entry point for
contamination (i.e., where contamination was introduced along the chain of collection,
transport, and/or storage). However, our results reaffirm that water service level as a stand-
alone variable is an imperfect and incomplete proxy for water quality, mainly where households
collect drinking water from off-plot sources and then transport and store it in the home.?334

Households accessing water sources that were off-plot or 30+ minutes round trip from the
household had a greater likelihood of E. coli in the Southern AU region and pooled models. An
adverse impact of longer distance or time to source on household water quantity and quality
has been previously documented, potentially due to contamination during transportation.
However, the relationship is nonlinear and context dependent.?*?%3 In our study, we observed
regional differences in the self-reported average time to collect water (mean round trip
collection time in minutes: Western 12.8; Eastern 23.1 minutes; Southern 21.2), which may, in
part, drive regional differences in the predictive power of this variable. However, recent
reviews and intervention studies in rural Africa have demonstrated that household drinking
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water quantity did not improve unless the water source was closer to the household and on-
pIOt.35’36

We observed greater odds of contamination in households collecting water from a source with
no water committee in the pooled Southern AU region and Western AU region models. This is
consistent with evidence from other studies conducted in SSA concerning the effects of
operational, management, and repair capacities of community water committees.?*3%
Community management is a common approach to water system management in rural SSA.
Water committees may protect the source from contamination by facilitating system
maintenance and repair, managing the environment around the water source (removing
foliage, sweeping and keeping out animals), and enforcing rules about source use.**3*3” Water
committees sometimes educate the community about hygiene and sanitation, which may
reduce contamination within the home.?*3”3® Even as community management of rural water
supplies is increasingly critiqued for sustainability reasons,** water committees can create a
sense of community ownership over the water system and drive protective factors.** The
dataset did not contain measures of the specific activities of water management committees,
but the specific structure and activities of committees may drive regional differences.

Paying for water service was significantly associated with increased E. coli contamination in the
Eastern AU regional model but decreased contamination in the Southern AU region model.
Paying for water service is thought to improve water quality by providing funds for repairs that
protect the source.”? However, studies from SSA suggest that in some communities, non-
monetary contributions - such as contributing labor or leveraging community assets — may be
sufficient for repairs and prevent the need for household financial payment.?® The differing
results between the Southern and Eastern AU models further illustrate the complex
relationships between water payment and quality and demonstrate the importance of local
context in identifying determinants of household water contamination.

Having water available at the time of the survey and continuous service for 24 hours per day
are essential aspects of a high-quality drinking water source.*** However, neither was
significant in any of the reduced models. This finding may be explained by the study context,
where most households had continuous (82%) and available (93%) drinking water access, and
few households relied on intermittent supplies.

Water storage and household water treatment

Contamination of drinking water between source and consumption often occurs due to unsafe
household storage practices and a lack of proper household water treatment.'** |n our
models, most water storage and treatment characteristics were not significantly associated
with E. coli contamination. Water storage, household water treatment, storing water within
reach of animals, having an unclean storage container, and not having lids for storage
containers were all insignificant in every reduced model. In one model (Eastern AU region),
there were increased odds of contamination in households using storage containers with
openings wide enough to fit a hand. Trials of safe storage interventions in West Africa have
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struggled to achieve high, sustained uptake, and improper storage was commonly observed
(e.g., using a communal cup to scoop water instead of dispensing it via the tap).*%5°

The potential for water contamination after collection varies between settings. Contamination
potential is exceptionally high in locations where water is collected off-premises, transported,
and stored, as each step offers a new potential entry point for contamination.'#*% The
households studied primarily obtained water from unimproved-type water sources, and most
households sampled were positive for E. coli. Poor source water quality may be masking the
relationships between water quality and household storage and treatment in this study, as
contamination during household storage and in the absence of treatment are more accessible
to identify if there is less contamination at the source. Some household water treatment may
effectively decrease E. coli contamination but not to below 1 MPN per 100 mL, which was the
outcome used in our binary analysis.*?

Sanitation and hygiene

Evidence linking exposure to fecal matter, drinking water microbial contamination, and
diarrheal disease is common.>>? Drinking water samples tested positive for E. coli more often
when enumerators observed visible feces around the household in the pooled and Western AU
models. However, practicing open defecation was not a significant predictor in any model. We
hypothesize that visible feces in the yard may be a stronger predictor because there is a greater
opportunity for exposure when feces are closer to the home than open defecation sites farther
away. However, this finding may be biased by the reliability of self-reported open defecation
practice compared to direct observation by enumerators. Having no handwashing facility with
soap and water was not a significant predictor of fecal contamination in the surveyed
households, likely because very few households had such a facility (8% or less in any given
country).

Household characteristics

Socioeconomic and demographic characteristics of households are well-established predictors
of household water quality; households with low education levels in rural, low-income settings
are more prone to water contamination compared to wealthier, more well-educated, urban
households.*?*2% Studies have demonstrated that poor households are less likely to use
improved primary water sources or demand high-quality service and quick repairs.?>*=¢ This
analysis accounted for the predictive value of the relative education of the heads of household
and the wealth quintile of households relative to all those sampled within each country. In the
Southern AU region model, households where the head of household did not complete at least
a primary education had significantly higher odds of contamination relative to other houses. In
the pooled and Western AU models, households in a lower relative wealth quintile experienced
slightly higher contamination odds. Overall, however, the influence of socioeconomic variables
was relatively low across the models, likely because all surveyed households were in rural, low-
income, and low-resource communities.
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Visible human or non-human feces and animal ownership significantly contributed to the ability
to predict water contamination in all four reduced models. Household ownership of animals,
including pets and livestock, is common in the study region (82.3%). Regardless of on-site
sanitation and hygiene practices, non-human feces may contaminate stored water or water
consumption-related household items such as cups and basins and present long-term and acute
health effects. Previous literature demonstrates that animal ownership contributes to greater
fecal contamination of household water in LMICs.**5"*% We found that households that owned
at least one animal had 1.4 times the odds of drinking water contamination than households
without animals (pooled: [1.1, 1.6], Southern AU region: [1.1, 1.8], Eastern AU region: [1.1,
1.9]).

While animal ownership was common in the Western AU region, it was not significantly
predictive of contamination. We assessed ownership as a binary variable, but a more nuanced
analysis of animal husbandry practices and how they vary by region may elucidate this
relationship. While not investigated in this study, evidence suggests that animal fecal
contamination risk may be influenced by the type of livestock and context-specific husbandry
practices, especially around animal waste management and whether animals enter domestic
environments, 1578

We found that various environmental hygiene measures (e.g., having a dish, clothesline, or
rubbish pit) were important across all regions. However, the strength and significance of
specific predictors varied by region. This supports other studies that suggest that while fecal-
oral disease is common, the exposure profile and associated risk factors vary substantially
across contexts.®® Household access to electricity, a dish rack, a clothesline, or a rubbish pit may
be related to overall household resources, like wealth and general household cleanliness.
However, little evidence exists on the relationship between these factors and water
contamination. Logistic regression models by McGarvey et al. (2008) found that household
trash disposal and household access to electricity showed mixed or no effects on water
contamination, depending on the model.?* Kirby et al. (2016) found that community-level open
solid waste disposal increases fecal contamination of household water in Rwanda, but this may
not be related to rubbish pit ownership at a household level.?®

Season

Season is a well-established determinant of microbial drinking water contamination and
associated diarrheal incidence. Case studies from countries within the region show rural,
unimproved sources are especially vulnerable to contamination during the rainy season due to
increased runoff, flooding, and limitations on external support or resource mobilization, 16283460~
2 However, one case study from rural South Africa found that even as source water
contamination may increase during the wet season, household-level contamination patterns
may differ due to confounding factors such as increased water quantity for hygiene and
cleaning and decreased water storage times during the wet season.®

In our study, only countries in Western Africa were sampled during the rainy season; thus, the
season was only included in the pooled regression model. In that analysis, season was the
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largest predictor of drinking water contamination in any of the reduced models, with an odds
ratio of 2.3 [2.0, 2.7]. This may partially explain why the proportion of households in Western
Africa, whose participating countries were sampled in the rainy season, had higher proportions
of E. coli presence (80%) in drinking water samples than in Eastern (76%) or Southern Africa
(56%). However, UNICEF and WHO household survey data also suggest household water quality
in Western Africa may be lower than in other regions.®* Due to the cross-sectional nature of this
study, it is not feasible to fully disentangle seasonality from other context-specific factors that
resulted in lower water quality in Western Africa.

These results highlight the importance of sampling during the rainy and dry seasons (at a
minimum, and ideally more intensively therein) to use the season as a covariate or confounder
in other drinking water characteristics analyses. Sampling in both seasons will facilitate
exploration of the effect of households using secondary water sources during different seasons.

Programming and policy implications

We recommend that policymakers and practitioners prioritize expanding on-plot water services
where feasible, establishing effective local water source management structures, and
incorporating animal-rearing practices into WaSH interventions.

Our results agree with previous studies that show that an improved, on-plot water source is the
best way to ensure clean water in rural households.?*® Safe water storage from off-plot sources
is often promoted as an interim solution. Still, our study suggests this may not adequately
reduce exposure and frequently lead to contaminated water consumption. Along with
improving quality, an on-plot source improves health by increasing household water quantity.
8.7 This change in water quantity is as essential to avoid water-washed diseases as water
quality is to avoid waterborne diseases.®” Expanding on-plot access has often been dismissed in
rural areas due to the higher cost of this level of service. Still, economic analysis shows that the
increase in household productive time more than offsets the cost of water infrastructure
expansion.®® We recommend policymakers and practitioners prioritize expanding on-plot
services over expanding communal sources or improving household water storage and
treatment practices, in alignment with the reorientation of policy recommendations from the
Millennium Development Goals to the Sustainable Development Goals.

Qur results in the Southern and Western AU regions and the pooled model show that the
absence of a water committee is associated with water contamination at the household level.
In parallel with expanding on-plot services, policymakers and practitioners should support local
water source management structures in rural areas.

Finally, these results emphasize the importance of considering animals and livestock in water,
sanitation, and hygiene interventions. In this dataset, the presence of domestic animals was a
better predictor of E. coli than open defecation, confirming previous findings that animal feces
may have an equal or greater contribution to fecal contamination of drinking water relative to
human feces.’%
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There may be simple ways to reduce animal-related contamination of household drinking
water: one study demonstrated higher rates of fecal contamination when animals were free-
roaming, implying that compound fences or chicken coops could reduce contamination;
another found that households were less likely to dispose of animal waste than human waste
adequately, and recommended providing feces scoops to encourage more effective compound
cleaning.’®%7%Animal-rearing practices are a vital area of collaboration between the water,
sanitation, and hygiene and food/farming sectors, representing an opportunity to align the
interventions of all sectors to a One Health approach.”

Research implications

Extensive literature examines the relationship between water contamination and water source
characteristics, such as water source type, the accessibility of the water source (time/distance),
and the presence of a water committee. However, the effect of household water treatment and
storage practices, household characteristics (owning a dish rack, rubbish pit, etc.), and animal
ownership on household drinking water quality are inadequately understood. While this study
confirms that water source characteristics are strongly associated with water quality, our
results identify some less commonly assessed indicators that may influence household water
contamination risk. Household animal ownership and observed animal feces — a significant
predictor in three of four reduced models — are significantly associated with contamination and
could be easily incorporated into household surveys.

This study contributes to a growing body of evidence on the lack of significant associations
between payment and water contamination, something inadequately understood.

Limitations

We used an observational, cross-sectional dataset for this analysis. This dataset allowed us to
achieve a large sample size across multiple countries, using consistent questions and methods,
which are highly costly and pose other feasibility challenges for interventional studies.
However, these strengths come with trade-offs and limitations for observational data. The
predictive methods used could not generate explanatory models that show causal
relationships. Although the household sample size was comparatively large and variance
assumptions in regression criterion were met, reducing survey information to meaningful
binary or categorical variables reduced the amount of information available for models and
thus the power of analyses.

Furthermore, E. coli is a measure that can fluctuate across samples at different times of the day
or on other days, weeks, months, or seasons of the year; while mitigated by relatively large
sample sizes in this study, noise in this measure emphasizes the importance of interpreting
these results as point estimates. Cross-sectional sampling limited the ability to make
observations across different periods.

Although there are limitations to backward elimination for variable selection, logistic regression
modeling for predicting unsafe water contamination is not novel. * We narrowed the dataset to
a reasonable number of predictor variables using monitored elimination. This was used to
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create reduced models with higher context-specific predictive power following the purposes of
this research without overly allowing for spurious results from unmonitored modeling of this
nature. This approach to creating predictive models reduces many common concerns with
elimination methodology, most notably creating “black box” models and conducting spurious
variable selection.?”7%73

Conclusion

The high prevalence of fecal contamination in household drinking water presents a substantial
health risk, and the potential for reducing the water-related disease burden in rural SSA is high.
Fecal contamination is prevalent in SSA, especially in less wealthy, less educated, rural
households.

Large, observational datasets, such as those we have used in this study, enable the
identification of risk factors associated with drinking water contamination across contexts in
ways that may be cost- or logistically prohibitive in intervention studies. Our elimination
regression analysis showed that season and other well-documented determinants, such as
using an unimproved water source, the absence of a water committee, and domestic animal
ownership, are significantly associated with household E. coli contamination. Some
theoretically established determinants — such as household water treatment and storage
practices, payment, or sanitation and hygiene — were not found to be significantly related to
water contamination.

Findings suggest that policymakers and practitioners should prioritize expanding on-plot water
services, support local water source management structures, and incorporate animal
husbandry practices into water, sanitation, and hygiene interventions.
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