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ABSTRACT

Limited piped water services in low- and middle-income countries (LMICs) are likely to increase the use of multiple water sources, impacting

access to safely managed water. The aim of this study was to analyze monthly variations of households’ water source preferences in three

subdistricts in Bekasi, adjacent to the capital city of Indonesia, through a monthly telephone survey of 87 households during 12 months.

Households with 1, 2, and 3–4 drinking water sources formed 70, 27, and 3% of the 755 total responses, respectively. Of the 53 households

that completed at least 11 of the 12 monthly surveys, around 32% of households resorted to other water sources as a complement for drink-

ing water and other domestic purposes. Households switched from borehole water to bottled water for their primary drinking water in the

wet season but still used borehole water as their complementary source. Unimproved source use as primary drinking water also increased

during the wet season from 6 to 8%. Monitoring and risk assessment of water sources need to consider the use of multiple water sources

while balancing out the limited resources to protect the population, especially the vulnerable, from unacceptable health risks.

Key words: drinking water, groundwater, low-middle-income country, multiple water source use (MWSU), seasonality, temporal variation

HIGHLIGHTS

• At any given time, 30% of households had multiple drinking water sources.

• For all water use, multiple water sources increased to 74%.

• Borehole water use decreased by 6% during the wet season replaced by bottled water.

• Primary drinking water from an unimproved source at 2%, higher during the wet season.

• Use of unimproved sources as overall drinking water tripled, at 20%.
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GRAPHICAL ABSTRACT
ABBREVIATIONS
BPS
://iwaponline.com/w
Badan Pusat Statistik or national statistical agency

CWS
 complementary water sources

DFAT
 Department for Foreign Affairs and Trade

DHS
 Demographic and Health Survey

DWPS
 drinking water perceived as safe

JMP
 Joint Monitoring Program

LMICs
 low- and middle-income countries

MICS
 multiple indicator cluster surveys

MWSU
 multiple water source use

PCDW
 primary and complementary drinking water

PCWS
 primary and complementary water source

PDW
 primary drinking water

PWS
 primary water source

SDG
 Sustainable Development Goal

SUSENAS
 Survey Sosial Ekonomi Nasional or social economic national survey

SUSU
 supplementary unimproved source use
INTRODUCTION

Safely managed drinking water is the highest service level on the Joint Monitoring Program (JMP) ladder for global monitor-
ing of the Sustainable Development Goal (SDG). Safely managed drinking water sources should meet these three criteria: an

improved source that is located on-premises, available when needed, and free of fecal and priority contamination (WHO
2017). In 2020, while 93% of the population in low- and middle-income countries (LMICs) used improved water, only
58% of the total population is reported using safely managed drinking water (WHO/UNICEF 2020). Additionally, only

46% of the population with improved sources reported using piped water (WHO/UNICEF 2020). Household with limited
piped water service is likely to use multiple water source use (MWSU) as a strategy for securing their water needs (Neumann
et al. 2013; Kulinkina et al. 2016a). For example, a household in Vietnam with no piped water network relies more than a

household with a piped water network on bottled water in conjunction with other sources (Neumann et al. 2013). In Ghana,
poor piped water quality is one of the reasons for households complementing their water source with complementary sources
such as dug well and rainwater (Kulinkina et al. 2016a).

Current monitoring programs for safely managed drinking water are usually limited to capturing one main source of drink-

ing water at a given time. Previous studies underlined how this type of monitoring masks the complex reality of households
that use multiple water sources and may underreport the health risks associated with unsafe drinking water (Elliott et al.
2019). It is estimated that 42.3% of households across Asia and Africa use more than one source of water (Vedachalam

et al. 2017).
On one hand, multiple water sources offer flexibility to households by allowing them to supplement or alternate water

sources according to the level of service (Cassivi et al. 2021). However, each water source may carry different health
ashdev/article-pdf/12/11/770/1139480/washdev0120770.pdf
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risks. In certain circumstances, households supplement their improved water source with an unimproved one (Daly et al.
2021), coined as ‘supplementary unimproved source use’ (SUSU). Households may also voluntarily opt for improved sources
that are not necessarily safe (Foster &Willetts 2018). Monitoring access to safely managed drinking water needs to consider a
temporal variation of households’ access to various water sources and their specific use.

In the last 10 years, only a few studies have been conducted in South-East Asia on multiple water sources such as water
quality of multiple water sources in Kandal Province, Cambodia (Shaheed et al. 2014) and the influence of income on
MWSU in Bandung, Indonesia (Nastiti et al. 2017). Shaheed et al. (2014) found the mixing of MWSU, including from
improved and unimproved sources, might be associated with poor water quality. Nastiti et al. (2017) noted that MWSU

was more common in higher-income households. Some studies on multiple water sources in South-East Asia focused on com-
paring secondary water sources with a specific main source, such as bottled water (Francisco 2014). They may not include a
multitude of other water sources because they focus on a specific water source as the main topic. MWSU was not the focus of

their discussion, even though MWSU was examined and captured by those studies.
The aim of this study was to capture and analyze monthly and seasonal variations of MWSU and to understand the overall

preference of each household when choosing water sources for various activities throughout the year. This study was con-

ducted in Indonesia, the most populous country in South-East Asia, where piped water is accessible to only 20% of the
population (Bappenas 2021), and only half of those who have access to it use it for drinking purposes (BPS Kota Bekasi
2021). The study focused on urban areas, which have a higher population density. To the best of our knowledge, this

study is the first that has focused on MWSU in South-East Asia and the first longitudinal multiple water source study that
has surveyed households for 12 months.

METHODS

Study location

The participating households were situated in Bekasi City, Indonesia focusing on three districts in Bekasi City (2.54 million
people; 12,085 people/km2) namely Jatiluhur, Sumur Batu, and Jatirangga (Figure 1), chosen due to its high population den-
sity, low access to piped water, and widespread use of self-supply groundwater services. It is in the West Java Province and is
directly adjacent to Jakarta, the capital of Indonesia. In 2020, more than 88% of the households depended on groundwater as

their water source and most of these households were in the bottom 40% of expenditure (BPS Kota Bekasi 2021).

Data collection

From June 2020 to May 2021, a monthly survey was conducted through telephone interviews using digital platforms on the
primary and complementary water source (PCWS) use for four activities (drinking water, coffee and tea, handwashing, and

other domestic uses) and the perceived safety, taste, appearance, smell, and overall reliability of primary drinking water
(PDW) source (Supplementary material, Appendix S1). This monthly survey is parallel to a larger field survey in the same
area conducted from February 2020 (wet season) and October 2021 (dry season) involving approximately 300 households.

Some data from this larger study were used to complete the monthly survey results, including the socio-economic profile
and water quality. More details can be found in other published studies (i.e., Maysarah et al. 2020). Data on 23 indicators
such as household asset ownership, dwelling material, cooking fuel, and household composition were also used from the

larger aforementioned field study to calculate the wealth index and quintiles using the same method as in 2017 Indonesian
Demographic and Health Survey (DHS). Rainfall data were obtained from annual reports of the national statistical agency
(Badan Pusat Statistik or BPS) (Supplementary material, Appendix S2).

The 87 households selected for the monthly survey were a subsample of the field survey respondents. The inclusion criteria
were as follows: (a) availability of telephone numbers, (b) willingness to participate in the monthly survey, and (c) point-of-use
samples collected in the field survey. Within 12 months, 34 respondents withdrew their participation during the survey period
or did not respond in some months. The study was approved by the Ethical Approval Committees of Universitas Indonesia

(29/UN2.F10.D11/PPM.00.02/2020) and the University of Technology, Sydney. Informed consent was obtained from the
households at the beginning of the survey (in February 2020) and before each monthly telephone call.

Data were analyzed from several angles categorized by participation duration of households and survey period. The first

angle included 1-year data of the respondents who participated at least one time or which means all the data were obtained
from 87 households. PDW, primary water sources (PWS), and complementary water sources (CWS) were analyzed separately
and together, mentioned as a PCWS or primary and complementary drinking water (PCDW). The second angle was by
om http://iwaponline.com/washdev/article-pdf/12/11/770/1139480/washdev0120770.pdf
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Figure 1 | Map of study location in three subdistricts in Bekasi City, Indonesia.
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aggregating monthly data for temporal and seasonal trends over the year with the associated number of participating house-
holds each month. The number of households each month might not be constant due to participation withdrawal. The term
‘water sources’ in PWS, CWS, and PCWS includes water sources for all four activities (drinking water, coffee and tea, hand-

washing, and other domestic uses). Meanwhile, PDW and PCDW only consider water sources for drinking. Statistical
analyses were performed using Student’s t-test for parametric data and the Wilcoxon Signed Rank Test for non-parametric
data. The third angle, when possible, included 1-year data from respondents with full or almost full participation (i.e., for

at least 11 months; n¼ 53).
Water source and household perception were used as a basis for the categorization of the following:

• Improved and non-improved sources based on the JMP definition (WHO 2017).

• Self-supply source and non-self-supply source categories, where self-supply sources included boreholes, protected wells, and
unprotected wells owned by individuals/households. Non-self-supply sources included water sources owned by a company
or government and packaged water, such as an artesian well which in this case owned by the government, refill water, and

bottled water.

• Drinking water perceived as safe (DWPS) was improved sources, on-premises, available, with household satisfaction in
terms of safety, taste, appearance, smell, and reliability perception. Those perceptions were asked to the participating house-

hold every month by asking them to assess their drinking water condition (binary questions – good/not good) in terms of
safety, taste, appearance, smell, and reliability (see Supplementary material, Appendix S1). This approach is also used by the
Indonesian Government in their social and economic national survey (Survey Sosial Ekonomi Nasional or SUSENAS) to
://iwaponline.com/washdev/article-pdf/12/11/770/1139480/washdev0120770.pdf
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estimate safely managed services in the absence of quantitative water quality testing. Households using DWPS can be

defined as perceived as using safely managed water services considering the criteria of DWPS.

RESULTS

Background characteristics

Within the 87 households, the mean age of respondents was 40 years. Most of the respondents owned their houses, and occu-
pations and educational levels varied. Almost half of the households (47%) had no occupation. The highest education of most
households (30%) was primary school; 13% of households even had no school attendance. Most households (57%) fell into

the lower-middle economic class based on wealth quintiles calculation (see Supplementary material, Appendix S3 for details
of respondent characteristics).

Total rainfall between June 2020 and May 2021 was approximately 6,672 mm, with a median of 428 mm and an average of

556 mm (Supplementary material, Appendix S2) peaking on February 2022 (1,898 mm). Rainfall was lower than the median
during June–September 2020 and November–December 2020. According to several data, including rainfall data in 2020 and
2021 (Supplementary material, Appendix S2), and the rainfall bulletin of June 2021 (BMKG 2021), seasonal data were ana-
lyzed by grouping the data from two periods: June 2020 to September 2020 as the dry season and October 2020 to May 2021

as the wet season.

Multiple water sources: temporal variation and household consistency

Of the 755 responses received over the 12-month period (Supplementary material, Appendix S4), a singular drinking water
source was reported in 70% of responses while 30% used multiple drinking water sources (‘all data’ Figure 2(a) and Sup-

plementary material, Appendix S5). The highest use of multiple water sources occurred during the month of May 2021
(Figure 2(a)) while multiple water sources for other activities were mostly used during the dry season, with 13–18% of
house- holds using multiple water sources during the dry season compared to 7 �9% during the wet season. (Figure 2(a)-–(d)).

From a household perspective, 74% of the 53 households (respondents with full or almost full participation) used multiple
drinking water sources throughout the year (‘53HH1Y’ Figure 2(a) and Supplementary material, Appendix S5) while 40–55%
used multiple water source for the three other activities (‘53HH1Y’ Figure 2(b)–2(d) and Supplementary material, Appendix

S5). When the water sources for the four activities were investigated altogether, almost two-thirds of the 53 households used
multiple water sources (Figure 2(e), PCWS right side). This number is larger than the 32% of households that reported mul-
tiple water sources for their primary sources of the four activities (Figure 2(e), PWS left side), meaning that 32% of households
resorted to other water sources as complementary for one or more activities.

Unimproved sources were still used as PDW sources 7% of the time (Figure 3(b)). Unimproved source use slightly
decreased when complementary sources are considered (Figure 3(d)). Half of all data indicated multiple water use (51%)
using boreholes as complementary sources, mostly for households with bottled water and refill water as their PDW source

(Supplementary material, Appendix S6).
The variation in drinking water preference seemed to follow a seasonal trend. The choice of boreholes as sources of PDW

was steady at a mean of about 47+ 0.1% for the first 4 months (from June 2020 to September 2020) when it was dry but

decreased to a mean of 41+ 2.5% from November 2020 to May 2021 (p, 0.05; Supplementary material, Appendix S3).
In the wet season, households switched from borehole water to bottled water, with a rise in the use of bottled water from
16+ 2.8% from June 2020 to September 2020 to 18+ 0.9% from October 2020 to May 2021 (p. 0.05; Supplementary

material, Appendix S3). Many of these households still used borehole water as their complementary sources indicated by
the increase in the wet season (Figure 4(b)).

There was a less marked seasonal shift of choice of boreholes and bottled water for other water uses besides drinking water.
The proportions of borehole water being used for handwashing and for making tea and coffee were comparable in the wet

and dry seasons, with yearly means of 77 and 66%, respectively (p. 0.05; Supplementary material, Appendix S3). Compared
with other water sources, unprotected well use for the primary source of all activities constantly increased by 2–3% from the
dry to wet season (p, 0.05; Supplementary material, Appendix S3).

Although both can be considered drinking water sources, the preference for water sources for making tea and coffee is not
always the same as that for drinking water. Only 70% of the time, households opted for the same primary water source for
drinking water and for making tea and coffee (Supplementary material, Appendix S6). More households chose to use other
om http://iwaponline.com/washdev/article-pdf/12/11/770/1139480/washdev0120770.pdf

023



Figure 2 | Percentages of household responses indicating 1, 2, and 3–4 water sources (WS) for various purposes (from top to bottom):
(a) drinking water, (b) tea and coffee, (c) handwashing, (d) other domestic purposes, (e) in 53 households during 11–12 months for all four
activities from drinking water to other domestic purposes with PWS only and PCWS. Graphs a–d contain 14 stacked bars. The first 12 bars
represent percentage of monthly responses, the 13th bar represents all 755 data, and the 14th bar represents responses on a household
level for the full year of the survey (n¼ 53 households).
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sources besides packaged water for the latter activity, a total of 84% compared to only 54% of households not using packaged

water for drinking water (Supplementary material, Appendix S3).
The primary water source for handwashing and other domestic purposes was the same 99% of the time (Supplementary

material, Appendix S6). However, the complementary water source for these two activities was considerably different.

From the 81 data where households had multiple water sources for other domestic use, 41% used different complementary
sources/used complementary sources compared to handwashing with only 60 data of the use of multiple water sources (Sup-
plementary material, Appendix S6).
://iwaponline.com/washdev/article-pdf/12/11/770/1139480/washdev0120770.pdf



Figure 3 | Percentage of drinking water sources categories, perception rain, and flood monthly percentages of households (from top to
bottom, left to right): (a) self-supply PDW, (b) unimproved source PDW, (c) self-supply all sources including PCDW, (d) unimproved source use
of PCDW, (e) drinking water from an improved source and perceived as safe (DWPS), (f) reported uninterrupted water supply, (g–k) aspects of
satisfaction with drinking water related to safety, taste, appearance, smell, and reliability, (l) reported rain in the last 24 h, and (m) reported
flooding. Dash lines indicate an average of 755 data.
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The mean use of self-supply for PDW source decreased overall from 52+ 0.7% to 48+ 2.1% (p, 0.05) in the wet
season (Figure 3(a) Supplementary material, Appendix S3). The mean use of unimproved sources for PDW increased
from 6+ 0.2% to 8+ 0.9% (p, 0.05) in the wet season (Figure 3(b) and Supplementary material, Appendix S3). How-

ever, when regarding CWS, self-supply users increased from 46+ 4.2% to 59+ 9% (p, 0.05) in the wet season while
unimproved source users for PCDW were averaged at 6% (Figure 3(d)) with no significant difference between the wet
and dry season (p. 0.05).
om http://iwaponline.com/washdev/article-pdf/12/11/770/1139480/washdev0120770.pdf

023



Figure 4 | Monthly percentages of primary water sources (left) and complementary water sources including second, third, and fourth
sources (right) for various activities including (from top to bottom) (a and b) drinking, (c and d) tea and coffee, (e and f) handwashing, and
(g and h) other domestic purposes. The first 12 bars represent the percentage of monthly responses. For figures of primary sources, the 13th
bar represents all 755 data. For figures of complementary sources, the 13th bar represents all second, third, and fourth sources combined
and total data varies depending on the number of complementary sources of each household at the given time.
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Safety and perception

Overall, households were satisfied with their drinking water most of the time where the average positive perception on drink-
ing water were more than 95% (Figure 3(g)–3(k) and Supplementary material, Appendix S7). Water sources used at the time

of the interview were available almost 100% of the time. Unavailable water source was only recorded for one household in the
month of July (dry season). The households also perceived their water safe with no issue with the taste for the most part,
except in the first month of the survey (in the dry season) when 91 and 93% of respondents considered their water safe
and with no taste, respectively. In the wet season, almost 100% of households considered their drinking water safe and with-

out taste (Supplementary material, Appendix S3).
A few people had more issues regarding the smell, with a mean positive smell perception of 98% (Figure 3(j)). Issues regard-

ing smell were reported in the dry and wet seasons, with mean perceptions of 96 and 99% in the dry season and wet season

(Supplementary material, Appendix S3), respectively (p. 0.05). Households complained of an iron odor in the water (Sup-
plementary material, Appendix S8). Over the 12 months, there were more issues regarding appearance, with a mean of
around 94% irrespective of the season (Supplementary material, Appendix S3). The issues reported in the survey included

turbid appearance, cloudiness, and settling particles in the water.
As sources changed throughout the year, the level of perceived water service level changed. There are 42% of households

on average who has access to DWPS services, which is varied around 35–47% throughout the year (Supplementary material,
Appendix S7). However, during the 12 months, only 25% of the 53 households had consistent access to DWPS services (Sup-

plementary material, Appendix S7). Seasonal variation was also pronounced, as the proportion of households using DWPS or
perceived using safely managed water services decreased from 45% in the dry season to 40% in the wet season (p, 0.05)
(Figure 3(e) and Supplementary material, Appendix S3).
DISCUSSION

Results demonstrated the temporal variability of drinking water sources. More households used multiple water sources for

drinking water than for other domestic purposes. This finding is similar with a study from Kumpel et al. (2017) in Nigeria,
where there was consistency in the type of water source used for cooking and washing but the variability of drinking
water sources.

There may be different reasons for the variations in water sources. However, some factors, mainly appearance, were often
perceived negatively and became the basis for switching to other water sources, as observed by Wong (2009) who reported
that people regarded visible contamination and turbidity as the two most important parameters in the assessment of drinking
water quality (at 43 and 18%, respectively). Thus, water for making tea and coffee may come from sources perceived to be of

less quality than drinking water sources because tea and coffee are prepared by boiling water with the final product being
colored water, thereby making appearance less important.

Source switching to packaged water by seasonal factors is likely to be a determining factor in the choice of water source for

households. The trend of self-supply use for drinking water in the dry season and switching to refill/bottled water in the wet
season was similar to Nguyen et al. (2021) who reported decreasing use of higher-risk water sources during the dry season due
to the deterioration of water quality, similar to our observation. Olonga et al. (2014) reported complaints of higher turbidity of

borehole water in wet seasons which may be due to the higher infiltration and groundwater recharge in wet seasons. How-
ever, switching to packaged water during the wet season is not always the case, e.g., in Kumpel et al. (2017) where rainwater is
preferable during the wet season and this reduced the use of bottled water. Thus, the seasonality of source switching must take

into account the local context.
There are positive and negative outcomes of MWSU adoption. For households with limited piped water access and finan-

cial resources, MWSU is a fair solution as it builds resiliency to climate-induced water insecurity (Elliott et al. 2019).
However, it may also drive households to supplement their water supply with water from unimproved sources (SUSU),

which may increase their health risk (Daly et al. 2021). The practice of source switching based on climatic conditions has
been correlated with the increase in diarrhea incidence in the wet season (Kulinkina et al. 2016b).

The findings of this study are also consistent with those of previous studies that call for regulators to weigh the cost and

benefit of investigating complementary sources of drinking water (Foster & Willetts 2018; Daly et al. 2021). Such an exer-
cise may reveal greater inequality and reliance on unimproved sources than the recorded figures (Adams & Smiley 2018).
Moreover, water sources for other purposes, such as making tea and coffee, may be different than drinking water sources
om http://iwaponline.com/washdev/article-pdf/12/11/770/1139480/washdev0120770.pdf
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and may also require monitoring and evaluation in communities with water sources at high risk of fecal contamination.

Although the water for tea and coffee is often boiled, it may still be at risk of contamination. Studies from Ghaudenson
et al. (2021) in Bekasi and Metro City, Indonesia showed that boiling only reduced Escherichia coli contamination 70%
of the time.

Even as multiple water sources may vary between and within households, it is impossible for regulators to cover all
the temporal and spatial variations of MWSU. To reduce required resources, water quality monitoring and assessment
may be risk-based (Charles & Greggio 2021). Investigations of multiple water sources should focus on households with
high-risk profiles (Genter et al. 2021). In addition to households, risk assessment could also focus on vulnerable

periods, such as during the shift from the dry season to the wet season (Kraay et al. 2020) and during the wet
season as shown in this study and a previous study (Bain et al. 2021). Kraay et al. (2020) mentioned that the shift
from the dry season to the wet season is the time when the pathogen concentrates to peak concentration and is

ready for initial flushing to the environment and then a concentration–dilution process of the pathogen to the environ-
ment occurred in the rainy season.

It is acknowledged that this study is limited in several aspects. First, detailed reasons for switching sources and using mul-

tiple water sources were not investigated. Households only answered their perception of the current water source. Second,
there is no water quality testing to describe household conditions related to safely managed water services. Finally, this
study used self-reported data which might offer biased estimates. However, the breadth and depth of water sources across

the year for four different activities are well covered and still support strong evidence of possible health risks from the
water supply.

CONCLUSION

These results reveal the complexity of MWSU between and within households that is overlooked by the current monitoring

program of safely managed drinking water. This longitudinal study yields critical information on monthly and seasonal
variation and household preferences of water sources throughout the year that is not captured by the current literature.
Households may use different water sources for different purposes which could also vary at different periods. CWS also

vary according to uses and seasons, each of which may pose different health risks. Although resources are limited,
future policies should be aimed at providing water services and ensuring consistent delivery of water services through mul-
tiple water sources throughout the year. Acknowledging the difficulty of assessing multiple water sources regularly, the
available resources should be allocated for the monitoring of households, water sources, and periods associated with

high risk.
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