
Science of the Total Environment 716 (2020) 135881

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Cashwater expenditures are associatedwith householdwater insecurity,
food insecurity, and perceived stress in study sites across 20 low- and
middle-income countries
Justin Stoler a,b,⁎,✝, Amber L. Pearson c,d,✝, Chad Staddon e, AmberWutich f, Elizabeth Mack c, Alexandra Brewis f,
Asher Y. Rosinger g,h,the Household Water Insecurity Experiences (HWISE) Research Coordination Network:

Ellis Adams 1, Jam Farooq Ahmed 2, Mallika Alexander 3, Mobolanle Balogun 4, Michael Boivin 5, Genny Carrillo 6,
Kelly Chapman 7, Stroma Cole 8, Shalean M. Collins 9, Jorge Escobar-Vargas 10, Matthew Freeman 11,
Gershim Asiki 12, Hala Ghattas 13, Ashley Hagaman 14, Zeina Jamaluddine 13, Wendy Jepson 15, Kenneth Maes 16,
Jyoti Mathad 17, Patrick Mbullo 9, Hugo Melgar-Quiñonez 18, Joshua Miller 9, Monet Niesluchowski 19,
Nasrin Omidvar 20, Luisa Samayoa-Figueroa 18, E. Cuauhtemoc Sánchez-Rodríguez 21, Marianne V. Santoso 9,
Roseanne C. Schuster 19, Andrea Sullivan 22, Yihenew Tesfaye 16, Nathaly Triviño 10, Alex Trowell 23,
Desire Tshala-Katumbay 24, Raymond A. Tutu 25, Sera L. Young 9, Hassan Zinab 20

1 Global Studies Institute, Department of Geosciences, Georgia State University, Atlanta, GA, USA
2 Department of Anthropology, University of Washington, Seattle, WA, USA
3 Johns Hopkins University-Byramjee Jeejeebhoy Medical College Clinical Trials Unit, Pune, India
4 Department of Community Health and Primary Care, College of Medicine of the University of Lagos, Lagos, Nigeria
5 Department of Neurology and Psychiatry, Michigan State University, East Lansing, MI, USA
6 Department of Environmental and Occupational Health, School of Public Health, Texas A&M University, College Station, TX, USA
7 Department of Anthropology, University of Florida, Gainesville, FL, USA
8 Department of Geography and Environmental Management, University of the West of England, Bristol, UK
9 Department of Anthropology, Nothwestern University, Evanston, IL, USA
10 Department of Civil Engineering, Pontificia Universidad Javeriana, Bogotá, Colombia
11 Department of Environmental Health, Rollins School of Public Health, Emory University, Atlanta, GA, USA
12 African Population and Health Research Center, Nairobi, Kenya
13 Center for Research on Population and Health, American University of Beirut, Lebanon
14 Department of Social and Behavioral Sciences, Yale University, New Haven, CT, USA
15 Department of Geography, Texas A&M University, College Station, TX, USA
16 Department of Anthropology, Oregon State University, Corvallis, OR, USA
17 Department of Medicine, Weill Cornell Medicine, Center for Global Health, New York, NY, USA
18 School of Human Nutrition, McGill University, Ste-Anne-de-Bellevue, Quebec, Canada
19 School of Human Evolution and Social Change, Arizona State University, Tempe, AZ, USA
20 Department of CommunityNutrition, National Nutrition and Food Technology Research Institute, Faculty of Nutrition Sciences & Food Technology, Shahid Beheshti University ofMedical, Tehran,
Iran
21 Hyperbaric Medicine Department, Hospital Agustin O'Horan, Mérida, Yucatan, Mexico
22 Abess Center for Ecosystem Science and Policy, University of Miami, Coral Gables, FL, USA
23 Department of Internationl Development Studies, University of Amsterdam, Amsterdam, the Netherlands
24 Department of Neurology and School of Public Health, Oregon Health & Science University, Portland, OR, USA
25 Global Societies Program, Delaware State University, Dover, DE, USA.

a Department of Geography and Regional Studies, University of Miami, Coral Gables, FL 33146, USA
b Department of Public Health Sciences, University of Miami, Miami, FL 33136, USA
c Department of Geography, Environment & Spatial Sciences, Michigan State University, East Lansing, MI 48824, USA
d Department of Public Health, University of Otago, Wellington 6242, New Zealand
e Centre for Water, Communities and Resilience, University of the West of England, Bristol BS161QY, UK
f School of Human Evolution and Social Change, Arizona State University, Tempe, AZ 85287, USA
g Department of Biobehavioral Health, Pennsylvania State University, University Park, PA 16802, USA
h Department of Anthropology, Pennsylvania State University, University Park, PA 16802, USA
⁎ Corresponding author at: Department of Geography and Regional Studies, University of Miami, Coral Gables, FL 33146, USA.
E-mail addresses: stoler@miami.edu (J. Stoler), apearson@msu.edu (A.L. Pearson), chad.staddon@uwe.ac.uk (C. Staddon), amber.wutich@asu.edu (A. Wutich), emack@msu.edu

(E. Mack), alex.brewis@asu.edu (A. Brewis), axr579@psu.edu (A.Y. Rosinger).
✝ Authors contributed equally.

https://doi.org/10.1016/j.scitotenv.2019.135881
0048-9697/© 2019 Elsevier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.135881&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.135881
mailto:stoler@miami.edu
mailto:apearson@msu.edu
mailto:chad.staddon@uwe.ac.uk
mailto:amber.wutich@asu.edu
mailto:emack@msu.edu
mailto:alex.brewis@asu.edu
mailto:axr579@psu.edu
https://doi.org/10.1016/j.scitotenv.2019.135881
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


2 J. Stoler et al. / Science of the Total Environment 716 (2020) 135881
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• We assessed relationships between
water expenditures, income, and water
insecurity.

• Higher household water expenditures
were associated with greater water in-
security.

• Higher water expenditures were associ-
ated with food insecurity and perceived
stress.

• We observed no income threshold for
households overcoming water insecu-
rity.

• Water projects that increase household
costs should be paired with anti-
poverty measures.
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Billions of people globally, living with various degrees of water insecurity, obtain their household and drinking
water from diverse sources that can absorb a disproportionate amount of a household's income. In theory,
there are income and expenditure thresholds associatedwith effective mitigation of household water insecurity,
but there is little empirical research about thesemechanisms and thresholds in low- andmiddle-income settings.
This study used data from 3655 households from 23water-insecure sites in 20 countries to explore the relation-
ship between cash water expenditures (measured as a Z-score, percent of income, and Z-score of percent of in-
come) and a household water insecurity score, and whether income moderated that relationship. We also
assessedwhetherwater expendituresmoderated the relationships betweenwater insecurity and both food inse-
curity and perceived stress. Using tobit mixed effects regression models, we observed a positive association be-
tween multiple measures of water expenditures and a household water insecurity score, controlling for
demographic characteristics and accounting for clusteringwithin neighborhoods and study sites. The positive re-
lationships between water expenditures and water insecurity persisted even when adjusted for income, while
incomewas independently negatively associatedwithwater insecurity.Water expenditures were also positively
associated with food insecurity and perceived stress. These results underscore the complex relationships be-
tween water insecurity, food insecurity, and perceived stress and suggest that water infrastructure interventions
that increasewater costs to householdswithout anti-poverty and income generation interventionswill likely ex-
acerbate experiences of household water insecurity, especially for the lowest-income households.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Water insecurity
Water economics
Food insecurity
Global south
Perceived stress
Mental health
1. Introduction

Water affordability is critical for achieving global household water
security. Since 2000, the Millennium Development Goals, and after
2015, the Sustainable Development Goals (SDGs), have guided the de-
velopment of water and sanitation services in low- and middle-
income settings. SDG Target 6.1 is “to achieve universal and equitable
access to safe and affordable drinking water for all,” while 6.2 focuses
on access to sanitation. The inclusion of the notion of ‘equity’ implies a
concernwith the enduring problemof differentialwater access by social
or economic class. In other words, SDG Targets 6.1 and 6.2 can be
interpreted as a call for water, sanitation, and hygiene (WASH) pro-
grams that recognize differential willingness and ability to expend
cash resources for WASH services, though not at the expense of other
services and goods such as food, housing, health, clothing, and educa-
tion (United Nations General Assembly, 2015; WHO/UNICEF, 2017).
This is in linewith the SDGs' emphasis on amore holistic understanding
of water accessibility and quality (Smiley, 2017).

Yet, the policy literature on WASH provision in low- and middle-
income countries is strongly influenced by the notion that charging for
water services is the best way to ensure that such services are appropri-
ately allocated and financed (Anderson and Snyder, 1997; Grafton et al.,
2011). Typically it is argued that charging more for water, on either a
cost recovery or scarcity pricing basis, will remove inefficiencies built
into existing models of public service provision and provide the neces-
sary capital for maintenance and service expansion (Anderson and
Snyder, 1997; Grafton et al., 2011). But there is mounting evidence
that such approaches are not always associated with more comprehen-
sive water services provision (Bakker, 2010; Bel and Warner, 2008;
McDonald, 2014; Rusca and Schwartz, 2018; Staddon, 2010). Key chal-
lenges include the embedding of pro-poor cross-subsidies into the busi-
ness model of private service providers, and the application of
sufficiently robust regulatory oversight to ensure that social equity is
not compromised—one might call these the Cochabamba Challenges.
For example, in their 2017World Bank report on Africanwater services,
Van den Berg and Danilenko (2017) note that few service providers
have been able to successfully operate a pro-poor cross-subsidies-
based model that does not risk other negative externalities.

Much of theworld's poor acquire water from diverse sources, which
are sometimes cost-free (e.g., natural surface waters) or community-
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owned (e.g., community kiosks or rainwater tanks), but are more com-
monly part of market-oriented water systems, whether operated by
municipalities, private companies, or small-scale water entrepreneurs.
People who are not connected to municipal water systems tend to pay
the most for water (Allen and Bell, 2011, p.1). This general finding has
been demonstrated in locations around the world, including India,
Nepal, Kenya, and Colombia (Cook et al., 2016; Katuwal and Bohara,
2011; Zérah, 2000). These studies tend to find that, for poorer house-
holds, the cash element of water services costs can absorb up to 15%
of total household cash income. These financial costs are well above in-
ternational benchmarks for water affordability of 3–5% of household in-
come/expenditure recommended by the World Bank, and 5% by the
Asian Development Bank (ADB) (Fankhauser and Tepic, 2007). They
also exclude the full range of opportunity costs and other sacrifices rou-
tinely made for water acquisition, such as foregone school and employ-
ment time for women and girls (e.g., Zérah, 2000), or capital
maintenance of household or community systems (WHO/UNICEF,
2017). Many households lacking reliable access to clean water may
have to buy water and invest in additional coping strategies, including
buying household water storage containers, which increase household
water expenditures (Coulibaly et al., 2014; Pattanayak et al., 2005). In
India, Amit and Sasidharan (2019) found that as household income in-
creased, the proportion of income spent on additional coping strategies
decreased even while investments in pumping and high-volume water
treatment increased. Based on these findings, an income threshold may
exist that, once exceeded, allows households to implement coping strat-
egies (e.g., additional storage or disinfection technology) that substan-
tively reduce water insecurity.

The question is then: how can we meaningfully assess what that in-
come thresholdmight be in away that is relevant to understanding how
it affects householdwell-being? Our assumption in this paper is that the
household coping costs of meeting water expenditures can negatively
affect households in many ways, as demonstrated for other necessities
such as energy or food (Månsson et al., 2014; Russell et al., 2018). Draw-
ing on literature from biocultural anthropology (Hadley and Crooks,
2012; Workman and Ureksoy, 2017; Wutich and Brewis, 2014), we
use measures of reported water insecurity and two additional general-
ized markers of negative effects: perceived stress and reported house-
hold food insecurity. Both are considered to be tied intimately to
human suffering, including suffering aroundwater, albeit in slightly dif-
ferentways. Perceived stress is an outcomemeasure used to understand
howdifferent situations affect our feelings and are appraised as stressful
(Cohen et al., 1983), and has been associatedwithmultiple forms ofma-
terial poverty (Bisung and Elliott, 2017). Food insecurity is itself very
stressful as a form ofmaterial poverty, both in terms of the actual threat
of hunger and in terms of the meanings and feelings it evokes (Weaver
and Hadley, 2009; Weaver and Trainer, 2017).

Water scholars have begun to recognize water insecurity's potential
contribution to elevated reports of perceived stress (Bisung and Elliott,
2017). Research on perceived stress encompasses a range of assess-
ments of social stress (e.g., evoked distress, perceived stress, symptoms
of anxiety/depression). Water-related stress has also been shown to be
associated with limited water access (Brewis et al., 2019a), experiences
of water insecurity (Stevenson et al., 2016), shameful or conflictual
water collection dynamics (Sultana, 2011), unpredictable and unjust
water systems (Wutich and Ragsdale, 2008), and social inequality in
water systems (Ennis-McMillan, 2001). As such, perceived stress mea-
sures can provide a valuable global summary assessment of the socio-
economic, cultural, and mental health toll of water insecurity.

More recently, food insecurity has emerged as an area of intensive
focus in water insecurity scholarship, with efforts to better understand
interconnections in the water-food nexus (Brewis et al., 2020; Wutich
and Brewis, 2014). Water insecurity affects food insecurity through
multiple pathways, including the lack of water for growing food, the in-
ability to properly prepare cooked foods, and the high cost of buying
water and food (Brewis et al., 2020; Collins et al., 2019). Food insecurity
is thus a measure that helps capture the physical health effects of water
insecurity, including those related to hunger and malnutrition. There is
a substantial literature demonstrating that food insecurity is associated
with higher levels of stress markers including depression and anxiety
(Hadley and Patil, 2006; Tsai et al., 2012), perceived stress (Martin
et al., 2016), and emotional expressions of distress (Pike and Patil,
2006). It may be thatmuch of this is explained by food insecurity's asso-
ciation with water insecurity, but very few studies have explored this
relationship (Brewis et al., 2020; Workman and Ureksoy, 2017;
Wutich and Brewis, 2014).

This study leverages a data set managed by the HouseholdWater In-
security Experiences (HWISE) Research Coordination Network that was
compiled in 2017 and 2018 from 29 sites in 24 low- andmiddle-income
countries around the world (Young et al., 2019b). We use this unique
comparative dataset to explore the complexities attending the relation-
ship between household financial (i.e., cash) water expenditures and
well-being, operationalized as a household experience-based water in-
security score. This analysis builds on the household water affordability
literature by statistically testing whether higher household water ex-
penditures are associated with water insecurity. In our first set of ques-
tions (Fig. 1A), we aimed to answer the following:

1. Are higher household water expenditures associated with a higher
degree of water insecurity?

2. Is the relationship linear or is there a threshold beyondwhich the ef-
fect of higher water expenditures on water insecurity wanes or dis-
appears entirely?

3. Does water insecurity decline at some level of income, regardless of
expenditures, i.e., can a household financially “earn its way out” of
water insecurity?

Next, we evaluated the relationship between household expendi-
tures and indicators of well-being posited to be related to water insecu-
rity, i.e. food insecurity and perceived stress, with two additional
questions (Fig. 1B):

4. Do water expenditures mediate or moderate the association be-
tween water insecurity and food insecurity?

5. Do water expenditures mediate or moderate the association be-
tween water insecurity and perceived stress?

We report on our analyses of these research questions and discuss
the implications for water pricing schemes, achieving SDG 6 water tar-
gets, and future water insecurity research. Our results advance under-
standing of the complex relationships between water insecurity, food
insecurity, and perceived stress, with both empirical and theoretical im-
plications for household water expenditures.

2. Methods

2.1. Sample

Our data are drawn from the Household Water Insecurity Experi-
ences (HWISE) data set compiled in 2017 and 2018. The parent study
involved over 7000 participants at 29 water-stressed sites in 24 coun-
tries (for details on each site's sampling strategy, see Young et al.,
2019b). Study sites were located in sub-Saharan Africa, South
America, Central America, the Middle East, Oceania, and Asia, each
with a target sample of 250 households from urban, peri-urban, and
rural settings. At all sites, informed consent was obtained prior to data
collection by a trained enumerator with IRB oversight (from a variety
of institutions). Consent and data collection were administered in the
relevant local language. The survey was conducted with one eligible
adult per household who self-identified as knowledgeable about the
household's water situation. Not all households reported water



Fig. 1. Conceptual diagram of (A) research questions 1, 2, and 3, and (B) research questions 4 and 5.
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expenditure data, andwe excluded households fromanalysis if reported
water expenditures were greater than three standard deviations from
the respective site mean (i.e., unverifiable as either outliers or errors)
and any other cases where key variables were missing. Because not all
sites completed all modules, our final analysis included 3655 house-
holds from 23 sites in 20 countries (see Table 1).

Because this sample represents roughly half of all households in the
HWISE data set, we analyzed select demographic differences between
included cases and those excluded due to missing covariate data (see
Supplementary Files, Table S1). In most cases, detected differences
were attributable to the exclusion of entire sites such as Morogoro,
Tanzania; Acatenango, Guatemala; and Upolu, Samoa. Though interpre-
tation of our results is limited to water-insecure communities with pro-
files similar to our included sites, this is not unduly restrictive.

2.2. Water insecurity scores

Our water insecurity scores were constructed using items from the
same water insecurity experiences module that was the basis for the
HWISE Scale (Young et al., 2019a, 2019b). The cross-culturally validated
HWISE Scale is composed of 12 items; 11 items were collected in all
study sites, but the twelfth (“feelings of shame about the water situa-
tion”) was only collected in the second sampling wave. In order to
take advantage of data from all sites, we use an 11-item version of the
scale that excludes the “shame” question. The 11-item water insecurity
score accounts for 99.3% of the variation in HWISE Scale scores with
minimal additional error.

The 11 items compiled into our water insecurity score queried the
number of times in the prior four weeks that the household had experi-
enced problems related to water availability (supply interrupted, no
water availability at all), quantity (not enough to wash clothes, having
to change foods eaten, not having as much to drink as liked, going to
sleep thirsty), hygiene (inadequate water for bathing, inadequate
water for handwashing), and psychosocial dimensions (worrying about
having enough water, having one's day interrupted because of water
problems, feeling upset/angry about the water situation). Likert-type
responseswere individually scored from0 to 3 as: 0=never, 1= rarely
(1–2 times in the previous four weeks), 2= sometimes (3–10 times), 3
= often (11–20 times) or always (N20 times). We generated a score for
each household by summing values across the 11 items, resulting in a
range of 0–33, where higher scores indicate greater water insecurity.

2.3. Water expenditures and self-reported monthly income

We generated three relative measures of cash water expenditures
(i.e., physical currency or electronic payments) using two survey ques-
tions that asked, “In the past 4 weeks, approximately howmuchmoney
did you spend on getting water for your household?” and “What is the
primary monthly income for your household?” First, we calculated ex-
penditures as the site-specific Z-score of absolute monthly spending
(in USD, converted at the time that data collection was completed at
each site). Self-reportedmonthly incomewas also collected in local cur-
rency and converted to USD. Then, we calculated expenditures as the
percent of monthly household income (in USD). Lastly, we generated
site-specific Z-scores for the percent of income, yielding three
currency-less measures of household water expenditures. We initially
explored the unadjusted, absolute USD expenditures by site to under-
stand the underlying variance in magnitude across sites. Because these
values were not adjusted for purchasing power and are likely a proxy
for the absolute differences in disposable income between lower- and
middle-income nations, we do not analyze these any further.

We considered alternative measures of expenditures, such as stan-
dardization by purchasing power parity (PPP). But this was not possible
because most study sites did not capture information about water vol-
umes fetched or purchased, or unit costs for the many water sources
used by participating households. Because local water pricing in
water-stressed communities can be dynamic and is shaped by many
factors such as weather, service outages, and politics (e.g., Bakker,
2003), PPP standardization is not more likely to offer stable short-
term measures of water expenditures across sites, consistent with



Table 1
Study sites, number of households included in analyses, andmean and standard deviation (SD) ofwater expenditures expressed as absolute USD, and as a percent ofmonthly income,with
Pearson's correlation coefficient (r) for each site's bivariate relationship between expenditures and water insecurity score.

Site Country Urbanicity Primary drinking water sources (%) Included
households

Expenditures: absolute
USD

Expenditures: %
income

Mean SD r Mean SD r

Africa
Kahemba Democratic Republic of

the Congo
Rural Surface water, 99.7

Other, 0.3
35 1.63 2.86 0.17 4.1 6.8 0.21

Bahir Dar Ethiopia Rural Unprotected dug well, 25.1 Rainwater
collection, 20.9
Standpipe, 13.5
Surface water, 13.5
Protected dug well, 12.4
Unprotected spring, 10.0
Other, 4.6

10 0.14 0.40 −0.12 0.1 0.4 −0.11

Accra Ghana Urban Bagged/sachet water, 86.0
Borehole/tubewell, 5.7
Other, 8.3

142 8.05 8.38 0.09 11.4 13.4 0.15

Kisumu Kenya Rural Surface water, 17.4
Borehole/tubewell, 16.2
Rainwater, 13.8
Piped water, 11.3
Standpipe, 10.9
Protected dug well, 10.1
Unprotected dug well, 7.7
Unprotected spring, 6.1
Other, 6.5

104 2.34 3.04 0.28⁎⁎⁎ 7.8 13.6 0.17⁎

Lilongwe Malawi Peri-urban Standpipe, 45.4
Piped water, 42.1
Other, 12.5

233 6.28 4.02 0.10 13.1 11.4 −0.05

Lagos Nigeria Urban Bagged/sachet water, 48.9
Borehole/tubewell, 34.7
Other, 16.4

181 4.92 5.29 0.14⁎ 6.8 9.1 −0.04

Singida Tanzania Rural Standpipe, 48.6
Unprotected dug well, 17.4
Borehole/tubewell, 12.9
Other, 12.8
Unprotected spring, 8.3

457 0.78 1.15 0.10⁎ 0.5 1.1 −0.00

Kampala Uganda Urban Standpipe, 68.3
Other, 21.1
Unprotected dug well, 10.6

155 5.12 4.87 0.16⁎ 6.8 7.3 0.14

Arua Uganda Rural Protected dug well, 64.8
Unprotected spring, 19.6
Other, 15.6

178 0.22 0.23 −0.08 4.1 5.8 0.09

Asia
Pune India Urban Piped water, 89.4

Other, 10.6
142 0.26 1.20 0.42⁎⁎⁎ 0.1 0.6 0.31⁎⁎⁎

Labuan Bajo Indonesia Urban Bagged/sachet water, 36.9
Protected spring, 12.9
Piped water, 10.0
Tanker truck, 9.7
Standpipe, 9.3
Protected dug well, 6.5
Borehole/tubewell, 5.7
Other, 9.0

215 11.63 11.85 0.03 9.0 7.9 −0.01

Kathmandu Nepal Urban Bottled water, 49.8
Piped water, 31.2
Tanker truck, 10.7
Other, 8.3

188 9.85 9.45 0.04 5.3 5.6 0.23⁎⁎⁎

Punjab Pakistan Peri-urban and rural Standpipe, 26.6
Borehole/tubewell, 23.2
Piped water, 15.9
Rainwater collection, 14.2
Small water vendor, 10.3

39 20.50 14.01 −0.10 13.7 8.6 −0.24

Dushanbe Tajikistan Urban Piped water, 58.2
Standpipe, 24.0
Tanker truck, 9.3
Other, 8.5

157 3.21 5.51 0.31⁎⁎⁎ 3.6 6.9 0.30⁎⁎⁎

Latin America & Caribbean
San Borja Bolivia Rural Standpipe, 41.6

Tanker truck, 19.3
Other, 10.1
Borehole/tubewell, 8.0

14 15.41 14.90 0.14 8.6 8.1 0.29

(continued on next page)
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Table 1 (continued)

Site Country Urbanicity Primary drinking water sources (%) Included
households

Expenditures: absolute
USD

Expenditures: %
income

Mean SD r Mean SD r

Piped water, 7.6
Rainwater collection, 6.7
Bottled water, 6.7

Honda Colombia Peri-urban Piped water, 74.5
Standpipe, 20.4
Other, 5.1

129 9.51 5.47 0.04 8.1 10.2 0.06

Cartagena Colombia Urban Piped water, 46.2
Standpipe, 34.6
Other, 12.4
Small water vendor, 6.8

138 5.27 6.28 0.24⁎⁎⁎ 4.1 5.4 0.28⁎⁎⁎

Chiquimula Guatemala Rural Piped water, 65.0
Unprotected spring, 15.3
Standpipe, 12.7
Other, 7.0

275 0.04 0.31 0.14⁎ 0.0 0.3 0.14⁎

Gressier Haiti Peri-urban Standpipe, 26.8
Small water vendor, 14.1 Bagged/sachet
water, 13.1
Other, 10.9
Bottled water, 10.7
Borehole/tubewell, 9.3
Protected dug well, 7.9
Tanker truck, 7.2

105 0.54 1.58 0.02 2.2 5.9 −0.05

Mérida Mexico Urban Bagged/sachet water, 50.0
Other, 33.6
Piped water, 14.4
Other, 2.0

199 6.61 6.26 0.18⁎⁎ 2.7 3.2 −0.07

Torreón Mexico Urban Bottled water, 70.2
Piped water, 27.0
Other, 2.8

208 6.42 5.01 −0.03 2.5 2.7 0.09

Middle East
Sistan &
Balochistan

Iran Urban, peri-urban,
and rural

Small water vendor, 48.0
Other, 30.1
Piped water, 21.9

87 10.45 7.70 0.01 7.4 8.3 0.04

Beirut Lebanon Urban Small water vendor, 54.5
Bottled water, 39.7
Other, 5.8

264 60.92 40.78 −0.13⁎⁎ 8.5 6.6 0.27⁎⁎⁎

Total 3655 8.60 19.44 5.2 8.0

Note:
⁎ = P b 0.05.
⁎⁎ = P b 0.01.
⁎⁎⁎ = P b 0.001.
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ongoing debates about PPP among economists (Taylor and Taylor,
2004).

2.4. Food insecurity

The level of reported household food insecurity was collected using
the 9-item Household Food Access Insecurity Scale (HFIAS) (Coates
et al., 2007). The items in this index were phrased similarly to the
water insecurity items, i.e. Likert-type responses with a 4-week recall
period. Scores ranged from 0 to 27with higher values indicating greater
food insecurity.

2.5. Perceived stress

Perceived stress was collected in the survey using the short version
of the Perceived Stress Scale (PSS) comprised of four items measured
on a five-point Likert-type scale that are each scored from 0 to 4
(Cohen et al., 1983):

(1) “In the last month, how often have you felt that you were unable
to control the important things in your life?”

(2) “In the last month, how often have you felt confident about your
ability to handle your personal problems?”

(3) “In the last month, how often have you felt that things were
going your way?”
(4) “In the last month, how often have you felt difficulties were
piling up so high that you could not overcome them?”

PSS scores are obtained by reversing response scores (e.g., 0 = 4, 1
= 3, 2 = 2, 3 = 1 & 4 = 0) to the two positively stated items (items
2 and 3) and then summing across all four items (range 0–16) so that
higher values indicate greater perceived stress.

2.6. Statistical analyses

We first examined the variation in each site's mean householdwater
expenditures, and assessed the relationship between mean expendi-
tures and a site's mean water insecurity score using Pearson's correla-
tions. We then examined Spearman's rank correlations between each
of our three measures of water expenditures and the frequency of se-
lected survey items that were candidate covariates (e.g., a reported
lack of money to buy water, and reports that water issues prevented
households from earning money) to understand bivariate relationships
(and potential collinearity) between the expenditure measures and co-
variates that may shape household water insecurity.

Although the site samples all employed random selection at the
household level, several sites also first stratified by survey clusters
(e.g., population strata, neighborhoods, or villages/towns). We fitted
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three-level tobit mixed-effects random intercept regression models
using the metobit command in Stata v16.0 (College Station, TX), to ac-
count for clustering of participantswithin each site (n=23), and survey
clusters within sites (n= 66) as random effects. Tobit regression mod-
ifies the likelihood function to account for censoring of scaled depen-
dent variables like our water insecurity, food insecurity, and perceived
stress scores (Austin et al., 2000). We specified all lower limit censoring
at zero and the upper limits to the maximum values for each score sep-
arately. All statistical analyses were performed in Stata and interpreted
with a statistical significance threshold of α ≤ 0.05.

To answer question 1 about the relationship between water expen-
ditures and water insecurity, we fit separate, multilevel tobit regression
models using the water insecurity score as the dependent measure.
Each model included one of our three independent expenditure vari-
ables of interest (absolute USD Z-score, % income, and % income Z-
score) and a vector of level-1 fixed effects known to shapewater insecu-
rity or expenditures. These include the respondent's age and gender, as
females often bear a disproportionate brunt of household water man-
agement (O'Reilly et al., 2009); the number of children in the house-
hold, which increases water demand (Arbués et al., 2003); whether
the main drinking water supply was a vended source (e.g., tanker
truck, bottled water, small vendor), which increases the unit cost of
water (Katko, 1991); rural vs. non-rural geographic location, as rural
areas generally suffer the largest gaps in water supply coverage (Cook
et al., 2016); and the total amount of drinking and other household
water stored in the household at the time of interview. The amounts
of stored water help us indirectly control for seasonality and wealth ef-
fects, as water-stressed households store more water during drier
weather and when they have the financial means to afford more or
larger storage containers (Tucker et al., 2014). We hypothesized that
higher expenditure levels of any kindwould be associatedwith a higher
water insecurity score.

To answer question 2, we evaluated the linearity assumption in this
modeling technique using residual plots. Next, to evaluate question 3,
we testedwhether expendituresmediated the relationship between in-
come and water insecurity by exploring how the presence and absence
of the expenditures term affected the adjusted model coefficient for in-
come.We then performedmoderation analysis by including an interac-
tion term between income and expenditures in themodels with each of
our three expenditure measures. In these interaction models, we hy-
pothesized that households with the highest income and expenditures
would be associated with lower water insecurity scores.

To answer questions 4 and 5 about water expenditures' respective
relationships with food insecurity and perceived stress, we fitted sepa-
rate sets of models using a similar specification described for question
1. We used the water insecurity score as an independent variable, and
food insecurity or perceived stress scores as the outcomes of interest.
In ourmediation analysis, we first fitted adjustedmodels of food insecu-
rity and perceived stress with the water insecurity score (our exposure
of interest) and demographic covariates, and then separately intro-
duced each of the three water expenditure measures to see if they sub-
stantively affected the adjusted model coefficient of the water
insecurity score in magnitude or direction. In the moderation analysis,
each set of threemodels of food insecurity and perceived stress included
an interaction term between the water insecurity scores and expendi-
tures (for each of the three expenditure measures), adjusted for demo-
graphic covariates.

3. Results

3.1. Descriptive statistics

Table 1 presents the sample sizes for each site alongwith the respec-
tivemean and standard deviations for absolutemonthlywater expendi-
tures in USD, and for water expenditures expressed at a percent of
monthly income. There was considerable variation in absolute monthly
expenditures (mean = $8.60, standard deviation [SD] = $19.44) rang-
ing from USD $0.04 in Chiquimula, Guatemala, to USD $60.92 in Beirut,
Lebanon. The mean percent of income spent on water was 5.2% (SD =
8.0), just above international benchmarks for water affordability set
by the World Bank and Asian Development Bank (Fankhauser and
Tepic, 2007), and ranged from near-zero in Chiquimula, Guatemala,
and 0.1% in Bahir Dar, Ethiopia, and Pune, India, to 13.7% in Punjab,
Pakistan.We found similarly wide variation in the site-specific bivariate
correlation coefficients between the two expenditure measures and the
water insecurity score. Absolute USD water expenditures were signifi-
cantly positively associated with the water insecurity score in nine
sites with correlation coefficients ranging from 0.10–0.42 (Table 1).
Only Beirut yielded a significant negative relationship (−0.13, P =
0.004).

Percent-of-income expenditures were significantly positively asso-
ciated with water insecurity score in seven sites, with correlation coef-
ficients ranging from 0.14–0.31 (Table 1). Beirut flipped from having
water insecurity be negatively associated with expenditures to being
positive (0.27, P b 0.001), and the correlations for several other sites
changed in magnitude. There were no statistically significant negative
associations. It is clear that the measure of expressing expenditures
mattered, and that the unadjusted absolute USD measure may ulti-
mately be a weak proxy for national income differences, with residents
of middle-income nations generally able to spend relatively more on
water in absolute terms than residents from lower-income nations.
The remainder of our analyses use only the standardized water expen-
ditures indicators.

3.2. Correlation analysis

Table 2 presents the Spearman's rank correlations among the three
water expenditures measures and the frequency of households
reporting “water problems prevented earning money,” and “lacked
money to purchase water.” As expected, all of the water expenditure-
related variables were significantly correlated with each other, with
the highest correlation observed between absolute USD Z-score and
percent of income Z-score (rho = 0.65, P b 0.001). The strongest corre-
lation between any of these expenditure variables and frequency of
water problems preventing earningmoneywas for percent ofmonthly in-
come spent on water (rho = 0.25, P b 0.001). The strongest correlation
between the expenditure variables and frequency of lacked money to
purchase water, was also observed for percent of monthly income
spent on water (rho = 0.32, P b 0.001). These significant associations,
while relatively weak compared with the expenditure measures them-
selves, demonstrate an initial statistically significant relationship be-
tween water expenditures and two fundamental aspects of water
insecurity: interference with livelihoods, and financial barriers
(Wutich et al., 2017).

3.3. Regression modeling: water insecurity

Ourfirst set of regressionmodels assessedwhether householdwater
expenditureswere associatedwithwater insecurity scores (question 1),
and the linearity of any observed effects (question 2). We found consis-
tent, positive associations between expenditures and water insecurity
(Table 3, Models 1–3). Higher water expenditures were associated
with higher water insecurity scores after adjusting for select household
demographics and water storage practices, but with varying effect sizes
for absolute USD Z-score (β = 0.88, standard error [SE] = 0.18, P b

0.001), % income (β = 0.13, SE = 0.02, P b 0.001), and % income Z-
score (β = 1.70, SE = 0.18, P b 0.001). The expenditure measures
based on Z-scores have larger coefficients because a 1-unit increase in
Z-score is a much larger shift up the expenditure distribution curve
than a 1 percentage point increase in percent-income. Therefore, the
Z-score measure has a larger effect on the water insecurity score than
the percent-income measure.



Table 2
Spearman's rank correlations (rho) between the three water expendituresmeasures, and the frequency of households reporting “water problems prevented earningmoney,” and “lacked
money to purchase water.”

Water expenditure measure

Absolute USD Z-score % income % income Z-score Water problems prevented earning moneya

Water expenditures measure
Absolute USD Z-score –
% income 0.53⁎⁎⁎ –
% income Z-score 0.65⁎⁎⁎ 0.58⁎⁎⁎ –

Characteristic
Water problems prevented earning moneya 0.10⁎⁎⁎ 0.25⁎⁎⁎ 0.11⁎⁎⁎ –
Lacked money to purchase watera 0.10⁎⁎⁎ 0.32⁎⁎⁎ 0.18⁎⁎⁎ 0.50⁎⁎⁎

Note:
⁎⁎⁎ = P b 0.001.

a Higher values = more frequent.

Table 4
Multilevel, mixed-effects tobit regression models of household water insecurity scores
using three measures of household water expenditures and controlling for select house-
hold characteristics, including an interaction term for income and expenditure (n
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Among the covariates, the number of children in the household
(0.27 ≤ β ≤ 0.29, SE = 0.07, P b 0.001 in all models) and living in a
rural context (2.09 ≤ β ≤ 2.45, SE = 0.71, P b 0.003 in all models) were
significantly positively associated with a higher water insecurity score,
while age was negatively associated with the water insecurity score
and approached statistical significance (β = −0.02, SE = 0.01, 0.028 ≤
P ≤ 0.055).

We then examined the residuals for the regression models of water
insecurity scores in Table 3. The randomly dispersed, non-skewed pat-
tern of the residuals, with few potential outliers, indicates that a linear
fit was generally appropriate (see Supplemental Files, Fig. S1). Model
1 produced the most centered residual cloud and Model 2 produced a
longer tail to the right, but the plots in Fig. S1 suggest homoscedasticity
of residuals (i.e., that they are independent and identically distributed).
In otherwords, therewas no evidence of a threshold atwhichhigher ex-
penditures were associated with a lower water insecurity score.

For our mediation analysis, we added income to each of the three
models of water insecurity scores in Table 3 and looked at the difference
in the regression coefficient for incomewith, and without, each respec-
tive water expenditure measure in the model (question 3). There was
virtually no difference, and thus no evidence that water expenditures
Table 3
Multilevel, mixed-effects tobit regression models of household water insecurity scores
using threemeasures of householdwater expenditures and controlling for selectedhouse-
hold characteristics (n = 3655).

Model 1 Model 2 Model 3

β SE β SE β SE

Fixed effects
Water expenditures measure
Absolute USD Z-score 0.88⁎⁎⁎ 0.18 – – – –
% income – – 0.13⁎⁎⁎ 0.02 – –
% income Z-score – – – – 1.70⁎⁎⁎ 0.18

Household characteristic
Age −0.02 0.01 −0.02⁎ 0.01 −0.02⁎ 0.01
Gender 0.54 0.27 0.44 0.27 0.43 0.27
Number of children 0.29⁎⁎⁎ 0.07 0.27⁎⁎⁎ 0.07 0.28⁎⁎⁎ 0.07
Amount of stored drinking

water (in 100 s liters)
−0.00 0.00 −0.00 0.00 −0.00 0.00

Total water storage (in 100
s liters)

0.00 0.00 0.00 0.00 0.00 0.00

Primary water source is
purchased/vended

−0.13 0.38 0.03 0.37 −0.06 0.37

Rural context 2.45⁎⁎ 0.71 2.16⁎⁎ 0.71 2.09⁎⁎ 0.71
Random effects

Cluster 15.25 4.17 14.95 4.09 14.54 4.00
Site 29.68 12.44 26.74 11.49 30.23 12.42
Model diagnostics (log
likelihood)

−9675.06 −9653.53 −9645.80

Note:
⁎ = P b 0.05.
⁎⁎ = P b 0.01.
⁎⁎⁎ = P b 0.001.
mediated the relationship between income and water insecurity score,
so we proceeded with the moderation analysis.

We assessed whether income moderated the relationship between
water expenditures and water insecurity (also question 3) by adding
an interaction term for income and expenditures to the models in
Table 3. We observed statistically significantly positive associations be-
tween all water expenditure measures and the water insecurity score,
again with stronger associations for the expenditure measures stan-
dardized as absolute USD Z-score (β = 1.19, SE = 0.20, P b 0.001) and
percent income Z-score (β = 1.36, SE = 0.21, P b 0.001). We simulta-
neously observed consistently strong negative associations between in-
come and the water insecurity score (−3.46 ≤ β ≤ −2.35, 0.39 ≤ SE ≤
0.60, P b 0.001 in all models). In other words, after adjusting for covari-
ates, each additional $1000 of household income is associated with a
water insecurity score that is 2.4–3.5 points lower, depending on how
we define expenditures (Table 4, Models 4–6).
= 3655).

Model 4 Model 5 Model 6

β SE β SE β SE

Fixed effects
Water expenditures
measure

Absolute USD Z-score 1.19⁎⁎⁎ 0.20 – – – –
% income – – 0.12⁎⁎⁎ 0.02 – –
% income Z-score – – – – 1.36⁎⁎⁎ 0.21

Household
characteristic

Age −0.02 0.01 −0.02⁎ 0.01 −0.02⁎ 0.01
Gender 0.52 0.27 0.41 0.27 0.42 0.27
Number of children 0.25⁎⁎⁎ 0.07 0.26⁎⁎⁎ 0.07 0.26⁎⁎⁎ 0.07
Amount of stored

drinking water (100 l)
−0.00 0.00 −0.00 0.00 −0.00 0.00

Total water storage
(100 l)

0.00 0.00 0.00 0.00 0.00 0.00

Primary water source
is purchased/vended

0.27 0.37 0.50 0.37 0.34 0.37

Rural context 2.27⁎⁎ 0.70 2.01⁎⁎ 0.70 1.99⁎⁎ 0.70
Income (USD 1000s) −3.46⁎⁎⁎ 0.41 −2.56⁎⁎⁎ 0.39 −2.35⁎⁎⁎ 0.60
Income ∗ expenditure

(interaction term)
−0.23 0.34 −0.14 0.10 0.35 0.89

Random effects
Cluster 14.14 3.90 14.37 3.94 14.04 3.87
Site 29.47 12.21 27.06 11.52 29.64 12.18
Model diagnostics (log
likelihood)

−9625.43 −9621.98 −9618.81

Note:
⁎ = P b 0.05.
⁎⁎ = P b 0.01.
⁎⁎⁎ = P b 0.001.
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The number of children in the household and rural context also
remained statistically significantly positively associated with the water
insecurity score in all models, and agewasmarginally negatively associ-
ated (Table 3). The interaction betweenwater expenditures and income
was not significant in anymodels, suggesting that income andwater ex-
penditures are independently associated with the water insecurity
score. The interpretation of this interaction term is complicated because
its frequency distribution is severely right-skewed; most surveyed
households had very low income regardless of the water insecurity
score. Households with high income and low water insecurity scores—
despite being infrequent—can appear in the same part of the interaction
term's frequency distribution as households with low income and high
water insecurity, which is clearly a different household context.

Nevertheless, water expenditures and income were both strongly
related to water insecurity with opposite effects, but independently
so, and with varying strength depending on how one measures expen-
ditures. Finally, the coefficients for the cluster and site random effects
were consistently larger than those of any household-level fixed effects
throughout Models 1–6, suggesting that location contributes substan-
tially to the variation in water insecurity score, consistent with the bi-
variate results in Table 1.
3.4. Regression modeling: food insecurity

To explore whether water expenditures mediated or moderated the
association between water insecurity and food insecurity (question 4),
we fit separate models with each of our three expenditure measures
using the Household Food Insecurity Access Scale (HFIAS) as the out-
come of interest (Table 5). We began with our mediation analysis to
test the differences in the regression coefficients for thewater insecurity
Table 5
Multilevel, mixed-effects tobit regression models of food insecurity (HFIAS) scores using
three measures of household water expenditures and controlling for select household
characteristics, including an interaction term for water insecurity score and water expen-
ditures (n = 3655).

Model 7 Model 8 Model 9

Β SE β SE β SE

Fixed effects
Water expenditures
measure

Absolute USD Z-score −0.42 0.24 – – – –
% income – – 0.05⁎ 0.02 – –
% Income Z-score – – – – 1.23⁎⁎⁎ 0.27

Household characteristic
Age 0.02⁎ 0.01 0.02⁎ 0.01 0.02⁎ 0.01
Gender −0.26 0.26 −0.23 0.26 −0.23 0.26
Number of children 0.37⁎⁎⁎ 0.07 0.34⁎⁎⁎ 0.07 0.34⁎⁎⁎ 0.07
Amount of stored

drinking water (100 l)
−0.00 0.00 −0.00 0.00 −0.00 0.00

Total water storage (100
l)

−0.00 0.00 −0.00 0.00 −0.00 0.00

Primary water source is
purchased/vended

−2.03⁎⁎⁎ 0.37 −2.44⁎⁎⁎ 0.37 −2.53⁎⁎⁎ 0.37

Rural context 1.23 0.64 1.34⁎⁎ 0.64 1.31⁎ 0.64
Water insecurity score 0.51⁎⁎⁎ 0.02 0.49⁎⁎⁎ 0.02 0.49⁎⁎⁎ 0.02
Water insecurity score ∗

expenditures (interaction
term)

−0.05⁎ 0.02 0.00 0.00 −0.04 0.02

Random effects
Cluster 5.52 2.05 5.34 2.05 5.34 2.04
Site 16.68 6.49 16.57 6.46 16.56 6.47
Model diagnostics (log
likelihood)

−8994.81 −9001.76 −8995.97

Note:
⁎ = P b 0.05.
⁎⁎ = P b 0.01.
⁎⁎⁎ = P b 0.001.
score with, and without, each respective expenditure measure in the
model. Therewas no evidence thatwater expendituresmediated the re-
lationship between water insecurity score and HFIAS score, so we
proceeded with the moderation analysis.

Across all models, higher water insecurity scores were signifi-
cantly positively associated with higher food insecurity scores; a
1-point increase in water insecurity was consistently associated
with approximately a half-point increase in food insecurity. The
percent-income (β = 0.05, SE = 0.02, P = 0.017) and percent-
income Z-score (β = 1.23, SE = 0.27, P b 0.001) measures of water
expenditures (Models 8 and 9) were significantly positively associ-
ated with food insecurity, again with the Z-score measure yielding
greater magnitude. This is consistent with the positive relationships
between expenditures and water insecurity, and water insecurity
and food insecurity. Higher water expenditures expressed as the ab-
solute USD Z-score were not associated with lower food insecurity (β
= −0.42, SE = 0.24, P = 0.078).

The interaction term between water insecurity and expenditures
was only significantly negatively associated with food insecurity for ab-
solute USD Z-score (Model 7: β=−0.05, SE = 0.02, P=0.013). Given
the tiny effect sizes and the lack of any significant results for the interac-
tion terms based on either of the percent-income-based expenditure
measures, therewas little evidence that expendituresmoderated the re-
lationship between water and food insecurity.

We found that age, number of children in the household, and
rural context were significantly and positively associated with food
insecurity across all models (with the exception that rural context
only approaches significance in Model 7: β = 1.23, SE = 0.64, P =
0.055). Interestingly, using a primary water source that is pur-
chased/vended was consistently, significantly associated with a
lower food insecurity score (−2.53 ≤ β ≤ −2.03, SE = 0.37, P b

0.001 in all models), perhaps indicating some relationship between
ability to pay for food and water respectively after adjusting for a
household's degree of water insecurity, or perhaps being a proxy
for income, i.e. households that can afford vended water can also af-
ford food security.

3.5. Regression modeling: perceived stress

We applied the same approach we used with food security to evalu-
ate the relationship between water insecurity and perceived stress,
using the PSS score as the outcome of interest (question 5). Again, we
began with mediation analysis and explored the differences in the re-
gression coefficient for the PSS score with, and without, each respective
expenditure measure in the model. There was no evidence that water
expenditures mediated the relationship between water insecurity
score and PSS score, so we proceeded with the moderation analysis.

In all threemodels, higherwater insecurity scores were significantly
associated with higher PSS scores (Table 6, Models 10–12). Every mea-
sure of water expenditure was also significantly associated with per-
ceived stress, although the directions of the relationships varied.
Absolute USD Z-score (Model 10: β = −0.19, SE = 0.09, P = 0.028)
was negatively associated with perceived stress, whereas percent-
income (Model 11: β = 0.02, SE = 0.01, P = 0.034) and percent-
income Z-score (Model 12: β=0.34, SE=0.10, P=0.001) yielded pos-
itive associations. Thismay signal that perceived stress is tied to percep-
tions of water costs. Households may not associate a larger dollar
amount of water costs, relative to their neighbors, as stressful alone.
Rather, when these water costs are placed in the context of the overall
household budget as a percentage, households are better able to contex-
tualize relative water costs. The interaction term for water insecurity
and expenditures was not significant in any of the models, indicating
that these factors are independently associated with perceived stress.
The associations between other household characteristics and per-
ceived stress were relativelymuted, compared with the earlier analyses
of water and food insecurity, and generally non-significant with a few



Table 6
Multilevel, mixed-effects tobit regression models of perceived stress scale (PSS) scores
using three measures of household water expenditures and controlling for select house-
hold characteristics, including an interaction term for water insecurity score and water
(n = 3655).

Model 10 Model 11 Model 12

β SE β SE β SE

Fixed effects
Water expenditures measure
Absolute USD Z-score −0.19⁎ 0.09 – – – –
% income – – 0.02⁎ 0.01 – –
% income Z-score – – – – 0.34⁎⁎ 0.10

Household characteristic
Age −0.00 0.00 −0.00 0.00 −0.00 0.00
Gender 0.14 0.10 0.15 0.10 0.15 0.10
Number of children 0.05⁎ 0.03 0.04 0.03 0.04 0.03
Amount stored drinking

water (100 l)
0.00 0.00 0.00 0.00 0.00 0.00

Total water storage (100 l) 0.00 0.00 0.00 0.00 0.00 0.00
Primary water source is

purchased/vended
−0.25 0.14 −0.36⁎⁎ 0.14 −0.38⁎⁎ 0.14

Rural context 0.11 0.24 0.12 0.24 0.11 0.24
Water insecurity score 0.07⁎⁎⁎ 0.01 0.06⁎⁎⁎ 0.01 0.06⁎⁎⁎ 0.01
Water insecurity score ∗

expenditure (interaction term)
−0.00 0.01 0.00 0.00 −0.00 0.01

Random effects
Cluster 0.70 0.22 0.64 0.21 0.64 0.21
Site 1.18 0.45 1.23 0.46 1.16 0.44
Model diagnostics (log
likelihood)

−8567.39 −8562.57 −8561.48

Note:
⁎ = P b 0.05.
⁎⁎ = P b 0.01.
⁎⁎⁎ = P b 0.001.
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relationships approaching the α b 0.05 significance threshold. For ex-
ample, the number of children was significantly positively associated
with perceived stress in Model 10 using absolute USD Z-score (β =
0.05, SE = 0.03, P=0.047), yet only approached statistical significance
in Models 11 and 12 despite similar effect sizes. Likewise, having a pri-
mary water source that is purchased or vendedwas significantly associ-
ated with lower perceived stress in Model 11 using percent-income (β
= −0.36, SE = 0.14, P = 0.009) and Model 12 using percent-income
Z-score (β=−0.38, SE=0.14, P=0.006), yet was onlymarginally sig-
nificant in Model 10. The coefficients for the cluster- and site-level ran-
dom effects were also consistently smaller than those in the models of
the water insecurity and food insecurity scores, indicating that geogra-
phy may have less influence on perceived stress than for other
constructs.

4. Discussion and conclusion

This study leveraged data from a larger parent study ofwater insecu-
rity experiences in low- and middle-income countries to explore rela-
tionships between household water expenditures, water insecurity,
food insecurity, and perceived stress. These data revealed a linear, pos-
itive association between relative measures of household water expen-
ditures and a household water insecurity score, after adjusting for
household demographic characteristics. For example, when measuring
expenditures as percent of income, spending 10% more of the
household's income on water was associated with a 1.2-point increase
in the household water insecurity score after adjusting for household
characteristics such as income, which drives the water insecurity score
in the opposite direction. This is notable given the diverse drivers and
experiences of household-level water insecurity.

The linear association between household water expenditures and
our water insecurity score has important implications. It suggests that
low-income householdsmay face chronic water insecurity via tariff sys-
tems whose rate increases may exceed the rate of wage increases, and
especially where communities are prone to water price shocks due to
natural or human-triggered hazards. We recognize that cost recovery
water pricing often attempts to build in cross-subsidies from higher-
to lower-income domestic consumers. But price increases can nonethe-
less produce trickle-down price shocks in the decentralized and hybrid
water supply systems used bymany low-income households, especially
when small-scale water providers, such as kiosk water venders, tanker
services, or packaged water, are left to market forces (Amankwaa
et al., 2014).Wehypothesized that theremight be some income thresh-
old beyond which households are able to essentially earn their way out
of water insecurity, and we observed no evidence of this—though there
were very fewhouseholds that exhibited both high income and high ex-
penditures, and all the models suggest that any threshold might vary
across nations and socio-economic contexts. Higher-earning house-
holds in our sample did, on average, experience improved water secu-
rity relative to lower-earning households after adjusting for water
expenditures; this provides additional support for calls for better inte-
gration of WASH and anti-poverty initiatives (Lombard et al., 2012),
with the caveat that pro-poor pricing systems can present financial
trade-offs for water companies (Ruijs, 2009).

Of note, there was no evidence of any interaction between expendi-
tures and income, suggesting that water expenditures and income have
independent effects on water insecurity. This is consistent with the
many social mechanisms that can help higher-income households mit-
igate water insecurity without more direct spending on water services.
For example, higher-income households often, on average, have access
to different social networks and opportunities that may yield access to
free water through professional employment settings, access to other
“insider”water sources (legal or not), or higher value bartering relation-
ships (i.e., having higher-order assets or services that can be used to se-
cure water). Both high- and low-income households may also alleviate
water insecurity by making investments with high upfront costs, such
as paying for a piped connection, private well, or storage and disinfec-
tion resources which result in lower ongoing water expenditures. In
some cases, pro-poor investment programs or development organiza-
tions bear the initial capital costs of such infrastructure in low-income
communities.

Beyond water insecurity, our analysis also found that relative mea-
sures of household water expenditures were associated with greater
food insecurity and perceived stress. These are relationships that we
have not seen tested explicitly in prior studies. These findings provide
further support to recent theoretical developments that position food
insecurity and stress-related illness as core companion phenomena to
household water insecurity (Brewis et al., 2019a; Brewis et al., 2020;
Stevenson et al., 2012; Stevenson et al., 2016; Wutich and Brewis,
2014). Here, we briefly unpack each finding and its implications in
greater detail.

Our data revealed a positive relationship between water insecu-
rity and food insecurity, consistent with a recent study that used
the same data but conceptualized water insecurity using a factor ap-
proach (Brewis et al., 2020). That study observed positive associa-
tions between water insecurity scores and HFIAS scores, with
consistent positive associations between all sub-domains of water
insecurity and food insecurity. These collective findings underscore
the proposition that water insecurity is a driver of food insecurity—
with water expenditures perhaps moderating this relationship—
and suggest that a similarly integrated approach to mitigating
water and food insecurity is required. Our mixed results in assessing
water expenditures as a moderating factor are perhaps due to un-
known income-related effects. Absolute expenditure measures
were negatively associated with HFIAS scores—implying that certain
expenditure levels could mitigate food insecurity, if not water inse-
curity—but relative measures using the percent of income spent on
water were positively associated with HFIAS scores. Future studies
with a more economically diverse household sample could help clar-
ify these relationships.
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Our data also revealed a positive relationship betweenwater insecu-
rity, water expenditures, and perceived stress, which corroborates prior
findings about pathways between water insecurity and adverse mental
health outcomes (Wutich and Ragsdale, 2008). Water insecurity and
water expenditures were independently associated with perceived
stress, suggesting different manifestations of cognitive load stemming
from these phenomena. Future research on water worry and/or stigma
could help elucidate the mechanisms by which social, biological, finan-
cial, and other dimensions of water insecurity produce stress and anxi-
ety and possible moderating effects of gender and/or age in this
relationship.

Our findings highlight the need for more careful measurement
of water expenditures. Beyond the different measures used here
to operationalize water expenditures, it is important to acknowl-
edge that, in many low- and middle-income settings, households
have long ‘paid’ for water in both cash and non-cash ways and
there are often additional hidden costs of these water procurement
strategies (Pattanayak et al., 2005). Such payments can be complex
and multi-faceted, involving deployment of cash (to buy from a
commercial vendor), time (to collect water from a distant source),
and other forms of non-monetary exchange (e.g., reciprocity -
Brewis et al., 2019b; Pearson et al., 2015; Stoler et al., 2019).
These types of expenditures may be utilized simultaneously or cy-
clically for different types of water, depending on the context
(Wutich et al., 2018), and all should be more rigorously measured
in future studies. Because of the way our methodology resolved
costs, we did not include non-monetary costs (e.g., time, foregone
opportunities, etc.), nor do we account for water-related disability
adjusted life-years, i.e. the loss in life-years due to water
insecurity.

One commonmethod for attempting to evaluate the value of non-
market goods, the ‘coping cost’ approach, attempts to account for the
multiple costs that can accrue as households pursue multiple tactics
for securing household water. Such ‘coping costs’ can include goods
or actions for which there are verifiable market prices (exchange of
goods and services for cash as with tanker, bottled or sachet water
purchase) and non-market prices estimated through methods such
as ‘revealed price’ (Freeman III et al., 2014). But, as noted at the out-
set of this paper, it is difficult to monetize coping costs. For example,
what is the value of lost children's labor or school time following di-
arrheal illness? One study, by Hutton et al. (2007) adopts rules of
thumb about factors of GNI per capita, though notes the lack of a
strong empirical basis. Monetizing the coping costs of stress would
be even more formidable and would perhaps miss the point that
not all dimensions of well-being are, or should be, monetized. This
suggests avenues for future research that capture both the monetary
costs of water for households (e.g., water expenditures) as well as
the opportunity cost of obtaining water through non-cash means.
In sum, the quantification of water expenditures impacts analytical
results; this should be taken into account in future work on water
costs and expenditures and water insecurity.

Our study findings must be interpreted with caution due to several
limitations. This study used cross-sectional data from 23 culturally di-
verse study sites, known to struggle with water insecurity, in 20 coun-
tries that are broadly theorized to be representative of water-scarce
communities around the world (Young et al., 2019b). We emphasize
that the interpretation of our results is limited to water-insecure com-
munities with socio-demographic profiles that resemble our included
sites, with attention to sites' respective sample sizes used for analyses
in this study. For example, other sites with high out-migration rates
might yield different results if residents commonly earn their way out
of water insecurity by moving to more water-secure neighborhoods.
The data are also subject to seasonality bias (most sites were surveyed
only once, sometimes in the wet season and sometimes in the dry sea-
son), and are not representative of any single country, thus limiting us
from inferring any causal relationships between water expenditures,
water insecurity, food insecurity, and perceived stress – mutually-
reinforcing relationships that likely operate in both directions. The
self-reported household water expenditure and income figures also
may suffer from systematic inaccuracies, as has been shown with
household estimates of water prices (Binet et al., 2014) and income
(Moore et al., 2000). The variation in completeness of surveys across
study sites also biases the results toward sites with a larger sample
size, despite our efforts to control for this effect by using multilevel,
mixed-effects regression modeling. Our modeling approach also fo-
cused on individual differences and did not include additional site- or
cluster-level covariates, such as population and environment character-
istics, that are theorized to shape water insecurity, food insecurity, or
perceived stress. These types of processes could in turn interact with
local household geographic patterns (e.g., income distributions), but
our design did not assess local spatial effects.

Our analysis of the relationships between householdwater expendi-
tures and water insecurity, food insecurity, and perceived stress sug-
gests that—at best—only a small number of high-income households
may be able to earn their way out ofwater insecurity, presumably by ac-
tivating a wider range of coping strategies. These results also demon-
strate that higher water expenditures are positively associated with
food insecurity and perceived stress. One implication of this is that de-
velopment programs focused on livelihood enhancement need to incor-
porate the costs of water services. Conversely, it can be concluded that
water programs focused on using price to both finance and regulate ser-
vice use may in some cases aggravate the problems they are trying to
address. Subsidies may not be the answer either, as a recent World
Bank report found that water subsidies, which tend to focus on
networked services, disproportionately benefit high-income house-
holds (Andres et al., 2019). Achieving the SDGs, especially SDG 6.1
(“to achieve universal and equitable access to safe and affordable drink-
ing water for all”), requires a paradigm shift that considers access as a
multi-faceted dimension of water security, including relative water
costs (Wutich et al., 2017).

Biophysical conceptualizations of water security are oriented
around physical access to water. But the results of this study high-
light the increasingly recognized importance of integrating social
and economic factors (Cook and Bakker, 2012), such as having the
financial means to pay for water services, once physical access via
the requisite infrastructure is made possible. Global water security
will also require involvement of water service providers to achieve
a delicate balance in structuring tariffs for water services to cover
the financial costs of providing services while also ensuring physical
and financial access to these services for customers of all income
levels.
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