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ARTICLE INFO ABSTRACT

Keywords: Increasing pressure on water resources from demographic shifts, climate change, and development patterns is
Drinking water affecting water access and water availability in Arctic households. There is an urgent need to improve under-
Vulnerability standing of the factors that contribute to Arctic household water vulnerability. This paper examines the key
Arctic

conditions or combinations of conditions associated with water access and water availability that collectively
impact household water vulnerability in the Arctic based on an analysis of 28 case studies. Five conditions were
identified through a literature review as contributing to household water vulnerability: inadequate freshwater
policies, inadequate funding, inadequate infrastructure, biophysical variability, and societal changes. We used
qualitative comparative analysis (QCA) to explore the configurations of these conditions along causal pathways
that lead to household water vulnerability. The case studies were grouped into one of three typologies of
household water vulnerability: political ecology, water security, or socio-hydrology. Through the analysis, ab-
sence of societal change in the Arctic was found to be a necessary condition for the political ecology typology,
and the presence of freshwater policies and societal change in the Arctic were observed to be necessary con-
ditions for the socio-hydrology typology. The research reveals how societal changes and anthropogenic factors
contribute to household water vulnerability and must be considered in present and future Arctic freshwater

Socio-hydrology

policy.

1. Introduction

Household water vulnerability varies widely around the Arctic due
to local hydrogeological factors, prioritization of water use, human
activities, and government decisions, among other factors (Klgve et al.,
2017). An Arctic Council survey conducted in 2016 documented the
disparity in access to water services across the Arctic. It found that 25%
of communities in rural Greenland have no access to improved water,
compared to communities in Yukon, Northwest Territories and Nunavut
that have more than 99% access to improved water sources (Poppel and
Kruse, 2006; SDWG, 2016). In rural Alaska, only 85% of housing units
have water and sewer services (HSS and ANTHC, 2017). Even when
water access is high, as it is in Northern Canada, water is not always
safe to drink due to high levels of total coliform bacteria, high turbidity,
and the presence of parasites, among other issues (Hennessy and
Bressler, 2016). Limited water availability due to the physical scarcity
of local water supplies also challenges Arctic communities. For
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example, communities in Greenland must store sufficient quantities of
water for four months a year in winter when no water is locally
available (Hendriksen and Hoffmann, 2017).

Household water vulnerability may be caused by insufficient water
availability or lack of water access. Water availability is an individual’s
or household’s ability to use or obtain a volume of water of sufficient
quality and quantity (WHO/UNICEF, 2015; Penn et al., 2017). Ac-
cording to the United Nations (UN), 20 liters (L) of water are required
to meet an individual’s basic daily needs (WHO/UNICEF, 2015). Water
access is the availability of at least 20 L per person per day within a
‘convenient distance’ of the user’s dwelling (WHO/UNICEF, 2015),
where convenient distance is defined as having an improved water
source that is actively protected from outside contamination within one
kilometer of a user’s house (Cairncross and Valdmanis, 2006). Water
access is calculated as the percentage of a population with access to
improved water in a given year, and it is related to the presence of
household connections, protected water resources, and distribution

Received 8 January 2019; Received in revised form 13 April 2019; Accepted 14 April 2019

Available online 24 April 2019
1462-9011/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/14629011
https://www.elsevier.com/locate/envsci
https://doi.org/10.1016/j.envsci.2019.04.008
https://doi.org/10.1016/j.envsci.2019.04.008
mailto:antonia.sohns@mail.mcgill.ca
https://doi.org/10.1016/j.envsci.2019.04.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envsci.2019.04.008&domain=pdf

A. Sohns, et al.

infrastructure (Goldhar et al., 2013; Hanrahan et al., 2014; Penn et al.,
2017).

International and regional governments recognize the challenge
household water vulnerability poses in the face of climate change, and
have called for the development of Arctic water indicators in order to
measure impacts on water systems over time (Nilsson et al., 2013a, b).
These indicators would seek to document drinking water contaminants,
waterborne diseases, per capita renewable water, accessibility of run-
ning water, and water safety plans that measure security of the entire
distribution chain from raw water supply throughout the piping infra-
structure (Nilsson et al., 2013b; Larsen and Fondahl, 2015). The past
Swedish and U.S. chairmanships of the Arctic Council championed the
development of water indicators and a water resources vulnerability
index that focuses on human health (Kliskey et al., 2018; Williams
et al., 2018). Contributing to this work, the arctic water resources
vulnerability index (AWRVI) helps communities assess risks to their
water resources due to biophysical conditions and their socio-economic
capacities to respond to those risks (Kliskey et al., 2018).

Recent studies in Northern Alaska reveal how limited water supply
and local development can result in greater community vulnerability
(Williams et al., 2018). Exacerbating existing water challenges, climate
change will threaten many communities’ water resources due to
thawing permafrost and changes to the Arctic’s water cycle (AMAP,
2017a, b). In 2016, the Government of Nunavut released a report
stating that eight communities are at risk of high water stress due to
changing precipitation regimes, climatic threats to their primary water
source, and population growth (Jamieson et al., 2017).

Research has highlighted disparate factors that influence water
vulnerability at the household scale in different regions of the Arctic,
including climate change, water contamination, mining, and waste-
water management (Alessa et al., 2011; Brubaker et al., 2011). Studies
have focused on analyzing the health impacts of inadequate water ac-
cess in the Arctic, which leads to higher incidence of water-washed
diseases, such as trachoma, bacterial skin infections, and respiratory
infections (Hueffer et al., 2013; Hennessy and Bressler, 2016). In
Alaska, infant hospitalization rates for lower respiratory tract infections
and documented pneumonia are five times and eleven times the general
U.S. infant population, respectively (Hennessy and Bressler, 2016). To
reduce the prevalence of these diseases, studies reveal a significant
association between the interruption of disease transmission and higher
water volumes through in-home water service due to improved hygiene
practices (Harper et al., 2011; Brubaker et al., 2011; Dudarev et al.,
2013b; Daley et al., 2015; Hennessy and Bressler, 2016).

Water vulnerability due to poor water access or availability has
been shown to diminish human health because households are forced to
make do with limited water resources, which may be of poor quality. In
Labrador, acute gastrointestinal illness is associated with household
practices of drinking water storage and challenges related to the quality
of municipal drinking water (Wright et al., 2017). In Finland, 76% of
waterborne outbreaks in drinking water occurred in small and remote
groundwater systems with inadequate disinfection treatment (Klgve
et al., 2017). In North-western Arctic Russia, 51% of the population is
exposed to high levels of chemical contamination due to un-
standardized water protocols, unregulated water quality, and poor
water supply systems (BEAC, 2012; Dudarev et al., 2013a; Emelyanova
and Rautio, 2016).

Although these studies have made important strides towards im-
proving contextual insights around water access and availability, ana-
lytical gaps remain regarding the possible combinations of factors that
are associated with household water vulnerability. To address this need
and improve conceptual understanding of how social and biophysical
factors interact with one another, and how they influence household
water vulnerability, this article asks: what are the key conditions or
combinations of conditions associated with water access and water
availability that collectively impact household water vulnerability in
the Arctic? To answer this question, we use qualitative comparative
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analysis (QCA) to examine household water vulnerability. This article
identifies conditions and the combinations of conditions that contribute
to household water vulnerability.

We use a social-ecological systems (SES) framing to examine the
interacting social and hydrological systems, and the network of dy-
namic variables that operate within and across these complex systems
(Berkes and Folke, 1998; Ostrom, 2009). Drawing on SES principles,
this paper’s theoretical framing explores how household water vulner-
ability is affected by a range of context-specific conditions, such as
history and politics at different scales, and by longer-term phenomena,
such as climate change. We take a multidimensional view of interac-
tions between people and the environment in order to assess the com-
plex social and biophysical processes that create and mediate water
vulnerability (Bohle et al., 1994; O’Brien et al., 2007).

This research examines water vulnerability at the household scale
because households are central to managing and responding to water
vulnerability (Eakin and Luers, 2006; Toole et al., 2016). A household is
defined as a social unit that pools and shares its resources (Netting
et al., 1984; Wutich et al., 2017). In the Arctic, households are com-
monly multi-generational, and resources like food and water are shared
among extended family members (Wright et al., 2017). While a
household may experience water vulnerability as a social unit, the lack
of water may be felt more by certain members of the household, such as
those who experience greater mental distress or who choose to sacrifice
water consumption for other family members.

2. Methodology
2.1. Qualitative comparative analysis (QCA)

QCA was developed as a comparative approach to research macro-
level questions about society, economy, and cultural dynamics in po-
litical science and welfare state studies (Rihoux and Ragin, 2009; Cairns
et al., 2017). It is a context-specific method that uses a set-theoretic
approach to compare across cases systematically (Amenta and Poulsen,
1994; Rihoux and Ragin, 2009). A case is the unit of analysis. QCA
examines social reality by designating data set membership scores;
modeling social phenomena in terms of set relations; and identifying
necessary and sufficient conditions that produce an outcome (Schneider
and Wagemann, 2012).

QCA employs Boolean logic to establish which conditions are re-
lated to a specific outcome (Ragin, 1999). The Boolean algorithm or-
ganizes cases to find common pathways that connect those conditions
to an outcome. A condition is defined as an explanatory variable that is
necessary and/or sufficient for an outcome to occur, in comparison to
probabilistic methods that seek to understand the independent, additive
influence of variables on an outcome. A condition is necessary to pro-
duce an outcome if it is always present when an outcome occurs. A
condition is sufficient to produce an outcome if the outcome always
occurs when the condition is present. An outcome is the variable that is
explained by the conditions, and is the main focus of the study.

Through QCA'’s systematic cross-case comparison, the research may
examine the different combinations of conditions associated with an
outcome, and develop set-theoretic knowledge that may help examine
the plausibility of ‘causal’ relationships (Fiss, 2011; Srinivasan et al.,
2012; Pahl-Wostl and Knieper, 2014). While QCA explores these path-
ways, it does not seek to determine correlation or causality; it is a
method of comparison (Rihoux and Ragin, 2009). QCA uses ‘causal’ to
describe the relationship between conditions and an outcome, and to
highlight possible associations between them. QCA maintains that
causation is not additive, but instead a condition works in conjunction
with other conditions to produce an outcome, and different combina-
tions of conditions may lead to the same outcome (Amenta and Poulsen,
1994). The method therefore implicitly rejects the idea that there is one
pathway between ‘cause’ and ‘effect’ that leads from a condition to an
outcome (Cairns et al., 2017).
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QCA embraces complexity theory’s principle that the relationship
between conditions and the outcome is non-linear (Cairns et al., 2017).
Through QCA’s set relations and its use of ‘truth tables,” the method
explores causal complexity using equifinality, conjunctural causation,
and asymmetrical causation. Equifinality assumes that multiple path-
ways to an outcome coexist. Conjunctural causation states that a con-
dition does not necessarily influence the outcome in isolation from the
other conditions (Schneider and Wagemann, 2012). Asymmetrical
causation highlights that both the occurrence and the non-occurrence of
causal conditions require analysis in order to understand how the
presence or absence of conditions may affect the outcome differently
(Schneider and Wagemann, 2012). By considering these three compo-
nents of causal complexity it is possible to fully explore connections
between conditions and the outcome (Watts et al., 1993). The following
sections detail the application of QCA in this article through case study
selection and analytical design.

2.2. Implementation of QCA

In this article, QCA is implemented in four steps to systematically
analyze heterogeneous cases of household water vulnerability in the
Arctic (Schneider and Wagemann, 2012; Cairns et al., 2017). First,
studies of household water vulnerability in the Arctic are identified and
selected as described in Section 2.3. Second, the studies fitting the in-
clusion criteria (Table 1) are analyzed to identify ‘typology indicator
variables’ that lead to household water vulnerability. These variables
are then classified in typologies of household water vulnerability.

Third, the conditions that influence the typologies of household
water vulnerability are coded. The conditions represent fundamental
social and biophysical processes, such as climate change, demographic
shifts, and infrastructure. Within QCA there exist two main variants:
crisp-set QCA (csQCA) and fuzzy-set QCA (fsQCA). Crisp-set QCA as-
signs cases a score of 1 or 0, whereas fuzzy-set scores cases on a gra-
dation of membership which allows for nuance in understanding why
cases may or may not be fully 1 or 0, i.e., fully in or out of a set. This
article uses csQCA to analyze the data because it was apparent in case
studies whether the condition, such as “inadequate funding” or “
adequate infrastructure” was present or absent. For example, Sarkar
et al (2015) state: “the community did not have any piped water supply.
Their regular sources of water consisted of several unmonitored local
streams, brooks, and ponds.” This would be scored “1” for the presence
of inadequate infrastructure.

Fourth, we use ‘truth tables’ to assess contextual characteristics
associated with the different typologies of household water vulner-
ability. The rows of the truth table represent a configuration of condi-
tions that produce a particular outcome (Roig-Tierno et al., 2017). The
Boolean approach models household water vulnerability as a function
of these independent conditions. The result of QCA is a list of terms that
represents a possible causal pathway determined by a set of conditions
that must occur simultaneously to generate the outcome (Srinivasan

in-

Table 1
Inclusion/Exclusion Criteria (based on (Sohns et al., 2019)).
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et al., 2012). The results returned by csQCA allow the researcher to ask
focused questions about the mechanisms that produce the outcome.

2.3. Search process and case study selection

To identify case studies for QCA, a literature review was conducted
using selected search terms under the broad categories of water (e.g.,
water management, drinking water), household (e.g., home, house),
and geographic location (e.g., Arctic, circumpolar) in SCOPUS and Web
of Science (see Table S1 in supporting information for search terms, and
more details on literature in the forthcoming article (Sohns et al.,
2019)).

From the 112 documents identified in the (Sohns et al., 2019) lit-
erature review, we retained documents that fit the inclusion/exclusion
criteria of Table 1. After eliminating documents that were not peer-
reviewed or did not state a specific study period in their methods
(criteria 1 and 7), we were left with 31 case studies for QCA analysis
(see Figure S1 in supporting information for flow-chart of inclusion/
exclusion process).

A case study is defined as a spatially delineated research study at the
regional or local scale conducted over a defined period of time that
focused on water availability and water access issues in the Arctic (see
Table S2 in supporting information for geographical scope of article).
The case study could describe either causes or consequences of water
access and water availability issues, such as water quantity shortages or
poor water quality. The case studies all had to fit into the specific in-
clusion parameters, but additionally were selected due to their diversity
on relevant dimensions of analysis. The selection of diverse cases has
the additional advantage of introducing variation on the key conditions
of interest.

2.4. Analysis

2.4.1. Coding for conditions of household water vulnerability

We used deductive and inductive coding to identify conditions that
explain household water vulnerability within the case studies. A coding
scheme and data extraction table were created to analyze and synthe-
size the literature. The main categories included: descriptive informa-
tion (i.e., journal title, year of publication, location, and author’s
country affiliation); thematic content; and theoretical framing.
Proximate codes were used to group underlying factors for organiza-
tional purposes (see Table 2 for the detailed code book). By combining
underlying factors, our underpinning theory is that conditions are
chain-logical. That is, one or several underlying factors may drive one
or more proximate conditions that result in the observed outcome.
Emerging from the cases, five ‘proximate’ conditions were generated,
which fall into one of the four subsystems of SES: social system, gov-
ernance system, infrastructure system, and resource system (Ostrom,
2009).

After deductive coding was completed on the general characteristics

Included if the document: (1) was a peer-reviewed article;
(2) published on or after January 1, 2000;

(3) was written in English;

(4) specifies a region or area of study in the Arctic (as defined by AHDR). That region can cross internationally defined borders and does not need to
be within a specific country, such as Lapland in Scandinavia or the Barents region;
(5) has a substantial focus on drinking water access and freshwater resources used by Arctic households and communities;

(6) uses data or documents from the past or present;

(7) states a specific study period, or the fact that the study had been conducted in the past needs to be implicit in the paper’s methods. This is critical
as water systems are dynamic with constantly changing exposures, variables, and responses.

Excluded if the document:

(8) modeled future scenarios or conceptual frameworks that seek to weigh future options for water management;

(9) is a future projection/hypothetical scenario of drinking water and water resources. This was important because we want to capture current, not

hypothetical, household water vulnerability.

(10) was classified as ‘editorial material’ or ‘chronology’ in Web of Science

(11) did not have an identified author
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Proximate conditions and underlying factors influencing household water vulnerability.

Condition Type

Proximate Condition (abbreviated
name)

Underlying Factors

Governance system

Governance system

Infrastructure system

Resource system

Social system

Inadequate freshwater policies
(NOPOL)

Inadequate funding for water systems
(FUNDIN)

Inadequate infrastructure (NOINFRA)

Biophysical variability (CC)

Societal changes (CULTUR)

® Lack of drinking water guidelines;

® An absence of rigorous freshwater monitoring;

® Absence of freshwater policies;

® Standard volume of water supplied to household despite its particular circumstances;

® Incomplete consideration of socio-political aspects of water, compared to technological;

® Lack of preparedness for waterborne disease outbreak;

® Lack of compatibility between place-specific, cultural, and economic variables such as public health trends,
living conditions, and water related behaviors of system users and policies;

® Layers of governance (local to national to international);

® Transnational populations;

® Overcrowding of homes leading to insufficient water supply;

® Ownership of water supply system;

® Alignment of goals

® Residents cannot pay fees due to poverty and the high cost of treatment and distribution;

® Limited household income;

® Limited government funding;

® Access to transportation by ownership of vehicle;

® Transportation costs are too high, such as snowmobile purchases, ATV purchases, snowmobile maintenance,
gasoline;

® Residents dependent on government transfers;

® Shortage of qualified operators;

® Cold/harsh climate increases construction challenges, operational costs;

® Interrelated resource pricing, increasing energy costs affect water access and rates of consumption, energy price

increases price of water, thus affecting affordability, availability, and usage of water;

Remote, rural communities challenge low construction costs;

Lack of resident tax base

Lack of water testing for metals, chemicals;

Challenges with maintaining chlorine levels from distribution center to household;

Lack of access to water;

Lack of access to washeteria;

Storage in tanks that may become contaminated;

Cold War and nuclear disposal sites, managing abandoned mines and mine waste;

Levels of education;

Deteriorating infrastructure;

Wastewater management and sewage runoff compromising drinking water quality;

Lack of water data on consumption/access and regional hydrology;

Little integration of data across disciplines/knowledge;

Little sharing of information about water resources;

Inadequate monitoring and record keeping

Climate change impacting water resources availability, quality and quantity;

Extreme weather threatening water systems;

Water and sanitation infrastructure at risk due to eroding beach and storm surge;

Infrastructure damage due to thawing/melting permafrost;

Rising temperatures and flooding threatening water sources and water systems;

Climate change damaging existing clean water and wastewater infrastructure;

Quality and quantity of water supply changes over a year due to climate and hydrologic cycle;

With presence of multiple sources of water, communities and individuals were able to employ a coping

mechanism of retrieving their own water when there were system failures;

Topography and geography of land

Framings of water security;

Perception of freshwater as a finite resource with multiple values;

Piped water is considered to be substandard quality and community members continue to rely on traditional

water sources;

Loss of sensitivity to hydrological changes;

Generational differences in familiarity with water resources in time and place;

Levels of education;

Pollution/changing land = dispossession and loss of health tied to the inability to safely and confidently use

water resources;

System disruption due to human error, such as truck distribution network, illness;

Arctic populations are growing in the warmer climate;

Shifting size of communities;

Changes in age composition;

Rural to urban migration;

Rural outmigration;

Increasing demand on and threats to freshwater resources due to heightened resource development and

industrial activities;

Importance of having able bodied kin to gather water;

Kin network affected by length of relationship, employment outside the town, illness;

® Dependence on fuel-based transportation to gather/access water
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of the article, inductive coding was conducted using Atlas TI software
(Friese, 2012). The documents were each read to discern conditions and
themes that contribute to household water vulnerability (Cope, 2010).
These codes centered on reoccurring conceptual topics mentioned in
the case studies, such as poor water policies or lack of infrastructure.
Once the coding categories were created, the documents were then re-
read in detail and codes were assigned to conditions when authors
made explicit reference to a coding category. Codes were not assigned
in cases where strong inferences had to be made.

In QCA, it is recommended that there are more case studies than the
number of conditions, such as at least four cases for every one condition
(Amenta and Poulsen, 1994; Marx and Dusa, 2011). In complex, non-
linear systems, researchers have successfully reduced the number of
coded independent conditions using chain-logical causation and con-
comitant occurrence. We selected conditions using a conjunctural
theory approach that predicts that there are multiple causal combina-
tions that lead to household water vulnerability (Srinivasan et al.,
2012). This strategy exploits QCA’s ability to produce causal pathways
that reflect the heterogeneity of the conditions (Amenta and Poulsen,
1994). The causal pathways show how sets of conditions derived from
the case studies may be associated with a particular outcome (Blackman
et al., 2013). The identified conditions were dichotomized according to
Boolean algebra, which seeks to simplify complex data sets into binary
values of 1 or O if a condition is present or absent, respectively.

These ideas are depicted in Fig. 1, which shows how the condition
“inadequate infrastructure” can be produced by inadequate infra-
structure on the supply side and on the user side. There may be many
concomitant conditions that lead to inadequate infrastructure. The
pathways in Fig. 1 reveal that inadequate infrastructure could be at-
tributed to several underlying factors on either the supply, distribution
side or on the user, consumer side. For example, inadequate infra-
structure on the supply side may be the result of “poor monitoring and
data collection” due to a lack of trained operators or limited re-
cordkeeping. Using this approach in QCA, the condition of inadequate
infrastructure will be coded as being present if any one of the under-
lying factors is present. This coding process across the 31 case studies
resulted in five conditions: inadequate freshwater policies, inadequate
funding, inadequate infrastructure, biophysical variability, and societal
changes (see Table 2).

2.4.2. Coding for the typologies of household water vulnerability
In defining the outcome of household water vulnerability this paper
develops typologies that account for the outcome’s complexity,

Lack of replacement parts

Insufficient
distribution networks

Aging
infrastructure

P o= Adequate
COLMOmTOLING infrastructure
& data collection Inadequate
infrastructure,
Lack of Supply side
water testing
Cold climate Y Inadequate
> infrastructure
Y=1,N=0
Set water
tank size \ Inad te
infrastructure,
Lack of 3) User side
data '/ 7
Contaminated Limited access to

storage tanks water & sanitation

Fig. 1. Example showing how inadequate infrastructure (the proximate con-
dition) may be produced by underlying factors (Figure created by first author,
format inspired by (Srinivasan et al., 2012)).
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employing an approach developed by Srinivasan et al. (2012). Instead
of focusing on a single condition that defines household water vulner-
ability, typologies look broadly across the case studies to describe how
household water vulnerability is produced by simultaneously occurring
or associated conditions (Srinivasan et al., 2012). The typologies
characterize clusters of conditions instead of isolated conditions
(Manuel-Navarrete et al., 2007). Each typology therefore represents a
set of conditions connected to the case studies that details household
water vulnerability in the Arctic.

To identify central characteristics of household water vulnerability,
the same coding procedure described in Section 2.4.1 was used. In order
to develop typologies of household water vulnerability, eleven binary
variables were identified as describing average household water vul-
nerability, variance in household water vulnerability, and future var-
iance in household water vulnerability (Table 3) (Srinivasan et al.,
2012). For each typology, an outcome vector was created, and then
each case study’s coded vector was compared to the typology’s vector to
determine its proximity to it. For example, a typology could have the
vector [1,1,1,0,0,0,1, 0, 1, 0, 0] using binary coding along the eleven
typology indicator variables (Srinivasan et al., 2012). If the Euclidean
distance between the case study’s vector and the typology’s vector was
less than a determined cutoff value, the case study was classified as that
typology (Srinivasan et al., 2012). The development of typologies was
an iterative process that resulted in each case study belonging to only
one of the three typologies: political ecology, water security, or socio-
hydrology.

2.4.3. Conducting QCA

Once the typologies and conditions were identified, QCA was ap-
plied to trace the relationships between the conditions and each pos-
sible typology. These identified relationships are referred to as causal
pathways in QCA, as they represent the association between conditions
and the produced typology of household water vulnerability. Each data
set was dichotomized using 1s and Os and organized into a truth table
using TOSMANA software version 1.54 (Cronqvist, 2016). Results were
compared with the truth table and configuration of conditions produced
by fs/QCA software (Ragin and Davey, 2016). While the computer
program is called fs/QCA, the software allows for crisp-set analysis,
which is what was used in this article. TOSMANA and fs/QCA software
were used because they are the two most commonly used software to
conduct QCA analysis, and by using different software, it was possible
to compare their respective results (Thiem and Du, 2013).

Truth tables provide a succinct and parsimonious understanding of
how conditions are linked to the outcome. In a truth table, there may be
2"k rows, where k represents the number of conditions and 2 indicates
that the condition may be present or absent (Schneider and Wagemann,
2012). Each row shows the logical combinations between the condi-
tions and is a statement of sufficiency (Rihoux and Ragin, 2009). In
generating the truth table, each case can only belong to one row.

In the transformation of the data matrix of coded conditions to a
truth table, contradictions in logic are highlighted by the computer
program. Contradictions flag potential problems with the theoretical
specification of the conditions and indicate that some cases may not be
explained by the model (Marx and Dusa, 2011). Contradictions require
the researcher to return to the case studies and resolve the problems
before further analysis. To address contradictions, the three typologies
representing the outcome of household water vulnerability were re-
assessed to ensure that they were clear and do not result in confusion
among cases. Next, to resolve the identified contradictions highlighted
in the truth tables, seven case studies were reconsidered to determine
whether they were indeed part of the same typology (Rihoux and Ragin,
2009). As a result, three case studies were excluded from analysis be-
cause it was unclear whether other factors affected their membership in
the typology (Schneider and Wagemann, 2012). This left 28 case stu-
dies for QCA (see Table 4 for concise inclusion details of the case stu-
dies).
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Table 3
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Indicator variables for the three typologies of household water vulnerability.

Typology Variable Category

Typology Indicator Variable

Average household water vulnerability due to water availability and
access

Variance in household water vulnerability due to water availability and
access

Persistent lack of access to sufficient quantity and quality of water for livelihood and household
needs

Enduring lack of sufficient quantity and quality of water for drinking and hygiene needs
Critically unequal access and availability of water supplies resulting in diminished health
Changing access and availability of water due to interaction with other resources, energy prices and
food security tradeoffs

Changing access to and availability of water leading to income, health, and education declines
Changing quantity and quality of water due to biophysical factors
Changing quantity and quality of water due to anthropogenic factors

Future variance in household water vulnerability due to water
availability and access

Long-term impacts of climate change on water resources

Long-term changes in population size

Long-term impacts of resource development and industrial impacts on watersheds, such as
downstream aggregation of mining activities

Long-term consequence of changing socio-hydrology, loss of freshwater knowledge, and changing
perceptions of water

3. Results

QCA revealed the combinations of the five conditions: inadequate
freshwater policies, inadequate funding, inadequate infrastructure,
biophysical variability, and societal changes that produce the three
typologies of household water vulnerability. The typologies: political
ecology, water security, and socio-hydrology describe household water
vulnerability under those theoretical framings. All typologies were as-
sociated with the five conditions, and revealed problematic social-hy-
drological water systems, such as chronic unmet water needs, or poor
governance of human-water systems.

In analyzing the results, the consistency and coverage were ex-
amined for each solution, condition, and truth table row in the typol-
ogies (supporting information Figures S2-S4). Consistency is the degree
to which empirical evidence supports the claim that a set-theoretic
relation exists between the condition or configuration of conditions,
and the outcome (Rihoux and Ragin, 2009). Coverage reveals how
much of the outcome is covered by the sufficient condition under
analysis and assesses the relation in size between the condition set and
the outcome set (Schneider and Wagemann, 2012). Conforming to
other QCA studies, for a condition to be considered necessary in this
article, the consistency had to be threshold of 0.9 or greater, and cov-
erage had to be 0.6 or greater (Rihoux, 2017).

The results reported in the following sections reflect the inter-
mediate solutions generated by the fs/QCA software. The intermediate
solution is a subset of the most parsimonious solution, and a superset of
the conservative solution (Schneider and Wagemann, 2012). The in-
termediate solutions were chosen because they incorporate theoretical
notions that balance complexity and parsimony, but do not rest on
difficult or untenable assumptions of logical remainders. Logical re-
mainders are logically possible combinations of conditions, but they do
not have any empirical evidence among the case studies to determine
whether the combination produces the outcome or not (Schneider and
Wagemann, 2012). In the analysis of the results, it is important not to
interpret relations between singular conditions and the outcome of
household water vulnerability. The causal pathways highlight the im-
portance of considering the relationship between the conditions and
how they influence one another.

3.1. Political-ecology

This typology of household water vulnerability is characterized by
case studies that describe limited water access due to factors like poor
water policy and water management. The case studies in this typology
are represented by the political ecology theoretical framework, which
looks at the broader political, social and economic contexts that influ-
ence human-water relationships (Robbins, 2004). The typology is
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associated with a lack of water infrastructure, such as pipes to deliver
water to homes, chlorine supplies, or monitoring equipment. Poor in-
frastructure adversely affects households’ access to water supplies. For
instance, a case study describes how a Finnish municipality’s in-
adequate treatment of the tap water supply resulted in a large outbreak
of acute gastroenteritis (Kuusi et al., 2005).

Poor infrastructure may correspond to a household’s or commu-
nity’s lack of power, resource access, and resource control. The political
ecology typology includes case studies that describe these power
asymmetries and how they contribute to household water vulnerability.
The typology captures the importance of historical development pat-
terns, and asymmetrical power relationships between communities and
higher layers of government that are associated with chronic household
water vulnerability. Past decisions regarding water infrastructure were
often made in a top-down manner that are now obstacles to household
water access communities must overcome to increase water access
(Loring et al., 2016). For example, one case study describes how a third
of Native Alaskan households do not have running water and sewer
services due to lack of investment as a result of limited community
inclusion in decision making processes (Eichelberger, 2014). The case
studies in this typology directly highlight the role of the state in
creating water vulnerability.

The absence of societal change was identified as a necessary con-
dition for this typology. This suggests that without societal change, the
existing power and information asymmetries governing human-water
systems will continue. If the power structure endures then water re-
sources will continue to follow the same distribution pattern and re-
inforce development pathways. For example, in Alaska, as elsewhere in
the Arctic, indigenous water governance principles have historically not
been integrated into the prevailing Western water governance frame-
work managing local water systems (Wilson, 2014). Without explicitly
integrating indigenous ideas into water governance, indigenous peo-
ples’ rights, traditions and resource management preferences continue
to be marginalized (Wilson, 2014).

This typology is produced along two causal pathways (see Figure S2
in supporting information for solution terms). The first pathway is as-
sociated with the presence of inadequate infrastructure combined with
the absence of biophysical variability and absence of societal changes.
This pathway describes the status quo where many households lack
adequate infrastructure to provide sufficient water access to meet their
basic needs. The pathway highlights how household water vulnerability
can result from government actions if there are no changes occurring
climatically or in society that would mitigate household water vulner-
ability. The second pathway describes the presence of inadequate
freshwater policies combined with inadequate funding and inadequate
infrastructure, and the absence of societal changes. This pathway de-
scribes many case studies that experience household water
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vulnerability as a result of institutional decisions regarding freshwater
policy, funding, and infrastructure. A lack of a comprehensive fresh-
water policy that accounts for the many competing demands on water,
or deficient funding of water systems, influence household water vul-
nerability as people lose access to much needed water supplies.

Household water vulnerability is therefore a product of political
processes and of historical development across scales, and of contextual
factors, such as infrastructure, competing sectoral demands for water,
and community remoteness (Padowski and Gorelick, 2014; Pandey
et al., 2014). The first pathway may provide a more relevant explana-
tion of the outcome since it has a unique coverage of 0.5 compared to
the second pathway’s unique coverage value of 0.375. Unique coverage
is the percentage of all cases’ set membership in the outcome uniquely
covered by a single path of an equifinal solution term (Schneider and
Wagemann, 2012).

3.2. Water security

Case studies in this typology reflect the water security theoretical
framework, as the cases highlight issues of water access, availability,
affordability and chronic scarcity. The case studies emphasize the im-
portant relationship between household access to sufficient water
supplies and a healthy and productive life (O’Brien and Leichenko,
2008; Wheater, 2014; Hossain et al., 2016; Srinivasan et al., 2017). Due
to chronic water vulnerability, case studies are characterized by poor
health outcomes, including skin and lung disease, and mental health
issues resulting from household water vulnerability. For example, a
case in Russia documents how people were consuming drinking water
that was highly contaminated by chemical and biological agents, which
resulted in high rates of waterborne diseases (Dudarev et al., 2013c, b).

The case studies in this typology highlight the connection between
poor drinking water quality and insufficient water quantity and wa-
terborne and water-related diseases. A case study in Alaska documents
how homes with piped water supplies have significantly lower rates of
respiratory, skin and gastrointestinal infections (Thomas et al., 2013).
The case studies reveal that worse health outcomes may reinforce
household water vulnerability as people struggle to access water. For
example, if a household is burdened with high medical costs due to
water related diseases, the household may not be able to afford water
because it is forced to make tradeoffs between necessities such as
medicine, water and energy. Case studies also emphasize how health is
diminished by unmonitored water supplies and lack of information,
such as poor understanding of how to clean water storage tanks.

For cases in this typology, household water vulnerability can occur
along three causal pathways (see Figure S3 in supporting information
for solution terms). The first pathway involves the absence of societal
changes, inadequate freshwater policies, biophysical variability and
inadequate infrastructure, combined with the presence of inadequate
funding. This pathway highlights the role that inadequate funding of
water systems, water treatment, and operations and management pro-
grams have in contributing to household water vulnerability. The
second pathway is associated with the presence of inadequate funding,
inadequate infrastructure and biophysical variability, combined with
the absence of inadequate freshwater policies and societal changes.
Case studies described how lack of infrastructure, poor funding, and the
impacts of climate change would result in household water vulner-
ability if freshwater policies or societal changes did not mitigate these
challenges, such as improved water policies to enhance the use of al-
ternate water sources.

The third causal pathway that produces this typology is the com-
bination of the presence of inadequate infrastructure, biophysical
variability, societal changes, inadequate funding, and inadequate
freshwater policies. This pathway shows that when all conditions are
present household water vulnerability occurs because there are an-
thropogenic and biophysical changes on top of existing structural is-
sues, such as inadequate infrastructure, weak freshwater policies, and
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poor funding of water systems. Of these pathways, the third pathway
may provide the most relevant explanation since it has a unique cov-
erage of 0.5, compared to the first and second causal pathways’ unique
coverage values of 0.33 and 0.17, respectively.

These three pathways emphasize the important role that inadequate
funding has in contributing to household water vulnerability, such as
existing poverty, lack of a resident tax base, or limited government
support. Yet, in analyzing the conditions in the fs/QCA software, no
conditions met the threshold for necessary conditions of 0.9 consistency
or greater, or 0.6 coverage or greater. Therefore, the conditions de-
termining the outcome are sufficient conditions, but are not necessary.

3.3. Socio-hydrology

The case studies in this typology are represented by the socio-hy-
drology theoretical framing, which studies the cascading effects of hy-
drologic changes on communities and the complex interactions be-
tween society, institutions, and the natural environment (Sivapalan
et al.,, 2014; Wheater, 2014). This typology is characterized by case
studies that describe perceptions of water resources and local values
regarding water, and how they affect household water use. The ty-
pology identifies biophysical features and attributes of institutions that
influence short and long-term household water vulnerability
(Srinivasan et al., 2012; Padowski et al., 2015).

Case studies describe the importance of long-term changes, such as
demographics, scale and population growth. For example, a case in
Alaska documents how community knowledge passed on from elders
helps households respond to changes in their environment (Alessa et al.,
2008a). A household’s ability to respond to water vulnerability is in-
fluenced by changing age dynamics, societal change and shifting
community values. Additionally, climate impacts and cultural shifts
change people’s perspective of water resources and their respective
quality. A case study in Northwestern Alaska details how culturally
specific ideas regarding health and water quality influence how com-
munities use centralized water systems (Marino et al., 2009). Cases in
this typology underscore how household water vulnerability is both the
result of chronic and current factors that affect household income,
education, and social structure.

Through analysis of necessary conditions in the fs/QCA software, it
was revealed that freshwater policies (i.e., the absence of inadequate
freshwater policies) and societal changes were necessary conditions for
this typology. In this typology, household water vulnerability can be
produced along four causal pathways (see Figure S4 in supporting in-
formation for solution terms). The first pathway occurred when there
was an absence of inadequate freshwater policies and inadequate
funding combined with the presence of societal changes. This pathway
suggests that even with freshwater policies and funding, household
water vulnerability can be produced due to societal changes, such as
loss of water knowledge over generations (Wilson, 2014).

The second pathway that produces the typology is an absence of
deficient freshwater policies combined with the presence of biophysical
variability and societal changes. Again, this pathway reveals that even
with freshwater policies, biophysical changes and societal changes can
lead to household water vulnerability. For example, case studies high-
lighted how household water vulnerability is affected by the seasonality
of water resources since water will not be available in the time and
place that they need it (Martin et al., 2006; Marino et al., 2009).

Third, this typology may be caused by an absence of inadequate
freshwater policies, inadequate funding, and inadequate infrastructure,
combined with the presence of biophysical variability. This pathway
documents the importance of biophysical changes, such as thawing
permafrost and increased extreme weather. Fourth, the typology may
be produced by the presence of inadequate funding, inadequate infra-
structure, and societal changes, combined with the absence of bio-
physical variability. The second pathway may provide a more relevant
explanation of the outcome since it has a unique coverage of 0.42



A. Sohns, et al.

compared to the first, third and fourth pathways’ unique coverage va-
lues of 0.14, 0.07, and 0.07, respectively.

4. Discussion

This article advances understanding of household water vulner-
ability in the Arctic by assessing the key conditions and combinations of
conditions that influence whether a household has water access. QCA
was used to examine 28 Arctic case studies. The findings trace five
conditions: inadequate freshwater policies, inadequate funding, in-
adequate infrastructure, biophysical variability, and societal changes to
three typologies of household water vulnerability.

Through the identified typologies, it is possible to compare config-
urations and examine the relationship between the underlying factors
and proximate conditions, and the pathways that generate household
water vulnerability. Results revealed a limited number of pathways
describing the articulation of causes of household water vulnerability in
the Arctic under different contexts. The findings emphasize that
household water vulnerability is influenced by anthropogenic factors,
such as social dynamics in a community, and the age of people in the
households. While the cases each fit into a unique typology, the
typologies are interconnected, as they all exist as types of household
water vulnerability.

In the political ecology typology of household water vulnerability,
the absence of societal change was identified as a necessary condition
with a coverage of 0.6. Without societal change, household water vul-
nerability is perpetuated by the legacy of past decisions and power
asymmetries between government and communities. Case studies dis-
cussed how colonial history influences how households are able to re-
spond to changing water access and water availability due to con-
tinuing lack of power in decision-making processes (Sarkar et al.,
2015). This typology highlights how a household’s ability to mitigate
water vulnerability is associated with chronic vulnerability, such as the
enduring influence of past water policies, and current vulnerability,
such as existing infrastructure and water management strategies.

Both of the causal pathways in the political ecology typology un-
derscore how deficiencies of the state, such as lack of freshwater po-
licies or inadequate infrastructure, can lead to household water vul-
nerability without societal changes that could mitigate poor water
access and water availability. These findings are significant because
many Arctic freshwater management strategies neglect to consider
cultural factors and societal changes, such as age dynamics and shifting
demographics.

The case studies in this typology emphasize how social bonds cri-
tically affect whether households have water access. In Alaska, when a
household loses access to water, the members often rely on kin for
drinking water (Eichelberger, 2010). If a household does not have a
strong kinship network, then it may be more susceptible to water vul-
nerability. The typology also illuminates how framings of water se-
curity influence how people use water. Many people, especially older
generations, have cultural attachment to specific water sources or
perceive traditional waters to be more desirable than chlorinated,
municipally-supplied water (Goldhar et al., 2014; Daley et al., 2015).
Therefore, as traditional water supplies from rivers and ice become
more difficult to obtain due to climate change or human activities, the
water vulnerability of households that are culturally attached to those
waters is increased. These social, cultural, and economic factors that
affect household water vulnerability must be incorporated into water
systems planning.

The water security typology reveals the importance of chronic fac-
tors that contribute to household water vulnerability. The typology
explores how persistent lack of access to sufficient water quantity and
quality may affect livelihood and household needs. The water security
typology highlights how enduring unequal access and availability of
water supplies for drinking water and hygiene needs can result in di-
minished health due to waterborne and water-related illness. The lack
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of necessary conditions in this typology suggests that no certain con-
clusions can be drawn regarding the typology’s causal pathways, yet the
combinations of conditions do show that there are many factors that
contribute to household water vulnerability. Indeed, the presence of all
five conditions had the greatest coverage of the three causal pathways,
at 0.5, in producing the outcome. This implies that the combination of
all factors: inadequate freshwater policies, inadequate funding, in-
adequate infrastructure, biophysical variability, and societal changes
led to household water vulnerability across the majority of cases in the
typology. It is worth noting that the presence of inadequate funding is
common across the three causal pathways. This may indicate that
funding for water systems from government support and a strong user
base are vital in order to prevent poor health outcomes due to house-
hold water vulnerability.

In the socio-hydrology typology of household water vulnerability,
freshwater policies and societal change were independent, necessary
conditions. The coverage for societal change was 0.8 compared to
freshwater policies’ coverage of 0.6, which may suggest that societal
change is a more relevant outcome-producing condition. This again
stresses the importance that societal change has on household water
vulnerability across the Arctic. For example, rural outmigration is af-
fecting water access because the tax base is weakened with fewer
people to fund water systems (Loring et al., 2016). Migration from rural
to urban areas also makes it difficult to retain qualified water systems
operators which increases the risk of water system failure. Additionally,
as populations grow, there are siting concerns for water systems. Due to
the lack of available hydrological data, there is uncertainty regarding
where to safely locate wells and septic systems (Loring et al., 2016).

The socio-hydrology typology of household water vulnerability ex-
plicitly distinguishes between current and long-term changes. It high-
lights the importance of considering the existing variability that influ-
ences household water vulnerability, such as social perception of the
safety and value of different water resources, and whether members of
the household know where multiple water supplies are located. The
typology also stresses the importance of development patterns on water
vulnerability. Mining and petroleum industries are affecting land use in
the Arctic (Alessa et al., 2008b). Intensive resource development can
compromise nearby freshwater resources and leave communities ex-
posed to water scarcity due to water contamination.

A number of case studies highlighted the slow progress of Arctic
freshwater policy and expressed that new policies are urgently needed
to address climate change, extreme weather, and changing environ-
mental conditions. Freshwater policies across the Arctic fall short of
protecting drinking water supplies and watersheds. In Russia, there is a
significant need to reform the Russian water industry and to improve
federal laws regulating drinking water supplies (Dudarev et al., 2013c).
In Nunavut, there is no rigorous monitoring of drinking water quality
nor reporting protocol (Daley et al., 2014). These problems are common
across Arctic nations and were highlighted in a recent report, which
declared that water resources management strategies are necessary to
maintain Arctic freshwater supplies and mitigate water-related hazards,
such as flooding (AMAP, 2017D).

Through this typology’s causal pathways, it is revealed that even
when there are existing freshwater policies, if both biophysical varia-
bility and societal changes are present, household water vulnerability
may be produced. Governments should support household and com-
munity efforts to respond and adapt to household water vulnerability
due to the dramatic changes occurring in the Arctic as a result of longer-
term climatic and demographic shifts. The case studies emphasize that
cultural and social characteristics specific to each community must be
considered in the design of water systems and the policies that govern
them (Daley et al., 2015; Loring et al., 2016).

For example, in northern Canada, as around the Arctic, there is a
housing shortage which forces people to share their homes and leads to
overcrowding. In Nunavut, this ‘hidden homelessness’ describes how
people who do not have a home live temporarily in another’s house
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(Daley et al., 2014). This increases household water vulnerability be-
cause each home has a set volume of water that is delivered to their
water tank, which therefore determines how much water a household
has to use and share among its members (Daley et al., 2014). Such
social realities should be accounted for in the design and implementa-
tion of water systems.

The conditions and causal pathways identified by QCA reveal the
similarities between Arctic contexts, including colonial legacy, power
asymmetries, and demographic shifts. However, it is important to
consider the contextual differences between nations that affect gov-
ernment mechanisms and policy design. While QCA enhances com-
parative knowledge of the case studies in each of the typologies and
identifies common themes with the typologies of household water
vulnerability, QCA is not without its limitations. A potential weakness
of QCA is that its determinism may omit potential causal conditions and
therefore produce misleading results.

Another possible limitation of QCA stems from the conversion of
continuous variables into dichotomous conditions. The researcher must
assume that the nature of the relationship between the independent
condition and the outcome is a threshold, and therefore that expressing
the condition as present or absent is sufficient without using degrees of
presence to express the conditions (Blake and Adolino, 2001). Ad-
ditionally, in csQCA, since each condition has one of two values it is not
possible to examine their relative strengths or proportional relation-
ships (Blake and Adolino, 2001). Therefore, it is difficult to determine
which condition has more impact on the outcome compared to another
condition. QCA may also be undermined by its expectation that ex-
planations are conjunctural and deterministic (Amenta and Poulsen,
1994). There has also been recent criticism of complex and inter-
mediate solutions generated by QCA because they may conclude more
than is warranted from causal inference (Baumgartner and Thiem,
2017).

5. Conclusion

This article reviewed 28 cases in the Arctic using QCA in order to
improve conceptual understanding of the conditions and causal path-
ways that produce household water vulnerability. Through the analysis
of the configurations of the five conditions (inadequate freshwater
policies, inadequate funding, inadequate infrastructure, biophysical
variability, and societal changes), this article contributed new insight
regarding the conditions’ association and influence on the three typol-
ogies of household water vulnerability: political ecology, water se-
curity, and socio-hydrology. The QCA results underscore the similarities
across the heterogeneous case studies while maintaining the complexity
of the individual cases.

The findings of QCA highlight the importance of the multiple con-
ditions and their underlying factors which act on household water
vulnerability. The results emphasize how aspects of the socio-hydro-
logical cycle, such as societal change, interact with freshwater policies
and biophysical variability to influence household water vulnerability.
Water policymakers must engage with community organizations, Tribal
Councils, and others that have intimate knowledge of the household
realities which result in water vulnerability, and of the community
characteristics in which the household is embedded. This engagement
may take many forms, such as direct avenues for feedback or adaptive
management, but should result in these groups’ perspectives being in-
cluded in final policies, water systems design, and governance.

These groups will provide necessary insight regarding how social
and cultural conditions, and political structures affect household traits,
decision-making and daily economic tradeoffs. In turn, this information
can be incorporated in government policies at all levels to ensure they
respond to household needs and reflect household capacity to afford
and maintain a specific water system. The article’s findings have broad
implications for the Arctic, as regions should promptly implement
freshwater policies that respond to climate impacts and societal shifts,
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increase funding of water systems, and consider the complex interac-
tions between the dynamic conditions contributing to household water
vulnerability in future water management strategies.
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