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Wildfires present a growing threat to critical infrastructure systems (CIS) and the wildland-urban interface (WUI)
communities. With the ever-increasing urbanization and availability of cheaper lands, more population moves
towards the forest lands, expanding the WUI regions. As a result, more CIS (e.g., power grid, transportation systems,
water distribution) are getting exposed and damaged from wildfires. When CIS are damaged and resulting service
disruptions occur, they burden WUI communities by disrupting household capabilities (e.g., cooking, lighting,
washing) which are important for maintaining well-being (e.g., maintaining good physical and mental health).
Traditional community resilience measuring approaches often fail to account for these social implications of CIS
disruptions, focusing mainly on financial costs or CIS outages durations. We address this gap in this research by
evaluating how household capabilities are affected by various CIS disruptions (e.g., power outages, water outages,
transportation disruptions) and the subsequent severity of these impacts in terms of time and financial costs needed
to cope. We collected data through a representative survey of households in the Southwest US that were affected by
wildfires since 2016. Leveraging the Capabilities Approach Theory and the Bayes Mallows Ranking Method, we
identify the household capabilities most affected in the aftermath of a wildfire and present our results for the state of
California, which has witnessed some of the most devastating wildfires to date. Our results show that the ability to
cook food and access clean air were the most disrupted capabilities during wildfire-induced CIS disruptions. Other
capabilities, such as accessing drinking water and lighting homes, were affected under specific conditions. The most
severe impacts occurred when households lost their ability to cook food, access clean air and drinking water, and
the ability to refrigerate food and medicine. The outcomes of this research informs more efficient, human-centered
resilience planning for the CIS managemnt.

Keywords: Wildfire impacts, Critical infrastructure disruptions, Household capability, Bayes Mallows Ranking
Method, Human-centered resilience planning.

1. Introduction daily lives. Families struggled to cook due to
prolonged gas shut-offs, elderly individuals found
it hard to maintain hygiene due to water shut-
offs, and the cooling, heating, and refrigeration
capabilities were severely constrained by power

Wildfires have increased in frequency and inten-
sity over the last few years, disrupting commu-
nities’ lives and posing a threat to critical in-
frastructure systems (CIS) (Masoudvaziri et al.,

2020, 2021; Ganguly and Mukherjee, 2021; Gan- outages (Juliano et al., 2023). Traditionally, the
guly ’et al ’2025. Roy et al., 2025) l;or ins’tance impact of wildfires or other natural disasters has

during the Camp Fire in California (2018) and been assessed by the adverse effects on the CIS,

the Marshall Fire (2021) in Colorado, many com- including power, gas, transit, water, and communi-
munities did not lose their homes (Burke et al., cation (Fraser et al., 2022; Kalapodis et al., 2025;

2021; Maranghides et al., 2021). However, house- Er.magur% et al., 2025). .The economic 1r.npact of
holds experienced several disruptions in their wildfire-induced CIS failure and restoration costs
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is often quantified and termed a wildfire-related
burden on communities (Wang et al., 2021). De-
spite being highly relevant to emergency manage-
ment and helpful for guiding restoration planning,
these metrics cannot capture households’ suffer-
ing at a granular level; they can only provide a
high-level overview of wildfire’s adverse effects
on infrastructure and communities. In fact, infras-
tructure failures are often considered synonymous
with societal or household burdens from wildfires,
which fails to recognize that service disruptions
across different CIS have different impacts on
households’ ability to maintain their health and
well-being (Cutter et al., 2025).

The burdens that households experience dur-
ing wildfire-induced CIS outages are influenced
by disruptions to household capabilities, such as
access to food, clean air, and timely information
about the event, as well as the ability to main-
tain hygiene. The inability to meet these critical
household needs as usual can have serious conse-
quences, especially if the outages are prolonged
and affect a wide area. Often, households adapt
to these disruptions by meeting their needs in less
convenient, more costly, or more time-consuming
ways. For example, if a household is unable to
cook, it may rely on restaurant takeout, which is
more expensive. These nuances are not captured
in previous studies that quantify the impact of
wildfire-induced infrastructure failures on house-
holds and their communities. To summarize, al-
though CIS service disruptions have severe impli-
cations for the well-being of populations during
disasters (Shear et al., 2011; Norris et al., 2002;
Michel, 2018), there is a lack of human-centric
measure of CIS resilience that allows us to eval-
uate the societal impacts (in terms of capability
disruptions instead of only financial or economic
loss) of CIS service disruptions during disasters
(Clark et al., 2022, 2023).

Our current study addresses this gap by assess-
ing household-level capability disruptions caused
by wildfire-induced CIS service outages, leverag-
ing the Capabilities Approach (CA) theory. The
CA Theory (CA) is a widely recognized frame-
work for understanding human development and
well-being (Sen, 2001; Nussbaum, 2000). It is

used by multiple agencies (e.g., the United Na-
tions Development Program (UNDP)) as a the-
oretical framework for measuring human devel-
opment outcomes across nations (United Na-
tions Development Programme, 2014). The CA
emerged as an alternative to standard economic
frameworks for thinking about poverty, inequity,
and human development, as it emphasizes out-
comes rather than incomes to measure” well-
being. The focus is not on resources (i.e., financial
resources) but on what an individual can accom-
plish with them (Alkire, 2013). The CA consid-
ers resources (e.g., entitlements, rights, commodi-
ties) and conversion factors (e.g., social, environ-
mental, individual characteristics) that individuals
have access to and are needed to support the capa-
bilities (e.g., the portfolio of possibilities available
to an individual that enables them to achieve a life
they consider valuable).

To obtain household-level capability disrup-
tion caused by the wildfire-induced CIS service
outages, we conducted a household-level sur-
vey across California to gather experiences from
households affected by wildfires from 2016 to
2024. By analyzing self-reported data using the
probabilistic Bayes-Mallow Ranking method, the
most critical capabilities for households affected
by wildfire-induced CIS service outages are iden-
tified and ranked by household preference. There-
after, we examined the additional costs and time
spent in coping with such capability disruptions.

The key contribution of this study is that it fore-
grounds capabilities, not infrastructure, to provide
critical insights into how wildfires impact house-
holds. This insight could advance the human-
centric measure of infrastructure resilience and
inform more equitable wildfire preparedness and
effective post-wildfire emergency management
within WUI communities.

2. Methodology

In this study, we began by defining the re-
search question, designing a household-level sur-
vey grounded in CA theory, and then collecting
data through the survey and analyzing the re-
sponses to answer the research questions.
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2.1. Defining the Research Question

As the objective of our study is to capture the
household burden of wildfire-induced infrastruc-
ture disruptions, we primarily focused on the fol-
lowing research question:

e which capabilities, if disrupted, are
most impactful for households in during
wildfire-driven CIS disruptions?

o to what extent do households spend more
time and incur additional costs when
coping with capability disruptions?

To address the research questions, we collected
data through a household survey, which is de-
scribed in the next section.

2.2. Survey Design

A digital survey was designed using the Qualtrics
platform to collect responses from affected house-
holds. The survey consisted of four sections: a
screening section, a demographics and house-
hold characteristics section, an infrastructure out-
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age section, and a wildfire-induced capability-
disruption section. The screening section ensures
that the respondent is an adult and that their house-
hold experienced a wildfire between 2016 and
2024 in Arizona, California, Colorado, Nevada,
New Mexico, or Utah. In this paper, we focus only
on households in California. Variables informing
household characteristics include the number of
residents, the number of elderly residents, the
family’s mean income, and the highest educa-
tional attainment. Information on capability dis-
ruption was obtained by first asking which capa-
bilities were disrupted, then which of those were
most impactful for the household. Furthermore,
the survey asks about the time burden and the
costs incurred to adapt to or cope with household
capability disruptions.

2.3. Survey Population and Sampling

The study area has been determined by the fre-
quency and intensity of wildfires (Radeloff et al.,
2018). Given California’s experience with the
most devastating wildfires and its diverse house-
hold composition (Verisk Analytics, 2024), we
selected California as the area of study. For survey
recruitment, we have followed the Institutional
Review Board regulations at the University at
Buffalo. Also, survey participants were recruited
by the market research company IPSOS Insights,
LLC.

2.4. Data Collection and Quality Checks

After collecting the data from the survey re-
sponses, we performed several quality checks. To
ensure data quality, we removed any respondents
who completed the survey too quickly (i.e., survey
time was less than the average survey time minus
two times the standard deviation of the survey
time distribution), did not answer the open-ended
questions meaningfully, or had any contradictory
responses.

2.5. Analyzing the Survey Responses

Data collection is followed by the analysis of
the survey responses. To address our research
question, we ranked the most impactful house-
hold capabilities using the probabilistic Bayes-
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Mallows method. We also analyzed how addi-
tional costs and time burdens were associated with
the wildfire-induced disruption of household ca-
pabilities.

2.6. Bayes Mallows Ranking Method

To assess the importance of household capabili-
ties, rather than using descriptive statistics or cal-
culating the mean of the ranking questions, we
employed the Bayes-Mallows Ranking method.
This method is probabilistic and heterogeneous,
accounting for uncertainty in the dataset (Vitelli
et al., 2018). Each household that reported a capa-
bility disruption was asked to rank its capabilities
based on perceived importance. Since households’
priorities for capabilities may vary, the mean rank-
ing may aggregate diverse perspectives and thus
dilute the insights. In Bayes-Mallows ranking, the
assumption is that the observed ranking is derived
from the latent consensus ranking (i.e., the most
agreed-upon ranking among households that re-
ported this capability disruption), and fluctuations
from this consensus ranking are quantified as a
distance metric in the permutation space (i.e., the
interval shown in the graph). The survey only
allows the respondent to rank the impact of the
capabilities if they have reported disruption of
that particular capability in the previous question.
This method develops the most agreeable ranking
where n-size plays a crucial role. For example if
a capability is ranked high by a handful of house-
holds and another capability is ranked moderate
by more number of households the later may be
ranked higher based on its overall relevance to
the wildfire situation. Also, the Kendall distance
is used to quantify deviation (pairwise disagree-
ment), and a Markov Chain Monte Carlo simula-
tion is implemented to yield the consensus ranking
and uncertainty intervals (Kendall, 1938). By im-
plementing the Bayes-Mallows Ranking method,
we derived a statistical ranking of the importance
of household capabilities, along with a measure
uncertainty.

3. Result

We present key insights from our data analysis
across two major dimensions: first, the consensus

ranking of all household capabilities after imple-
menting the Bayes-Mallows ranking method; and
second, the additional cost and time burden of the
households in managing capability disruptions.
These results show that the household burden can-
not be expressed by infrastructure outages and
losses alone, but by how they hinder residents’
daily lives by imposing economic strains and in-
creasing time costs.

3.1. Extent of Capabilities Disrupted from

Households’ Perception

Figure 2 shows the consensus ranking of
household capabilities disruptions obtained by
leveraging the Bayes-Mallows method. The
Bayes—Mallows model identifies a latent consen-
sus ranking that represents the ordering most con-
sistent with observed rankings while explicitly ac-
counting for uncertainty and heterogeneity among
respondents. Thus, the posterior rank distribu-
tions obtained from this methods reveal strong
agreement for top-ranked capabilities, while mid-
ranked and low-ranked items exhibit substantial
uncertainty, suggesting context-dependent priori-
tization. Lower the consensus rank of a capability
does not indicate that those capabilities are less
impactful, but it indicates that it is context-specific
and more sample size is needed for inferencing.
Thus, we will focus discussing mostly the top
ranked capability disruptions. The horizontal in-
terval shows the standard deviation or uncertainty
in the consensus ranking.

From Figure 2, we observe that disruptions to
cooking, access to clean air, and access to food
are the most impactful capabilities that were dis-
rupted across households based on the consensus
ranking. That pattern isn’t random. It reflects how
wildfires simultaneously stress household infras-
tructure, indoor environmental quality, and local
supply chains. Cooking, for example, is a capa-
bility that depends on multiple “hidden” supports
such as energy service continuity (i.e., electricity
for electric stoves/microwaves, gas supply and
safe ventilation for gas cooking, and refrigeration
which get disrupted by the wildfires) or just basic
safety constraints such as advice to avoid activ-
ities that generate indoor particles during smoke
episodes (U.S. Environmental Protection Agency,
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Fig. 2. Mean Importance of the Disrupted Capabilities by Bayes-Mallows Probabilistic Ranking method

2025). Besides the fact that wildfire smoke carries
high concentrations of fine particulate matter and
pollutants that penetrate indoors even when win-
dows are closed, households have to keep their
windows and doors closed to keep smoke out
which again hampers natural ventilation and ac-
cess to indoor clean air. To minimize this effect
and substantially reduce indoor smoke particles,
HVAC filtration and portable filtration can play an
instrumental role and thus can be used as a coping
strategy for the households (Davison et al., 2021).
Similarly, food access to after wildfires is often
constrained through multiple pathways including
the physical access problems such as evacuations,
road closures, fuel constraints, disrupted trans-
portation, and retailer closures, availability prob-
lems (Wei and Mukherjee, 2024a,b) such as dam-
aged distribution nodes, delayed deliveries, and
supply-chain interruptions and household utiliza-
tion problems including not being able to cook
safely and effectively, limited refrigeration, and
food safety concerns. In these situations, socially
vulnerable households are even more impacted
(Wei and Mukherjee, 2023).

Cooling, refrigeration, lighting, heating, and
hygiene are ranked moderately rather than as
top priorities after a wildfire, mostly because
these services are partially substitutable, tempo-
rally flexible, or less immediately life-preserving

than clean air, cooking, and food access during the
acute post-fire phase. We also observe that com-
munication, in-home and outside medical care, are
ranked low. However, this does not indicate they
are less important but it means that it is context
specific and since not all the households’ require
these capabilities or did not experience disruptions
in these facilities, these rankings have less sta-
tistical confidence. Overall, we see a consistent
pattern in the consensus ranking of the capabil-
ities based on number of people being experi-
encing such disruption, immediacy, capabilities
that cannot be substituted by others, and health
risk. For example, cooling, refrigeration, lighting,
heating, and hygiene are undeniably important,
but they are more adaptable in the short term
(e.g., using small coolers, flashlights, batteries,
bottled water), more context-dependent (e.g., long
term electricity outage versus short term power
cuts affecting space conditions, lighting, having
additional medicines, or moving to a temporary
shelter), and less directly tied to acute mortality
risk than smoke exposure and food access.

3.2. Cost and Time Burden of Capability
Disruptions to the Households

The analysis of cost burden associated with cook-
ing and accessing food is observed to be the high-
est ($60 -$80 additional out of pocket cost per
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How much more Out-of-Pocket Cost than usual per week
due to Capability Disruption
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Fig. 3. How much more Out-of-Pocket Cost than

usual per week due to Capability Disruption

household on average per week) in the aftermath
of the wildfire (see (Figure 3). This is expected as
these capabilities are significantly influenced by
the disaster induced supply-side price shocks and
demand surges (Bellemare, 2015), infrastructure
disruption (Ganguly and Mukherjee, 2021; Wei
and Mukherjee, 2024a), and constrained house-
hold coping options (U.S. Environmental Protec-
tion Agency, 2025)). Thus, in contrast to services
like lighting or short-term thermal comfort, food-
related costs escalate immediately and compound
across multiple channels. Although less important
than cooking and access to food, hygiene, in-
home medical care, and refrigeration also pose
a substantial financial burden on households af-
ter wildfires because they require out-of-pocket
expenditures, replacement of spoiled or damaged
goods, and costly coping strategies that are rarely
offset by immediate assistance. For example, post-
disaster studies document increased household
spending on water, sanitation, and hygiene sup-
plies, with costs escalating during prolonged dis-
ruptions (Watson et al., 2007). Also, wildfire
smoke has been linked to increased medication
use and healthcare expenditures, much of which is
borne directly by households, since these are indi-
rect and long-term consequences that are difficult
to attribute to specific wildfire events (Reid et al.,
2016).

An analysis of the time burden, on the other
hand, reveals a different trend. We observe that

heating, hygiene, and in-home medical care de-
mand are the capabilities that require the highest
additional time investment from households, i.e.,
more than three hours per week per household. All
other disrupted capabilities require less additional
time, averaging around 2.8 to 3 hours per week per
household. This pattern reflects that not only these
capabilities are disrupted in the short-term by the
wildfires but they also demand time-sensitive cop-
ing, coordination and recovery efforts that extend
well beyond the immediate response phase. This is
expected as all these capabilities require sustained
daily attention and depend on slow-to-recover in-
frastructure systems such as electric grid, water
and sanitation and healthcare systems. Overall, the
findings from this study reveal that the overall im-
pact of capability disruption on a household does
not necessarily align with the most costly or time
consuming disruptions. This further reinforces the
importance of assessing wildfire impacts across
multiple dimensions.

How much more time than usual per week
due to Capability Disr il
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Fig. 4. How much more time than usual per week due
to capability disruption

4. Conclusion

In this paper, we analyze how the wildfire induced
infrastructure disruption impact the various capa-
bilities of the households and what impact these
disruptions have on their cost and time burden.
To that end, we conducted a represented survey of
households impacted by wildfires. Leveraging Ca-
pabilities Approach Theory and Bayes Mallows
Ranking method we identified the various critical
capabilities that when disrupted can lead to severe
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health and wellbeing impacts of the households.
Our results reveal that capabilities like cooking
and accessing food are most impacted and eco-
nomically costly, whereas capabilities like heating
and hygiene pose a greater time burden.

To summarize, this study shows a transition
from infrastructure-based wildfire impact assess-
ment to the capability-centric impact evaluation.
This is important for more strategic planning that
seeks to maintain critical household and commu-
nity needs during CIS outages. The capabilities
that are most impactful to households should be
prioritized in emergency management and com-
munity resilience planning. For example, alter-
native methods for cooking, accessing food, and
accessing clean air during CIS outages would al-
leviate some of the top concerns for households
during wildfires and mitigate many of the bur-
dens that households experience. This study also
underscores the value of capability-centric eval-
uation of wildfire impact by self-reported survey
responses. This will help stakeholders streamline
the decision-making process by providing insights
from this study, which explores how infrastructure
outages hinder daily life by disrupting essential
capabilities.
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