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A B S T R A C T   

Recent decades have witnessed an escalation in the social, economic, and ecological impacts of wildfires 
worldwide. Wildfire losses stem from the complex interplay of social and ecological forces at multiple scales, 
including global climate change, regional wildfire regimes altered by human activities, and locally managed 
wildland-urban interface (WUI) zones where homes increasingly encroach upon wildland vegetation. The 
coupled nature of the human-ecological system is precisely what makes reducing wildfire risks challenging. As 
losses from wildfire have accelerated, an emerging research and management objective has been to create fire- 
adapted communities where ecologically functional levels of wildfire are preserved but risks to human lives and 
property are minimized. Realizing such a vision will require widespread and decentralized action, but questions 
remain as to when and how such a transformation could take place. We suggest that the period following a 
destructive wildfire may provide a “hot moment” for community adaptation. 

Drawing from literature on natural hazard vulnerability, disaster recovery, and wildfire ecology, this paper 
proposes a linked social-ecological model of community recovery and adaptation after disaster. The model 
contends that changes during post-wildfire recovery shape a community’s vulnerability to the next wildfire 
event. While other studies have highlighted linked social-ecological dynamics that influence pre-fire vulnera-
bility, few studies have explored social-ecological feedbacks in post-fire recovery. This model contributes to 
interdisciplinary social science research on wildfires and to scholarship on community recovery by integrating 
hazard vulnerability reduction with recovery in a cyclical framework. Furthermore, it is adaptable to a variety of 
hazards beyond wildfire. The model provides a basis for future empirical work examining the nature and 
effectiveness of recovery efforts aimed at long-term vulnerability reduction.   

1. Introduction 

Across the globe, wildfire impacts—social, economic, and ecologi-
cal—have increased dramatically over the past thirty years [1–4]. 
Australia, Canada, Chile, Portugal, Greece, and the United States have 
all experienced record property destruction due to wildfires in the past 
decade [5–8]. These losses are occurring as a result of a complex 
interplay of social and ecological forces, including climate change 
[9–11], altered wildfire regimes due to human activities (e.g., fire 

suppression, increased ignitions) [12,13], and a growing global 
wildland-urban interface (WUI) where people live in close proximity to 
wildland vegetation [14,15]. As losses from wildfire have accelerated, 
an emerging research and management objective is to understand how 
to maintain ecologically functional levels of wildfire on the landscape 
while simultaneously reducing the risk of wildfire losses to human lives 
and property. Such an ability to live with wildfire, that is, to be 
fire-adapted, now forms the central tenet of wildfire policy globally 
[16–19]. 
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Despite recognition that wildfire impacts result from a coupled 
human-ecological system [1,19–22], this interconnectedness is also 
what makes reducing wildfire risks so challenging. The human system 
consists of mechanisms for wildfire governance at multiple scales, from 
individual homes to national governments. These mechanisms include 
development regulations, insurance, fire suppression activities, vegeta-
tion management programs, and others [22]. Fire ecology is equally 
complex given that fire regimes (i.e., regional patterns of fire size, fre-
quency, type, and intensity) vary as a function of biophysical hetero-
geneity (e.g., vegetation characteristics, topographic variation, climatic 
patterns), and shifts in both climate and land use are differentially 
altering these natural fire regimes [23]. 

To understand these challenges and bring about change in this linked 
human-ecological system, most efforts have concentrated on experi-
ences prior to, during, and immediately following wildfires [22]. While 
some have highlighted the linked social-ecological dynamics that give 
rise to pre-fire vulnerability (e.g. Ref. [1]), to our knowledge, no studies 
have focused explicitly on the post-wildfire recovery process in a linked 
social-ecological model (but see Ref. [4] for a schematic of 
social-ecological wildfire processes over time). Recovery represents a 
period of rebuilding physical infrastructure, realigning local institutions, 
and reevaluating policies that govern risk [24,25]. Merely replacing 
what was lost is no longer the standard for successful recovery in the 
broader natural hazards community. Instead, recovery efforts must 
foster resilience in a community’s social, ecological, and built environ-
ments [26]. In terms of wildfire recovery, this means rebuilding struc-
tures that are more fire resistant, improving vegetation management 
practices, bolstering social support structures that reduce vulnerability, 
and preventing further encroachment of development into wildland 
vegetation. But are such resilience-minded changes occurring post-fire? 
Does wildfire recovery represent a critical or “hot” moment when 
creating a more fire-adapted community becomes possible? 

As a first step toward answering these questions, this paper draws 
from literature on natural hazard vulnerability, disaster recovery, and 
wildfire ecology to propose a linked social-ecological model of com-
munity recovery and adaptation after disaster (Fig. 1). This model 
contends that changes during post-wildfire recovery shape a commun-
ity’s vulnerability to the next wildfire event. In the model, place 
vulnerability within the linked social-ecological system sets the stage for 
the wildfire event to occur (T0). Impacts then result from the charac-
teristics of the individual fire and the human responses to it. As the re-
covery process unfolds over the years following the wildfire event (T1, 
T3, T10, … Tn), social and ecological outcomes are realized, and adap-
tation occurs. Changes in the exposure and sensitivity of social and 
ecological domains give rise to future vulnerability, thus completing the 
cycle. For reference, Table 1 provides definitions of major concepts 
contained in our model. 

This model contributes not only to the growing body of interdisci-
plinary work on wildfires, but also to the disaster science literature on 
community recovery. As demonstrated below, post-disaster community 
recovery and adaptation, in general, are undertheorized. Furthermore, 
though scholars widely recognize that mitigation measures instituted 
during recovery are crucial for reducing future disaster losses [27–29], 
relatively few recovery frameworks explicitly engage with vulnerability 
reduction. Two primary strengths of the proposed model are: 1) its 
applicability to community recovery after any loss-causing hazard 
event—not only wildfires—and 2) its acknowledgment that place 
vulnerability results from linked social and ecological recovery out-
comes. This cyclical, additive relationship between vulnerability and 
recovery illustrated by the model underscores a need for truly trans-
formative human responses to stabilize or reverse current trends in 
disaster losses. 

Below, we first examine linkages between wildfire losses, post- 
disaster recovery, and vulnerability reduction (section 2). We then 
proceed sequentially through the model, discussing how exposure and 
sensitivity combine to create pre-fire place vulnerability (section 3). 

Next, we consider how event characteristics interact with a range of 
human responses to produce unique wildfire impacts (section 4). During 
post-fire recovery, we describe how the emergent set of social, ecolog-
ical, and linked outcomes gradually alters a community’s vulnerability 
profile (section 5). We then problematize the concept of adaptation, 
considering how factors such as spatial scale and value judgments 
render changes in the post-wildfire landscape either adaptive or mal-
adaptive to future wildfires (section 6). Finally, we discuss potential 
applications of the model to wildfire-related questions, outline data re-
quirements, and consider limitations and transference to other hazards 
(section 7). 

2. Wildfire recovery as a “hot moment?” 

2.1. Wildfire’s changing loss profile 

Before recently, interdisciplinary hazards and disaster science rarely 
considered wildfires. Instead, earthquakes, floods, hurricanes, and other 
hydrometeorological hazards largely dominated studies on disaster risk 
and recovery (e.g., Refs. [25,30–32]). This is likely because total wildfire 
losses1 during the last half-century were relatively low compared to 
other hazard types, notably hurricanes and floods (Fig. 2). Likewise, 
deaths and injuries from thunderstorms, tornadoes, and extreme tem-
peratures have historically outpaced wildfire casualties (Fig. 2). For a 
variety of reasons, however, destructive wildfires in the US are 
becoming more frequent (Fig. 3) and wildfire property losses have risen 
in recent decades (Fig. 4). According to the US National Interagency Fire 
Center [33], wildfires destroyed on average 1,545 residences annually 
between 1999 and 2017; however, the last two wildfire seasons have far 
eclipsed this average, with over 8,000 residences destroyed in 2017 [33] 
and nearly 20,000 residences destroyed in 2018 [34]. Thus, historical 
data (Fig. 2) do not represent the current shifts in wildfire patterns that 
threaten greater numbers of human communities and may irreversibly 
transform or degrade ecological systems. Today’s rapidly mounting 
wildfire losses, longer fire seasons, soaring suppression expenditures, 
and more frequent wildfires that reburn the same areas pose an 
ever-growing challenge for wildfire managers and residents who live in 
wildfire-prone environments. 

2.2. Adaptation through recovery? 

Despite the dominant federal role in wildfire suppression within the 
US, wildfire preparedness and recovery tasks largely fall to local gov-
ernments, communities, and residents [22]. These diverse local stake-
holders often hold competing interests, which may impede the success of 
adaptation to the mounting wildfire threat. For example, planning 
boards and local governments may adopt standards for fire-resistant 
construction or vegetation management, but homeowners and builders 
are responsible for ensuring that appropriate materials are used and for 
maintaining fire-safe landscaping. The need for such widespread and 
decentralized action in response to wildfire threats is daunting. How do 
residents and communities cooperatively confront growing losses and 
shifting environmental conditions in order to become “fire-adapted”? 
When could such a transformation take place? 

The time after a wildfire event may spark such a reckoning—a “hot 
moment” for adaptation. In non-wildfire disasters, scientists have long 
identified the post-event recovery period as key to reducing future 
hazard losses [31,35,36]. Disasters can catalyze political and public will 
to harden infrastructure, revise land use regulations, and create new 
collaborative networks for risk reduction [37–40]. While studies after 

1 Loss numbers derived from the Storm Data and Unusual Weather Phenomena 
publication likely underestimate wildfire losses [164]; nevertheless they pro-
vide an adequate lower bound in estimating property losses from wildfires over 
time. 
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non-wildfire disasters have demonstrated the potential to enhance 
community mitigation and preparedness during the post-disaster policy 
window, by no means are adaptive practices guaranteed in all re-
coveries. Certain preconditions must exist for post-disaster policy win-
dows to fundamentally reshape community development. These 
preconditions include policy-setting bodies that take a comprehensive 
view of hazards management (i.e., recognizing links between mitigation 
and economic development), institutional authority to enact and enforce 
such hazards management strategies, and the presence of hazards-policy 
entrepreneurs to identify solutions to problems [40,41]. We expect that 
these same preconditions generally hold after wildfires. 

To date, however, limited cross-comparative research exists at a 

national scale or larger to draw conclusions about the adaptations 
realized through post-wildfire recovery. Localized case studies disagree2 

on whether the post-wildfire period is one of heightened risk perception 
and mitigation (e.g. Refs. [42–45]), or one of diminished concern that 
discourages mitigation (e.g., Refs. [46–49]). Beyond perceptions, both 
access to and use of recovery funding sources that support mitigation 
can affect the nature of post-fire adaptations. For instance, in the US, 
many wildfires do not generate enough losses to warrant a major 
disaster declaration, which authorizes funding3 through the Federal 
Emergency Management Agency’s Hazard Mitigation Grant Program 
(HMGP) [50]. Although individual wildfire events have motivated an 
array of local-level policy changes (e.g., stricter defensible space pol-
icies, more stringent building codes, vegetation thinning programs) 
aimed at curbing future destruction [51–53], efforts to foster response 
and preparedness capabilities continue to dominate efforts to lessen 
baseline wildfire risk itself. For example, Mockrin and colleagues [54] 
show that communities tend to focus on enhancing fire suppression and 
general planning documents after wildfire, but rarely enact compre-
hensive changes in land use. 

2.3. Ignoring vulnerability reduction in recovery 

Post-disaster interventions that remedy emergency preparedness and 
response deficiencies without addressing the root causes of risk are 
commonplace, not only following wildfires but all types of high- 
consequence, relatively low-frequency hazard events. These strategies 
often lead residents and communities to redevelop rapidly in the same 
unsafe ways as before (cf. [55–57]). Congruently, recovery policies that 
do not proactively adapt to shifting environmental risks end up restoring 
pre-disaster conditions that privilege pro-development forces [32], 
institutionalize forgetting of previous disaster events [58], and exacer-
bate the precarious position of the most vulnerable households [59]. 
Communities rebuilt along these lines possess larger ecological and 
physical footprints [60,61] and often contain fewer affordable housing 
options [62]. Within this unsustainable post-recovery environment, in-
teractions between social and ecological systems magnify the potential 
for harm (i.e., vulnerability) and exacerbate future disaster losses [63]. 

Indeed, while recovery and vulnerability are intrinsically connected 
in communities facing the recurrent threat of destructive wildfire, most 
extant disaster recovery models lack an explicit connection to 

Fig. 1. Conceptual model of coupled social-ecological recovery from wildfire at the community level.  

Table 1 
Definitions of key concepts from the model of coupled social-ecological recovery 
from wildfire.  

Model concept Definition 

Exposure The extent to which people, assets, and natural features 
are at risk of loss from wildfire due to their location. 
Exposure is a prerequisite of vulnerability. 

Sensitivity The degree to which people, assets, and natural features 
are at risk of loss due to their intrinsic physical or social 
characteristics. If a feature is already vulnerable due to 
exposure, higher sensitivity can mean a higher 
propensity for loss and/or a higher degree of loss in a 
wildfire. 

Place vulnerability An area’s susceptibility to harm or loss from wildfire; a 
combination of exposure and sensitivity, both 
ecological and social. 

Wildfire characteristics Attributes that describe the fire itself, including 
magnitude, intensity, timing, and spatial extent. 

Human responses Actions taken by individuals, organizations, and 
communities during an active wildfire based on the 
fire’s characteristics and behavior. 

Impacts Losses caused by the fire, including direct and indirect 
losses to people, property, and ecosystems; secondary 
hazards and their resultant losses; and the spatial 
distribution of these losses. 

Social outcomes Changes to human systems during short-term (T1), 
medium-term (T3), and long-term (T10) recovery after a 
wildfire. 

Ecological outcomes Changes to ecosystems during short-term (T1), medium- 
term (T3), and long-term (T10) recovery after a wildfire. 

Coupled social-ecological 
outcomes 

Changes to the built and natural environment that show 
the effects of altered human actions on ecological 
conditions and/or the effects of altered ecological 
conditions on human actions. 

Adaptation The extent to which post-wildfire changes in the built 
and natural environments alter an area’s exposure and/ 
or sensitivity (i.e., place vulnerability) to future 
wildfires.  

2 Disagreement may be due to inconsistencies in the measurement of such 
perceptions and resultant mitigation actions. 

3 The HMGP has provided resources to aid wildfire preparedness or mitiga-
tion after only 201 fire events—this represents 18% of wildfire declarations and 
3.8% of all US major disaster declarations since 1953 [50]. 
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vulnerability reduction (for a notable exception in the form of a resil-
ience model, see Ref. [35]). Furthermore, extant recovery models focus 
almost exclusively on human dimensions and pay little heed to 
post-event ecological conditions. They also ignore feedbacks between 
social and ecological variables shown to be critical in the wildfire 
context [2]. Table 2 contrasts several models for post-disaster recovery, 
highlighting shortcomings when addressing vulnerability and ecological 
feedbacks. The models differ in their spatial and temporal resolution and 
in their conceptualization of recovery itself (e.g., as an end state, a 
persistent trend, a process, or an outcome). Despite lacking consensus on 
the meaning of recovery [66], studies that utilize these models to 
measure post-disaster recovery abound. Frequently, these studies 
approximate actual community and household recovery levels with 

conditions in the built environment (e.g., Refs. [65,67,68]). At times, 
social vulnerability or other damage indicators (i.e., flood heights, wind 
speeds, etc.) serve as potential explanatory factors for observed differ-
ences in recovery across space [69–71]. These studies, however, seldom 
consider the ways in which rebuilding efforts may shape a region’s 
future vulnerability to natural hazards. Therefore, the need to incorpo-
rate hazard characteristics, environmental impacts, ecological re-
sponses, and coupled social-ecological vulnerability in a cyclical model 
that does not conclude with recovery provides the impetus for our 
current model (Fig. 1). The next section discusses how linked 
social-ecological systems, altered through recovery, establish the 
vulnerability context in advance of future hazard events, particularly 
wildfires. 

Fig. 2. Historical US hazard losses from top ten loss- 
causing hazards. The position of each hazard type 
represents cumulative injuries (x-axis) and fatalities 
(y-axis) over the period of record. Dot size is pro-
portional to monetary losses (adjusted to 2017 US 
dollars) from each hazard type. Numbers in paren-
theses represent cumulative dollar losses (in billions) 
for each hazard type. Thunderstorm losses combine 
data for hail, thunderstorm wind, severe thunder-
storm, and lightning hazards. Source: SHELDUS, 
Version 17.0. Loss estimates derive from National 
Centers for Environmental Information (formerly 
National Climatic Data Center) Storm Data and Un-
usual Weather Phenomena, published monthly.   

Fig. 3. Annual number of loss-causing US wildfires, 1960–2017. Loss-causing wildfires denote events with measurable property damages and/or human casualties. 
Note: No loss-causing wildfires were reported in 1960 and 1961. Source: SHELDUS, Version 17.0. Loss estimates derive from National Centers for Environmental 
Information (formerly National Climatic Data Center) Storm Data and Unusual Weather Phenomena, published monthly. 
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Fig. 4. US wildfire property losses, 1960–2017. Amounts in 2017 dollars, adjusted for inflation. Note: No loss-causing wildfires were reported in 1960 and 1961. 
Source: SHELDUS, Version 17.0. Loss estimates derive from National Centers for Environmental Information (formerly National Climatic Data Center) Storm Data and 
Unusual Weather Phenomena, published monthly. 

Table 2 
Comparison of extant post-disaster recovery conceptual models, listed chronologically.  

Source Hazard agent(s) Model scale Recovery concept Treatment of vulnerability Treatment of ecology 

[31] Earthquake, hurricane Community Sequential model of recovery where 
the final (fourth) wave of activity also 
includes development beyond pre- 
disaster levels, suggesting a recovery 
criterion based on restoration of stock 
variables (e.g., number of people, 
housing units). 

Considers vulnerability reduction 
indirectly through betterment or 
improvement. Betterment is never 
explicitly defined, but it may include 
adapting infrastructure to withstand 
future environmental extremes. 
Betterment is not a prerequisite of full 
recovery. 

None. 

[25] Multiple hazards: 
hurricane, blizzard, 
riverine flood, flash flood, 
dam failure, landslide, 
debris flow, tornado, 
earthquake 

Community Discusses organizational 
characteristics of local decision 
making during long-term recovery, 
focusing on inter-governmental 
relations. 

Integrates mitigation as one domain of 
recovery activity, which competes 
with residential, business, and utility 
repair/reconstruction. Acknowledges 
differences in successful 
implementation of mitigation at the 
local level. 

Does not address ecology directly, but 
does recognize environmental 
impacts of structural (e.g., levees, 
breakwaters) and non-structural (e. 
g., land use regulation) mitigation 
activities. 

[64] All hazards Household Describes four possible temporal 
stages of sheltering and housing prior 
to household recovery in a permanent 
residential dwelling. 

Acknowledges vulnerable groups (e.g., 
low income, minorities, renters, etc.) 
will likely progress neither quickly nor 
linearly through the four stages. 
Future vulnerability of the dwelling is 
not addressed. 

None. 

[32] Hurricane Community Characterizes post-disaster rebuilding 
as a politically powerful and spatially 
diffuse “growth machine” that fuels 
rapid expansion of the built 
environment and increases social 
inequality in the recovering 
community. 

Most explicit of the models in 
connecting post-event rebuilding to 
future hazard vulnerability. Describes 
how the recovery process differently 
affects residential elites, non-elites, 
and newcomers, destabilizing 
communities and heightening uneven 
exposure to hazards. 

Does not explicitly address ecology 
but does recognize the high potential 
for social and environmental 
imprudence in recovery decisions 
fueled by “growth machine” 
dynamics. 

[30] Earthquake Community Conceptualizes disasters as 
perturbations capable of altering 
trends in the human and built 
environment. Recovery is the end 
state when post-disaster trends (e.g., 
housing, employment) have stabilized 
to a new normal, regardless of pre- 
disaster levels. 

None. Does not explicitly address ecology, 
however by extension, disasters could 
alter trends in local environmental 
conditions. Method for determining 
trend stabilization could be applied 
to ecological variables. 

[65] Hurricane Household & 
Housing Unit 

Sequential, dual pathway model of 
residential building recovery, with 
the end state comprising a rebuilt 
house and a rehoused family. 

Does allude to potential for alterations 
in rebuilt structures, but it is unclear 
how structures may differ (e.g., safer, 
sturdier, more energy efficient, or 
better adapted to endemic hazards like 
wildfire). 

None.  
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3. Vulnerability as a pre-condition 

Vulnerability, or the susceptibility to harm or loss, is widely used in 
the hazards, disasters, and human dimensions of global change litera-
ture to describe the potential for differential impacts of environmental 
threats on people and the places where they live and work [72–78]. 
Social and ecological (biophysical) vulnerability each result from a 
combination of hazard exposure and sensitivity (see Table 1), such that 
vulnerability precipitates loss only when sensitive attributes of places 
are exposed to hazard events [75,79]. Human exposure to wildfire 
hazards increases as more buildings are constructed within wildland 
vegetation; accordingly, were no human systems located in fire-prone 
areas, the human exposure to wildfire hazards would be negligible 
[80]. Ecologically, certain landscapes are more likely to be exposed to 
wildfire occurrence than others, due to factors such as vegetation con-
tinuity, ignition frequency (from lightning or human negligence), or 
location within topographically induced wind corridors. Additionally, 
regions where burning is an accepted cultural practice face an elevated 
likelihood of wildfire exposure. 

Sensitivity is the degree to which a system will respond either 
adversely or beneficially to a change in climatic/hazard conditions; it 
provides greater insight into specific interactions between place char-
acteristics (ecological or social) and circumstances acting to mitigate or 
exacerbate impacts [81]. For example, human sensitivity to wildfire 
increases when it is difficult for firefighters to access homes that are 
located far from roadways or within unsafe, dense vegetation. Structures 
comprised of flammable building materials or with adjacent flammable 
vegetation, such as trees overhanging roofs, are also more sensitive to 
impacts than structures that are built and maintained to reduce fire risk. 
At the community level, a social system with high employment in pri-
mary sector economic activities such as farming or forestry may be more 
sensitive to changes in natural conditions (e.g., drought, wildfire) than a 
community with a different macroeconomic makeup (cf. [82]). Simi-
larly, rural communities with high proportions of elderly residents may 
be ill-equipped to prepare for wildfires [83]. Human sensitivity can also 
vary temporally. For instance, large-scale economic recessions or 
simultaneous wildfires occurring in a region may reduce available 
financial resources to combat additional wildfires. On the ecological 
front, a natural system’s sensitivity to the wildfire hazard depends on 
factors such as the frequency and intensity of wildfire relative to the 
capacities of plant and animal species to resist or recover from an event. 
Some species possess traits or mechanisms to better resist or regenerate 
after a fire, which are adaptations to long-term fire regimes [84]. 
Alternatively, drought conditions during regeneration can increase the 
flammability of vegetation, and ultimately, its mortality [85]. Ecological 
sensitivity can also arise from short-term meteorological conditions, 
such as a windstorm during a drought, which can increase vegetation 
flammability, and in turn, the likelihood and intensity of a wildfire, were 
an ignition to occur. Likewise, biological agents such as insect in-
festations can interact with pathogens and fire to compound ecological 
sensitivity via tree mortality [86]. In addition to increasing landscape 
flammability, interactions—or feedbacks—between invasive species 
and fire can increase the sensitivity of ecological systems to wholescale 
vegetation type changes [87] and subsequently alter regional biodiver-
sity [88]. 

As wildfires are recurrent events, the long-term recovery period is 
the time in which endpoint vulnerability transforms into starting point 
vulnerability for the next event. Kelly and Adger’s [89] “wounded 
soldier” analogy illustrates this well: a soldier’s existing injuries from 
previous battles limit or condition the soldier’s ability to bear future 
assaults. Accordingly, our model (Fig. 1) accounts for place vulnerability 
as both a pre-condition and post-condition of destructive wildfire. Two 
caveats regarding vulnerability must be acknowledged. First, combina-
tions of characteristics that enhance vulnerability in one setting may 
reduce vulnerability in another. For example, high fire severity in one 
region may result in ecologically damaging mortality of fire-sensitive 

species, but in another region where high fire severity is part of the 
natural fire regime, it may promote successful post-fire regeneration of 
plant species. Thus, regionally specific adaptations of species to histor-
ical fire regimes contribute to ecological vulnerability. The second 
vulnerability caveat is that within a human or ecological community (i. 
e., a local jurisdiction or an ecosystem) the sensitivity of populations can 
vary greatly. For instance, human vulnerability may fluctuate widely 
between neighborhoods in places where social stratification is high [90, 
91]. Likewise, in mountainous regions the diversity of microclimates 
and species composition at differing altitudes and aspects can produce 
substantial variation in ecological vulnerability across short distances 
[92,93]. Thus, attention to local geographic contexts and cause-effect 
relationships at multiple scales is necessary to appropriately represent 
vulnerability. 

4. Event characteristics 

Although exposure and sensitivity parameters give rise to latent 
place vulnerability, each discrete wildfire event also brings unique im-
pacts to human and ecological systems. The specifics of when, where, 
and how a fire begins, and under what conditions, influence its eventual 
pattern of impact. In this section, we apply to wildfire events several 
general characteristics used to compare the magnitude, temporal di-
mensions, and spatial patterns of hazards [80,94]. Then, we describe 
how these wildfire characteristics guide response-focused human ac-
tivities and engender a range of impacts. 

Wildfire magnitude describes an event’s cumulative degree of 
impact. It is typically expressed in terms of fire size (i.e., total area 
burned) and burn severity, which is a measure of change in above- and 
below-ground organic matter (i.e., vegetation). Alternatively, the total 
energy released by a wildfire may denote magnitude, irrespective of the 
burn severity. As Burton et al. [80] note, defining an event’s magnitude 
serves to categorize some events as “extreme”; however, this effort often 
requires versatility in leveraging available data.4 Distinct from magni-
tude, wildfire intensity refers to the amount of heat generated along the 
flaming front at a given point in space and time. With regard to timing, 
both a wildfire’s speed of onset (i.e., time from ignition to arrival of the 
initial fire line) and its duration (i.e., length of time for the fire to 
consume fuel and pass through an area) are relevant temporal charac-
teristics that affect human and ecological responses. Over the longer 
term, the temporal spacing (i.e., return period in years) between sub-
sequent fires, which is decreasing in some regions due to climatic forcing 
[9–11], may also irreversibly alter both fuel composition and ecosystem 
functioning. Finally, relevant spatial parameters for wildfire include the 
fire perimeter itself (i.e., outline of burned extent) and variation in burn 
severity within the perimeter. Although these characteristics may be 
measured statically, feedbacks occur among them during an active 
wildfire event. For example, burn severity is affected by both the in-
tensity of the fire and the duration of burning [95,96]. Temporal aspects 
are a function of the rate of fire spread [97], which in turn, are influ-
enced by factors including the location and source of ignition (e.g., 
lightning, arson, control burn, electrical line failure); the type, condi-
tion, and age of fuels present; topographic characteristics; suppression 
attempts (human response); and local meteorological conditions (tem-
perature, humidity, and winds) prior to and during the wildfire event. 
These aspects collectively determine the overall spatial pattern of 
impact for each wildfire. 

Aspects of the human response also interact with aspects of the fire 
itself to influence the fire’s magnitude and degree of impacts. For 
instance, wildfire speed of onset (i.e., rate of spread) and expected 

4 Recently Tedim et al. [4] proposed that “extreme wildfire events” be 
distinguished by their fire line intensity, rate of spread, spotting distance, and 
erratic behavior; this characterization of magnitude combines intensity with 
temporal and spatial dimensions. 
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duration may influence residents’ decisions to stay and defend their 
property or to evacuate, thus affecting the number of casualties [98]. 
Similarly, large-scale fire suppression tactics can limit fire size or in-
tensity and can route active fire lines away from communities, thereby 
lessening the impact on human systems. 

Wildfire impacts result from the interaction of event characteristics 
and human responses and can be measured in direct losses (e.g., deaths, 
injuries, property loss, habitat loss, decreased water quality), indirect 
losses (e.g., subsequent health effects, decreases in ecosystem function), 
and the spatial distribution of the impact. Additionally, wildfires often 
trigger secondary events that compound direct losses. For example, 
flooding, debris flows, and landslides can cause additional property 
damage [99], while increased smoke exposure can aggravate underlying 
respiratory conditions like chronic obstructive pulmonary disease 
(COPD) or asthma [100,101]. These indirect losses delay and complicate 
recovery for residents of impacted and adjacent communities. 

Importantly, even wildfire events that minimally affect human sys-
tem functioning may greatly impact the ecological system in adverse or 
beneficial ways. The proportion of plants that are killed by fire varies 
with burn severity, fire interval, and species’ specific traits [102]. 
Likewise, animals may be killed, flee the fire, or survive in situ, with the 
immediate impact varying based on burn severity or fire size [2,103]. In 
some ecosystems, the loss of vegetation following a fire allows for the 
invasion of nonnative plants (primarily grasses), which can outcompete 
native species or eventually result in vegetation type shifts [104]. These 
nonnative plants may decrease the biodiversity of the area, reduce 
carbon storage, or limit available forage for surviving native fauna. On 
the other hand, low-intensity surface fires in some forested systems may 
enhance ecological resilience by reducing ground or ladder fuels that 
could lead to crown fires in ecologically important old trees [105]. In 
sum, individual wildfire exposure patterns, coupled with the place 
vulnerability characteristics of both social and ecological systems, shape 
the degree of wildfire impacts and set the course for post-wildfire 
recovery. 

5. Social and ecological outcomes 

After a wildfire, both social and ecological features respond and 
begin to recover, in independent and linked ways. Post-fire social out-
comes, including residents’ long-term health outcomes (e.g., mental 
health, trauma), population and economic changes (e.g., outmigration, 
loss of tax revenue), and changes to the built environment (homes, 
infrastructure, roads), can be measured over time through quantitative 
surveys, qualitative interviews, photography, and time series analyses 
[30,68,106,107]. Meanwhile, vegetation response is the most frequently 
considered post-fire ecological outcome since it is the most dramatically 
altered and visible ecological impact of a wildfire. The degree of vege-
tation recovery is influenced by the severity of the fire, which typically 
varies across the burned area [108]. Vegetation also strongly influences 
other ecological indicators, such as soil properties (e.g. Ref. [109]), 
hydrological response (e.g. Ref. [110]), carbon storage (e.g. Ref. [111]), 
and faunal biodiversity (e.g., Ref. [103]). Social and ecological out-
comes are also linked and influence each other directly and indirectly. 
For example, landscape-level vegetation recovery unfolds as a result of 
both natural influences (e.g., post-fire response traits of plant species) 
and human influences (e.g., rehabilitation programs, fuel treatments, 
vegetation management around homes, land use change, and altered 
human ignition patterns) [102,112,113]. Vegetation recovery, in turn, 
influences emotional well-being [114], thus aiding psychological re-
covery in human communities. 

5.1. Immediate post-fire outcomes (T1) 

Initial recovery during the first year after wildfire typically focuses 
on immediate social needs and prevention of further ecological damage. 
In the affected human communities, mass care, temporary housing, and 

infrastructure repair consume the attention of local emergency man-
agers during the earliest weeks and months post-emergency [115]. 
Although the risk of subsequent wildfire in the burned area is low at this 
time, secondary hazards like flooding, erosion, and debris flows can 
occur. In the US, state and federal agencies coordinate vegetation sta-
bilization to mitigate potential flooding and erosion issues [116–118]. 
They also provide financial aid to offset ranching and agricultural losses 
[117,118]. Meanwhile in ecological communities, plant species, 
depending upon their life history traits, begin to recover during the first 
post-fire year. This can occur through resprouting, seeding in from un-
burned areas, or establishing as new seedlings in the case of fire-cued 
germination [119]. The success of early-stage ecological recovery de-
pends largely upon the environmental context, which includes precipi-
tation patterns, the size and severity of the fire, and in some cases, the 
time since the previous fire, as certain reseeding plant species can only 
withstand longer intervals between fires [120,121]. 

5.2. Short-term recovery (T3) 

As recovery of the human system continues, the next several years 
often see a focus on rebuilding homes. This process happens more slowly 
in rural or exurban settings where housing construction is expensive and 
logistically challenging, while faster rebuilding (i.e., one to two years) is 
more common in urban or suburban settings [49]. During the first 
several years following a wildfire, communities also formally 
re-examine their wildfire management and mitigation practices. Sup-
pression capacity and large-scale fuel treatments are a typical focus of 
these post-event examinations [54,122–124]. At the household scale, 
property owners may reduce fuels around houses, remove dangerous or 
damaged trees, or replant less flammable species in gardens, thus 
altering the local ecology; such actions can also be carried out collec-
tively by property owners’ associations [21]. Social networks expand 
and new organizations form to support recovery, post-disaster learning, 
and adaptation [122,123,125]. In some cases, communities also devise 
new wildfire mitigation programs, building regulations, and planning 
efforts [51,52,54,126]. As suggested earlier, a recent fire may briefly 
amplify residents’ risk perception during this short-term recovery period 
and galvanize receptivity to new policies and educational programs 
aimed at reducing wildfire risk [37,40,54]. Alternatively, however, 
communities and residents intent on a quick return to normal may opt 
not to take such adaptive actions [41]. As documented after non-wildfire 
disasters, the presence of a disaster subculture (cf. [127,128]) where 
residents are accustomed to recurrent hazard impacts may breed 
fatalism rather than heightened awareness and action [44,45]. Risk 
perception may also diminish over time before any change to policy or 
practice takes root [21,129]. 

In the ecological system, vegetation composition during this period 
may still reflect the establishment of short-lived species that tend to 
germinate after a fire (e.g., Ref. [130]). Severe droughts occurring at this 
time may also differentially affect seedling and resprout survival (e.g. 
Ref. [85]) as well as the colonization or expansion of exotic species at the 
burn site (e.g., Ref. [131]). Thus, by the third-year post-fire, vegetation 
composition may reflect these changes in local climatic conditions. In 
addition to vegetation regrowth, the short-term ecological recovery may 
reflect immediate human decision-making. For example, depending on 
the treatment method and ecological context, soil stabilization efforts 
taken earlier in recovery could now show positive or negative ecological 
impacts (e.g., Ref. [132]). Ongoing fuel treatment of the recovering 
vegetation, adoption and maintenance of defensible space, and/or 
replanting behaviors among property owners may have also changed 
based on the perceived impact of the fire, thus further shaping ecological 
conditions. By this time, many animal species may also be returning to 
the burned area (e.g., Ref. [133]). Importantly, it is at this stage of re-
covery that wildfire risk once again becomes significant, both as a 
function of increasing exposure (e.g., more structures being rebuilt in 
formerly burned areas) and sensitivity (e.g., regrowth of grasses and 
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shrubs on soil formerly cleared by the fire). 

5.3. Long-term recovery (T10) 

Ultimately, wildfire impacts and resultant policy changes regarding 
homes, the built environment, and open space will play out over years 
and even decades. These long-term, coupled post-wildfire changes to 
housing and vegetation in residential settings are not yet well under-
stood. There are relatively few studies of long-term recovery and built 
environment change after wildfire. Evidence from both US and Austra-
lian wildfires suggests that residents can take several years even to 
decide whether or not to rebuild [49,134]. Rapid reconstruction can 
return housing stocks to pre-fire levels, as observed after wildfires 
(2010–2012) on the Colorado Front Range [52]. Alexandre et al. [135] 
suggest regional and national housing market conditions may greatly 
influence post-fire housing patterns; in their nationwide study of fires 
between 2000 and 2005, new development eclipsed house rebuilding 
within wildfire perimeters. Whether new housing or rebuilt, a net in-
crease in housing units during the post-fire recovery period appears 
typical [135,136]. After the 1991 Oakland Hills fire in northern Cali-
fornia, homes were also rebuilt larger, which increased overall exposure 
to wildfire as well as the risk of house-to-house fire spread [137]. Similar 
patterns have been found in Australia, where some areas burnt in the 
2009 Black Saturday fire experienced an increase in population between 
2006 and 2016 [138]. 

Though difficult to determine to what extent these rebuilding pat-
terns result from post-wildfire policy decisions or from prevailing 
regional development trends, the ways in which communities 
build—both in terms of voluntary mitigation actions and in response to 
local mandates—influence future vulnerability to wildfire. For example, 
after the Cedar Fire of 2003, San Diego County responded by changing 
building codes, improving firefighting technology, and increasing the 
required amount of defensible space from 65 ft to 100 ft (20 m–30 m) 
[139]. Although the long-term change in defensible space has not been 
quantified county-wide, field inspections and aerial photos reveal there 
has been substantial vegetation reduction over time [140]. However, 
people may also decline to rebuild with wildfire mitigation strategies in 
mind [45]. More broadly, social recovery outcomes such as social di-
vision, community cohesion, and mental and economic well-being are 
rarely monitored long-term after wildfire, although these events do have 
lasting impacts [43] and such social recovery outcomes are directly 
relevant for both household-level and community-level wildfire 
mitigation. 

Given that most ecological systems evolve over long time periods (i. 
e., it can take decades for vegetation succession to occur or for animal 
species to recolonize), assessment of ecological impacts and recovery 
outcomes necessarily requires longer time spans. The timing of post-fire 
ecological recovery will vary substantially depending upon the 
geographical and ecological context of the setting. This is because 
different plant communities go through vegetation succession at widely 
different rates, depending on environmental conditions and species 
composition [102,141]. In some forests, full succession and canopy re-
covery may take decades to centuries, whereas plant communities in 
many non-forested ecosystems may return to pre-fire conditions in only 
a few years. The rate of biomass accumulation (i.e., fuel volume) and 
flammability also vary widely depending on native or exotic species’ 
composition and environmental conditions [102,141]. Though some 
vegetation communities may still be in a state of transition a decade 
post-fire, in many cases, the plant and animal species reestablished by 
that time will signify the area’s long-term ecological trajectory. From 
this point onward, external factors primarily influence ecological re-
covery and the landscape’s future vulnerability to wildfires. These fac-
tors include localized human decisions on types of rebuilding, 
landscaping, or vegetation management strategies; the timing of the 
next fire; and the wildcard of global climate change, which may directly 
and indirectly alter regional fire regimes (cf. [142]). 

6. Fire-adapted communities: changing the vulnerability 
landscape 

Given the potential for heightened public buy-in and increased 
financial resources for wildfire risk reduction (via private insurance 
payouts and publicly-supported recovery programs), the post-fire re-
covery period seems a logical time for instituting changes to make 
communities more fire-adapted [35,41]. However, the processes that 
might facilitate or stifle linked social-ecological adaptation, particularly 
during long-term recovery, remain poorly understood [49,143]. 
Although we know little about how place vulnerability changes during 
recovery, drawing from the broader hazards literature we posit that 
three interrelated factors are critical in shaping the effectiveness of 
post-wildfire adaptations in reducing vulnerability. These factors 
include the degree of coordination among institutions, the implications 
of human values and attitudes, and the inherent tradeoffs in outcomes 
that occur across spatial and temporal scales [144,145]. We describe 
these interrelated factors below, acknowledging that success in 
achieving the ideal of fire-adaptedness demands multi-scalar policies 
that use bottom-up approaches to reconcile the varying interests and 
capacities of diverse stakeholders. 

First, adaptation can be challenging at the community scale because 
it requires coordination among individuals and across formal and 
informal institutions, all of which may have competing interests and 
values [16,49]. For example, individual homeowners associations may 
require residents to rebuild in accordance with aesthetic standards, but 
may not re-examine wildfire risk in the process [21,52]. At the com-
munity level, fire department staff may be concerned about the 
enhanced wildfire risk that accompanies residential development, while 
local building department and land use staff emphasize the economic 
incentives generated by rebuilding and expanded development [54]. 
Interactions between scales are also critical when it comes to coordi-
nation, as individual homeowners’ decisions about rebuilding–situated 
within a local policy context–compound to determine community-level 
risk. For example, after losing homes to wildfire, individuals with re-
sources often rebuild larger homes [52,146]. As with other natural 
hazards5 [32,147], these larger, higher-valued homes lead to greater 
hazard exposure due to their sheer presence. With wildfire, however, if 
these larger homes are in closer proximity to one other, they may also 
increase wildfire risk via house-to-house wildfire spread [148]. Sensi-
tivity of the built environment to wildfire is further heightened if the 
homes are not built of fire-resistant materials. 

A second challenge is that during post-fire recovery, a community’s 
social-ecological setting and underlying wildfire risk parameters may 
change so drastically that residents’ attitudes toward their surroundings 
are upended. Subsequent decisions to stay or relocate, shaped by these 
new attitudes, may then spell different consequences for the community 
and its future vulnerability to wildfires. For example, substantial 
clearing of vegetation around residential developments to reduce wild-
fire risk may alter public environmental values toward native vegetation 
and biodiversity [21,149]. In turn, some residents may opt to relocate, 
deciding that the benefits of living in the WUI (e.g., aesthetic, amenity) 
have been compromised by wildfire risk reduction measures. Alterna-
tively, upon experiencing the fire and subsequent wildfire risk reduction 
measures, residents may also choose to relocate reasoning that the un-
acceptably high risk burden of living in the WUI outweighs its 
quality-of-life benefits. Either way, these decisions to relocate may 
reduce wildfire risk for those who leave but produce unexpected changes 
to place vulnerability for those who remain. The 2009 Black Saturday 
wildfires in Victoria (Australia) may illustrate this counterpoint. After 
these fires, most residents opted to remain in areas deemed by 

5 A so-called “jacuzzi effect” was observed after Hurricane Hugo when in-
surance windfalls enabled residents to rebuild larger, stronger homes with 
improved amenities. 
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authorities to possess ‘unacceptably high’ wildfire risk, while a small 
number participated in a formal buyout scheme [150]. This ‘retreat’ 
strategy of land acquisition and resident relocation [151] aims to lessen 
the exposure of people and property to wildfire; however, the strategy 
may have the adverse effect of increasing vulnerability for the sizeable 
remaining population. Outmigration, whether triggered by post-wildfire 
buyouts or by large-scale demographic processes, raises questions about 
responsibility for managing fuel on these acquired and abandoned 
properties. Left unattended, these vacant parcels could make for more 
sensitive vegetation stands (e.g., greater biomass, higher flammability, 
more exotic species), and therefore increase the risk of socially and 
ecologically disastrous fires. Studies suggest such a trend is already 
underway in Europe [19,152]. 

Finally, the temporal dimension cannot be ignored, since the effec-
tiveness of adaptations in reducing wildfire vulnerability is not static. As 
time from an event progresses, subsequent failure to maintain standards 
of vegetation management, fire resistance of houses (e.g., through poor 
maintenance or modifications), and emergency management capability 
(e.g., complacency, budget cuts) may ultimately lead to increased 
vulnerability to wildfire. Moreover, adaptations such as fire-resistant 
housing materials and enhanced emergency management capability 
that reduce wildfire risk in the short-term by decreasing sensitivity, 
could encourage further residential development and population growth 
in high wildfire risk environments, thus increasing future exposure over 
the longer-term. Regardless of local decision-making, expected increases 
in the frequency and severity of wildfires in some areas [9,153] may 
eventually render certain adaptations ineffective in the future [154]. 
Ultimately, these tradeoffs between exposure and sensitivity to wildfire 
demonstrate the dynamic nature of place vulnerability and the 
complexity of achieving a cohesive, fire-adapted community vision. Any 
hope of realizing fire-adaptedness requires envisioning long-term re-
covery of the linked social-ecological system as part of a larger, ongoing 
risk governance process [155,156] rather than a temporary, 
self-contained process with a discrete endpoint. 

7. Discussion 

Amid escalating wildfire losses worldwide, this paper introduces a 
theoretical model for community recovery that integrates principles of 
vulnerability reduction. As with natural hazards generally, much of the 
emphasis on wildfire recovery (in both research and practice) is focused 
on short-term restoration of housing and other basic human needs in 
response to previous conditions (i.e., a “return to normal”). Where we do 
see a broader consideration of adaptation and change, communities and 
residents typically focus on bolstering suppression and emergency 
response capabilities [54,123,154]. Transformative strategies that tailor 
human systems to fit their regional fire regimes remain elusive [2,17,19, 
22]. Furthermore, given the complex and coupled ways in which 
ecological and social systems recover and change over time, it is not 
immediately obvious how residents, fire managers, and local policy 
professionals can best work to reduce future wildfire vulnerability 
through recovery. Yet, the proposed model provides a basis for guiding 
future systematic, comparative research to that end. 

7.1. Future inquiry 

To determine whether wildfire recovery is truly a “hot moment” for 
adaptation, numerous big-picture questions about community-level 
wildfire adaptation efforts must be examined. Though not exhaustive, 
the list below illustrates the breadth of potential inquiry utilizing the 
current model that links social and ecological recoveries through time: 

● To what extent are post-fire changes in land use and fuel manage-
ment taking place on a national level in countries facing increased 
wildfire losses?  

● How does post-fire vegetation differ from pre-fire vegetation in terms 
of its sensitivity to burning in the next fire, and what new risks might 
it pose to human assets?  

● To what extent do macroeconomic influences and new approaches to 
growth management in the WUI affect trajectories of community 
recovery from wildfire? 

● What unique risks to future wildfires are posed by rural land aban-
donment versus development in the WUI? 

● How do cultural practices of fire usage contribute to place vulnera-
bility? How might these practices and other traditional knowledge 
on wildfire be incorporated into strategies for wildfire risk 
reduction?  

● How do residents’ notions of place attachment, perceptions of risk, 
and environmental values influence their willingness to adapt or 
relocate after a fire?  

● To what extent do property owners retrofit existing housing stock 
and add wildfire mitigation features to rebuilt housing? 

● How does the wildfire recovery process affect community-level so-
cial cohesion and coping capacity for future fires? 

● Are some regional vulnerability reduction strategies locally mal-
adaptive (or vice versa)? If so, what is the nature of these vulnera-
bility and adaptation trade-offs? 

7.2. Data requirements 

While we do not present a case study here, we do suggest clear re-
quirements necessary to apply our model. First, the model requires both 
ecological and social data with a high degree of spatial resolution. 
Ecologically, we suggest that fine scale maps of vegetation (which are 
often future fuel for wildfire) coupled with other physical features that 
drive fire frequency and severity (e.g., slope and aspect), along with 
climatic variables, provide the minimum datasets needed. On the social 
side, data on the built environment (e.g., home placement and con-
struction) should be married with proxies for vulnerability (e.g., income, 
age, race, housing tenure, etc.) tailored to the geographic context. 
Importantly, these data must be examined with an understanding of how 
social and environmental systems interact through fuels management, 
fire suppression, land use policy, and local cultural practices involving 
fire usage. Additionally, geospatial data on previous wildfire ignition 
locations and fire perimeters coupled with attribute information on fire 
causality would be beneficial in characterizing such human- 
environmental interaction. Second, our model requires sustained tem-
poral resolution. Successful application of the model will require data 
from before fires, shortly after fires, and then at sustained intervals in 
order to understand changing vulnerability in the coupled system 
through time. Ancillary data culled from after-action reports, commu-
nity wildfire protection plans, or local hazard mitigation plans may also 
be helpful in monitoring social, ecological, and coupled outcomes over 
time. Third, for some applications of the model, research will require 
either multiple study communities or a control community (i.e., a 
community that did not burn) in order to understand how fire changed 
the community. Without multiple sites, or a control site, it may be hard 
to differentiate changes in community vulnerability caused by wildfire 
recovery from changes unrelated to wildfire (e.g., changes driven by 
macroeconomic conditions). 

All three of these requirements may be challenging to meet, though 
not insurmountable. For example, gathering, analyzing, and under-
standing both ecological and social data is rarely proficiently done by a 
single researcher. Therefore, our approach may require interdisciplinary 
expertise. Likewise, long-term longitudinal datasets that provide 
ecological and social data at resolutions that are useful may be difficult 
to find or costly to create. Even in the most data-rich environments, key 
information (e.g., parcel boundaries, census variables) from as little as 
20 years ago can be scarce. Using multiple sites may increase the 
complexity of analysis, while choosing an appropriate control is part art 
and part science. 
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7.3. Limitations and contributions 

Limitations of the present model itself must also be acknowledged. 
Instead of engaging explicitly with the concept of resilience, it remains 
implicit in our model. The rationale for this approach lies in the con-
ceptual slipperiness of the resilience concept and its varying overlap 
with vulnerability in subfields of hazard and disaster science scholarship 
[35,157,158]. Secondly, the model does not depict the compounding of 
many household-level responses to wildfire that will collectively 
comprise community-level adaptation. Yet, we stress that the model 
does not assume uniformity of responses either. Embedded within the 
place vulnerability concept is the notion that human adaptation will 
vary within a fire-affected community to the extent that there are var-
iations along wealth and income lines. Additionally, although the model 
may be applied in a variety of cultural contexts in both developing and 
developed regions of the world, our articulation of the model has 
focused more deeply on the latter. Future research on the cultural 
drivers of disaster risk and integration of traditional knowledge into risk 
reduction efforts (cf. [159,160]) are likely to reveal even tighter 
coupling of ecological and social systems before and after wildfires than 
described in our current US and Australian-based examples. 

Difficulties may also arise when applying the model to other hazard 
agents, as several aspects distinguish wildfires. First is the sinusoidal 
nature of the wildfire threat. Fuels must exist for a wildfire to occur, yet 
once the wildfire has consumed these fuels, the risk of a repeat wildfire 
in the short-term drops precipitously. This differs from floods, whose 
probability of occurrence in any given year remains constant. Second, a 
case could be made that, with wildfire, ecological outcomes are more 
tightly linked to human responses than with other hazards. Fuel treat-
ments and vegetation management are primary solutions used to pre-
vent wildfires, and by extension, their losses. Moreover, ecological 
recovery left unchecked could lead to more destructive future fires. 
Given the ecological and cultural value of fires, devising best practices 
for wildfire risk reduction should account for dynamic environmental 
conditions, local cultural realities, and their resulting feedbacks. Third 
and finally, the management of wildfire ignition, exposure, and propa-
gation (the latter vis-�a-vis sensitivity) are three distinct issues 
demanding separate but inter-reliant techniques for prevention and loss 
mitigation. For example, effective maintenance of defensible space 
around residences may require a combination of land use or develop-
ment regulations, building codes that harden structures, vegetation 
management programs, and community education campaigns. These 
elements, which work in tandem, represent substantively different types 
of mitigation practices: prevention, property protection, source control, 
and public information, respectively [161,162]. To further illustrate 
interdependence of these techniques, take California’s “One Less Spark” 
public education campaign to promote safety in lawn equipment use, 
debris and campfire burning, and other activities known to spark wild-
fires [163]. Were this investment in ignition management education to 
be made without concomitant investments in defensible space and/or 
vegetation management, fires that did ignite may arguably cause greater 
losses. 

While wildfire may be unique, these aspects do not preclude the 
application of the model to non-wildfire hazards; rather, it is incumbent 
upon the researcher to select appropriate proxies for each model 
component (see Table 1) based on the hazard of study and geographic 
context. In terms of event characteristics, every hazard has a return 
period, and the temporal spacing of other hazards like hurricanes 
(influenced by prevailing upper air patterns) or earthquakes (with 
accompanying foreshocks and aftershocks) also occurs sinusoidally, 
though on different time scales. Coupled social-ecological outcomes are 
apparent with some non-wildfire hazards, but not others. For instance, 
remediation techniques after an oil spill affect species recovery, and 
with floods, further development increases lateral floodplain growth 
and urban stream flashiness. Conversely, tornado frequency does not 
correlate with proliferation of mobile homes, nor do earthquakes result 

from increased construction along fault lines. Finally, parallels to other 
hazards exist with regard to risk reduction strategies. Although the 
precise timing and location of a wildfire ignition acts as an additional 
source of chance in the risk equation, it is not unlike a sudden, point- 
source, airborne chemical release from a fixed facility. In both cases, 
strategies for hazard containment (preventing wildfire sparks or chem-
ical releases) versus loss reduction (reducing exposure and sensitivity in 
the area) should be distinct yet complimentary. As with other hazards, 
best practices to reduce wildfire vulnerability should be devised coop-
eratively with local populations. Limiting the use of fire (e.g., who can 
burn, when, where, how much, for what reasons) rather than elimi-
nating its use from the landscape entirely would seem the most prudent 
solution. 

Ultimately, through empirical research we hope to better illuminate 
potential trajectories for long-term human and ecological community 
recovery after wildfire. To do so, we believe a cyclical framework is an 
essential cornerstone. Furthermore, including vulnerability as a dy-
namic variable both arising from and formative of disaster impacts al-
lows us to more fully describe wildfire recovery (social and ecological). 
As articulated here, this model does make several notable theoretical 
contributions. Distinct from current theory, we consider longer time 
frames after hazard events, while also recognizing that recovery does 
not have an end point. Our model is also unique in emphasizing the links 
between social and ecological systems, both in recovery and future 
vulnerability—something lacking in extant recovery models. Finally, 
our current model is applicable to community recovery after any dis-
aster—not only wildfire. We anticipate such cross-hazard and multi- 
disciplinary frameworks will be increasingly valuable as extreme 
events and their impacts soar as a result of climate change. 
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