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Abstract: Coordinated approaches to wildfire risk mitigation strategies that cross-ownership and
management boundaries are found in many policies and programs worldwide. The “all lands”
approach of the United States (US) National Cohesive Strategy, for example, attempts to address
the mismatches between biophysical risk and the social potential to address risks by improving
multijurisdictional coordination and collaboration. Local capacity to coordinate wildfire risk
mitigation, therefore, may be an important influence on whether risk reduction planning makes
success stories out of at-risk communities, or turns what would appear a manageable problem into
a disaster waiting to happen. We analyzed the relationship between predicted housing exposure
to wildfire and local self-assessment of community competence to mitigate wildfire risks in 60
communities in the western US. Results generally demonstrate that (1) the number of sources of
wildfire risk influences local housing exposure to wildfire, and (2) perceived community-competence
is associated with predicted exposure to wildfire. We suggest that investments in ongoing updates
to community risk planning and efforts to build multi-jurisdictional risk management networks
may help to leverage existing capacity, especially in moderate capacity communities. The analysis
improves the social-ecological understanding of wildfire risks and highlights potential causal linkages
between community capacity and wildfire exposure.

Keywords: cohesive strategy; key informant survey; scale mismatches; recursive partitioning;
wildfire simulation

1. Introduction

In the western United States (US) and elsewhere across the globe, wildfire strains government
capacities to protect people and resources from harm [1]. Although federal policy in the US and local
planning for wildfire risks have improved during the past two decades [2], over 34,000 homes were
destroyed by wildfire between 2003 and 2012 [3], and, more recently, whole communities, or substantial
portions thereof, have been destroyed. Continued and growing wildfire losses in the wildland-urban
interface (WUI) suggest that existing policies and programs to help govern the management of risk are
insufficient [1,4]. The field of disaster risk reduction focuses on identifying strategies to reduce negative
effects of localized short term events like wildfires using a mostly bottom-up multiscale coordination
approach to mitigate risks from hazardous events [5]. For example, in response to the growing
challenges of wildfire risk management, US policy efforts such as the Healthy Forest Restoration Act
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(HFRA) the National Cohesive Wildland Fire Management Strategy (hereafter, the Cohesive Strategy),
Shared Stewardship, and other recent authorities have encouraged collaboration across land ownership
and governance boundaries in order to more effectively mitigate the risks of wildfire and develop
fire-adapted communities.

Coordinated approaches to planning, prioritizing, and implementing wildfire risk mitigation
strategies that cross land ownership and management boundaries are embodied in Community
Wildfire Protection Planning (CWPP) [6,7] and within the “all lands” or cross-boundary approaches of
the Cohesive Strategy and Shared Stewardship (For more information about the Cohesive Strategy
and Shared Stewardship see https://www.forestsandrangelands.gov/strategy/thestrategy.shtml and
https://www.fs.fed.us/sites/default/files/toward-shared-stewardship.pdf, respectively). However,
the effectiveness of CWPP or other collaborative processes at reducing community wildfire risk
may be limited by ambiguity in relationships between important actors [8]. Brummel et al. [9] suggest
that the policy mandated collaboration created by the HFRA may best accomplish coordination
across wildfire management institutions with similar goals rather than among a more diverse set of
stakeholders. Furthermore, Ivery [10] noted that procedures for implementing policies that rely on
collaboration in the governance of complex issues often fail to take account of the nature of existing
relationships between potential collaborators, which may impact their capacity and commitment to
working together and limit the competence of their risk management planning. These findings are
discussed in the adaptive governance and disaster risk reduction literature [11–14], which points to
the challenge of finding a fit between the scale of ecosystem processes and governance regimes for
managing those processes.

Mismatches between governance regimes and ecosystem processes are a contributing factor in the
pathology of wildfire risk management in the US and elsewhere [15]. According to Cumming et al. [16],
scale mismatches occur when the scale of environmental variation and the scale of the social
organization responsible for management are misaligned, challenging managers to effectively cope
with the different spatial, temporal, or functional grain of the environmental system they intend to
manage. Abrams et al. [12] make the case that scale mismatches are particularly relevant in US wildfire
management. Spatial misalignments are commonly evident at “fence lines” where the patchwork of fuel
treatments largely follows boundaries of land ownership or management [17]. Temporal misalignment
occurs between the short-term benefits of successful federal fire suppression and the long-term
accumulation of forest fuels, which further entrenches reliance on wildfire suppression [18]. Functional
mismatch occurs between local governance of land use in the US and federal responsibility for wildfire
suppression activities in many jurisdictions, which effectively subsidize residential development in
high fire-risk areas [19].

Scale mismatches also happen at finer temporal and spatial scales as communities plan for and
implement projects to address wildfire risk. In a study of an affluent suburban community west of
Reno, Nevada, Abrams et al. [12] note that although the local homeowner association exhibited strong
influence over the risk mitigation actions of homeowners, there was almost no interaction between the
homeowner association and the neighboring Forest Service unit managers, which manage the land
where much of the wildfire risk to the community originated. In fact, interviewees in the community
commonly misidentified the neighboring landowner as the Bureau of Land Management [12]. In another
example, Williams et al. [2] describe the case of a California community where cross-scale planning
linkages were actively discouraged in order to maintain actionable control over plan outcomes. These
examples of insufficient coordination between local communities and surrounding landowners suggest
a failure of governance institutions to accurately perceive or act on the risk that wildfire may be
transmitted from neighboring land ownerships and expose a community to an otherwise manageable
risk [20].

Two factors, exposure complexity and community capacity, may influence the extent to which a
community addresses its wildfire risk. First, the pattern of ownership and management in the landscape
surrounding a community may directly influence the ability of those involved in community wildfire
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risk planning to accurately perceive the risk of wildfire transmission from neighboring landowners and
address those sources of exposure [20]. As a result, communities surrounded by a greater complexity of
land tenures may be susceptible to greater scale mismatches due to the challenge of coordinating with
neighboring owners and managers representing a diversity of interests. Second, a community’s capacity
to develop and maintain relationships with surrounding landowners and managers may depend on
the competence of local leadership with the appropriate skills and abilities to address the problem and
overcome any misalignments between stakeholders’ needs to serve their own interests versus those of
the collective [21–23]. Improving the governance of complex social-ecological problems like wildfire
risk may be accomplished through efforts to develop the competence to overcome mismatches [20,24].
For example, Chaffin et al. [11] suggest that individual leadership, multi-level coordination, and the
activation of social networks may help to overcome scale mismatches in the governance of complex
environmental problems. As collective action is the result of the networks, norms, and trust among
individuals working together [25], the competence of a community to reduce exposure to wildfire risk
may be dependent on the skills and experience of its individual members.

Two hypotheses emerge related to scale mismatches in community wildfire risk governance,
which we refer to the complexity and capacity hypotheses. First, greater complexity in the pattern of
ownership and management in the landscape surrounding a community increases the exposure of
a community to wildfire risk due to the increased challenge of coordination. Second, communities
with local officials that exhibit greater competence in their ability to mitigate wildfire risk will have
lower predicted exposure to wildfire risk. Of course, confounding factors like greater amounts of
federal land, the presence of unmanageable protected areas, and higher proportions of WUI may also
influence community wildfire risk, as might other social factors like local social cohesion, place-based
knowledge, or shared responsibility and understanding of risks within a community. Nonetheless,
the two hypotheses suggest that mismatches exposing communities to wildfire risk from neighboring
lands may be a function of a community’s capacity (or lack thereof) to initiate collective action with
surrounding landowners.

1.1. Background and Rationale

Although nearly 99% of wildfires on public land are suppressed before they exceed 300 acres,
the 1.1% of larger wildfires account for 97.5% of acres burnt, and large proportions of suppression
costs and economic losses [26]. Private property in the WUI is a key factor influencing suppression
costs [19,27], driving firefighting efforts in nearly 90% of wildfires [28]. These large wildfires can burn
10s to 100s of thousands of hectares and spread 20-50 km or more from their ignition points [20],
causing the majority of area burnt from ignitions on some national forests in the western US to occur
outside of those National Forests [29]. In this context, the transmission of fire risk across boundaries of
land ownership and management (hereafter, land tenure) takes on an important role only recently
recognized in the wildfire risk literature.

Ager and colleagues [4,20,29,30] developed an analytic framework for assessing the transmission
of large fire risk by mapping simulated wildfire transmission from their ignition points to nearby values
at risk, including communities and their surrounding WUI areas [20]. Drawing on epidemiological
characterizations of transmission as the spread of some phenomenon from one node to another [31],
we define wildfire transmission as the likelihood of exchange of wildfire between one parcel of land with
homogeneous land tenure characteristics to another parcel of land with different tenure characteristics
(e.g., from US Forest Service managed wilderness land to private land). The movement of wildfire
across tenures creates risk transmission as objects of value (e.g., homes) are exposed to fire and incur
losses. This analytic framework can be used to spatially identify planning areas (i.e. the “fireshed”)
relevant to particular objects of value.

The fireshed encompasses all lands that are sources of potential exposure to wildfire. Mapping
the fireshed can help planners identify sources of wildfire risk, and whether mismatches exist
between the scale of community plans (e.g., CWPPs) and the fireshed that transmits risk to the
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community [32]. Evidence suggests that local wildfire planning often corresponds with existing
jurisdictional boundaries [2,9,33] and that planning boundaries influence who participates in planning
processes [34]. Yet comparisons of CWPP boundaries with local fireshed extent illustrate the mismatches
in the scale of planning relative to the ecological scale of wildfire [20], exemplifying the challenge
of anticipating large wildfires that can originate far away and transmit risk through multiple land
tenures. We hypothesize that firesheds with more land tenures increase the complexity of planning for
wildfire risk transmission due to greater number of stakeholders needed to assess the problem, agree
upon planning solutions, and take action. Mismatches are therefore more likely in firesheds where
the richness of land tenures is greater, but the effect of those mismatches on community exposure to
wildfire risk remains unknown.

Not all communities are equally capable of addressing potential scale mismatches. Communities
are complex place-based social systems, where social institutions facilitate interaction among community
members over matters of common interest [35]. Adaptive capacity to wildfire is, therefore, a product
of the understanding of the geography of wildfire risk and the functioning of a system of community
institutions that facilitate interactions between individuals intended to reduce the likelihood of
exposure to wildfire. To be adaptive, local community institutions must iteratively learn from the
changing landscape around them and adapt management strategies accordingly. Effective adaptation
“requires the ability to observe and interpret essential processes and variables in ecosystem dynamics
[and] develop the social capacity to respond to environmental feedback and change” [36] (p. 445).
Misalignments in the scale between ecosystem dynamics and the local social institutions designed
to observe and interpret those dynamics hamper the ability of community institutions to effectively
adapt to environmental change [11].

Recent literature has identified several important dimensions of community social context that are
important in developing the capacity to adapt and realign institutional and biophysical mismatches.
Capacity to address environmental change generally [36] and effectively organize to reduce wildfire
risk specifically [37] requires access to technical knowledge and resources and the ability to adapt
knowledge and resources to local conditions, which we refer to as competence. Local context may
offer opportunities to build competence. For example, competence may be facilitated by individuals
with specific skill sets like emergency management, wildland fire fighting, grant writing, fuels
mitigation program implementation, and local ecological assessment. In addition, competent local
leaders are needed to bring an array of expertise among individuals together into collective action.
Paveglio et al. [37–39] identify a number of other potentially important community-level factors for
understanding wildfire risk mitigation, including the character of interactions and relationships among
community members, the level of place-based experience and knowledge community members have,
and a shared sense of responsibility for risk mitigation and understanding of the limitations of wildfire
suppression. However, we suggest that competence may be most important for cross-boundary
planning and coordination, whereas social cohesion, place-based knowledge, and shared responsibility
and understanding may better explain local, rather than cross-boundary, efforts for mitigation.

Despite local competence, constraints from a higher-order social organization may be another
important source of scale mismatches that mediates community wildfire exposure [12,16,40].
Land tenures such as federally designated Wilderness, where mechanical fuels management is
proscribed by law, or management plans on federal lands may limit the ability for communities to
set goals that address their sources of exposure, or in some cases disempower or disenfranchise local
participation in wildfire risk reduction activities [41]. Further, the amount of WUI in a community’s
nearby landscape may further complicate the capacity of a community to address mismatches in
planning for wildfire risk.

Previous research has explored wildfire risk transmission at local to regional geographies [4,29],
and community context and capacity to adapt to growing wildfire risks through in-depth case analyses
as well as across more generalizable contexts [2,7,12,37]. However, few studies have coupled concepts
of biophysical transmission of wildfire risk and community capacity to address wildfire risk across
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a broad range of cases using empirical or simulated data. Coupling the wildfire risk transmission
and local capacity to mitigate cross-boundary fire risk can help to identify strategies for managing
community exposure. Outcomes from such an analysis may help to identify types of communities that
public policy should target for increased hazardous fuels treatments and where policy should focus on
improving coordinated planning capacity or increasing local leadership competence.

1.2. Research Questions

In this paper, we present an analysis of 60 communities in the western US using the wildfire
transmission analytic framework coupled with survey data from community leaders about their capacity
to mitigate risk. To address the complexity and capacity hypotheses, we ask the following questions:
(1) what are the sources of community wildfire exposure, (2) how is community wildfire exposure
related to community competence to address wildfire risk, and (3) how do higher-order institutional
constraints affect community capacity to address wildfire risk. To answer these questions, we couple
metrics from an empirical community wildfire risk key informant survey, community landscape data,
and wildfire simulation modeling in those community landscapes. The analysis is designed to illustrate
how the spatial geography of wildfire risk transmission varies across communities while also exploring
relationships between social and biophysical aspects of wildfire risk and management.

2. Methods

2.1. Study Area

The study draws from wildfire simulation modeling and observations from community
key-informants located in 9 of the 11 states of the western contiguous US and their surrounding
landscapes (Figure 1), including Arizona, California, Colorado, Idaho, Montana, New Mexico, Oregon,
Washington, and Utah. A two-step sampling procedure began by identifying counties in the western
US in which recent large wildland fires occurred [12]. A second step used a snowball sampling process
with key informants in each county to identify communities impacted by recent wildfires [42]. Chain
referral started with the county fire marshal, local fire chief or emergency manager, or a county planner.
These individuals were then asked to identify key informants whose professional positions gave them
substantial familiarity with the communities most impacted by a recent wildfire. Wildfire exposure
was then estimated for the impacted communities, and a key informant survey was conducted to
characterize key informant perspectives on the capacity of their community to manage wildfire risk.
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that could limit fuels treatments, and characteristics descriptive of the local fire environment (e.g., 
dominant vegetation and fuel models, fuels treatments, etc.). In order to define communities that 
would be jurisdictionally relevant to fire managers, we mapped communities geographically, rather 
than based on interactional definitions [35,38]. 
First, we mapped the spatial extent of the central community core using incorporated community 
boundaries and census-designated place polygons. In a few cases, we digitized maps depicting the 
developed community core. Community cores were then given a 20 km radius buffer in which WUI 
areas were identified. Spatial data [43] was used to tag all WUI within the 20 km buffer as WUI 
associated with each community core. Housing unit data derived from the US Census [43], was then 
used as an estimate for the number of housing units in each community core and surrounding WUI 
polygon. 

Second, all lands in the western US were classified with two attributes to define the land tenure: 
(1) a land ownership category and (2) a land management designation. Land ownership was 
disaggregated into several categories, including various federal administrators, state and local 
owners, private ownership, and others. Federally administered lands were disaggregated by major 

Figure 1. Study area map showing federal lands, interstate highways, and 60 communities located in 9
western US states. All communities in the sample had experienced a large fire within the last decade.

2.2. Community Mapping

We mapped the impacted communities with three goals: (1) delineate the central core community
and the surrounding WUI for each community, (2) estimate the number of housing units in each
community core and surrounding WUI, and (3) map land tenure and other variables in the landscape
surrounding each community core, including land ownership, management restrictions that could
limit fuels treatments, and characteristics descriptive of the local fire environment (e.g., dominant
vegetation and fuel models, fuels treatments, etc.). In order to define communities that would be
jurisdictionally relevant to fire managers, we mapped communities geographically, rather than based
on interactional definitions [35,38].

First, we mapped the spatial extent of the central community core using incorporated community
boundaries and census-designated place polygons. In a few cases, we digitized maps depicting
the developed community core. Community cores were then given a 20 km radius buffer in which
WUI areas were identified. Spatial data [43] was used to tag all WUI within the 20 km buffer as
WUI associated with each community core. Housing unit data derived from the US Census [43],
was then used as an estimate for the number of housing units in each community core and surrounding
WUI polygon.

Second, all lands in the western US were classified with two attributes to define the land
tenure: (1) a land ownership category and (2) a land management designation. Land ownership was
disaggregated into several categories, including various federal administrators, state and local owners,
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private ownership, and others. Federally administered lands were disaggregated by major federal
land managers: US Forest Service, Bureau of Land Management, Bureau of Indian Affairs, National
Parks Service, and Department of Defense. Most other federal land managers were aggregated and
classified as Other Federal. State and local government-managed lands were aggregated together. Land
management was classified as either managed or protected, where protected indicated land that was
designated to restrict a land manager’s ability to conduct mechanical fuel treatments. Land management
designations were assigned using the US Protected Areas Database (PAD) [44] and PAD categories I
and II were classified as protected lands, whereas, all other PAD categories were assumed to allow
mechanical fuels treatments and classified as managed. Protected lands (PAD categories I and II) were
comprised of legislative and administrative designations like Wilderness, National Parks, or private
land held by a conservation trust. Polygons depicting each combination of land ownership and
management status formed the basis of the land tenure map.

Final community maps were produced and included polygons identified by land tenure type,
whether the polygon was in a community core, the WUI, or the surrounding landscape, and the number
of housing units within each polygon.

2.3. Estimated Wildfire Exposure and Complexity

Community exposure to wildfire was estimated by selecting simulated wildfire perimeters,
as described in Ager et al. [4,45], that intersected our mapped community landscapes from wildfire
perimeters simulated for the western US as implemented in the program FSIM [32,46]. Simulations
occurred over several thousand wildfire seasons and have been described extensively elsewhere,
we refer readers to a number of recent publications for more detail [4,20,45].

For each community, we estimated the average annual number of housing units exposed to
wildfire by intersecting simulated wildfire perimeters with the SILVIS housing unit data for both the
community core and WUI polygons in the 20 km buffers on our community maps. If the intersection
of a wildfire perimeter and a land tenure polygon was partial, we proportionally adjusted the number
of housing units exposed to the proportion of the parcel area exposed to wildfire. Although this
calculation introduces the assumption that housing units are uniformly distributed across land parcels,
we find it to be a reasonable compromise given the scale of our study and suggest that the expected
average annual number of housing units exposed is a representation of the magnitude of threat faced
by individual communities rather than a precise prediction of the number of housing units at risk of
being exposed to wildfire. To measure annual estimated community exposure to wildfire, we summed
the total number of WUI and community core housing units exposed to wildfire for each community
and divided by the number of simulated wildfire seasons. We used the average annual housing unit
exposure for each community as our dependent variable for subsequent analysis.

We then summarized annual average housing unit exposure by ignition source for each community
landscape to describe the sources of wildfire that expose communities and their surrounding WUI
to the wildfire threat. We illustrate community exposure using network diagrams that show the
transmission of wildfire between different land tenure types and the WUI and community core
polygons (Figure 2). Network graphs were used to estimate the complexity of each community’s
wildfire exposure network, where complexity was defined as the number of land tenure sources
that contributed to community and WUI wildfire exposure. We used the complexity variable as an
independent variable for subsequent analyses.
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core and WUI within a 40km buffer of the Sisters incorporated city boundary. Black nodes indicate 
sources of exposure from the surrounding landscape. Total exposure is 17.9 housing units per year or 
0.3% of total housing within a 40 km buffer around Sisters. Arrows and nodes are sized to represent 
their proportion of total exposure. Green arrows represent sources of exposure in which mechanical 
fuel treatments are restricted (e.g., wilderness areas). For example, restricted US Forest Service lands 
transmit more exposure to the WUI around Sisters than to Sisters itself. In contrast, BLM lands that 
can be managed transmit more exposure to Sisters than to its surrounding WUI. 

Other mapped variables, such as the amount of land in the protected management category, 
federal ownership, and the WUI within the 20 km buffer surrounding the community core, were used 
to create additional independent variables that represent higher-order social institutions that may 
influence local capacity to mitigate sources of wildfire risk.  

2.4. Community Wildfire Key Informant Survey 
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Figure 2. Simplified fire exposure network for Sisters, Oregon and its surrounding wildland urban
interface (WUI). Exposure complexity is quantified as the number of arrows in the network. Red nodes
highlight the location of houses exposed to wildfire and are divided between the community core and
WUI within a 40km buffer of the Sisters incorporated city boundary. Black nodes indicate sources of
exposure from the surrounding landscape. Total exposure is 17.9 housing units per year or 0.3% of total
housing within a 40 km buffer around Sisters. Arrows and nodes are sized to represent their proportion
of total exposure. Green arrows represent sources of exposure in which mechanical fuel treatments
are restricted (e.g., wilderness areas). For example, restricted US Forest Service lands transmit more
exposure to the WUI around Sisters than to Sisters itself. In contrast, BLM lands that can be managed
transmit more exposure to Sisters than to its surrounding WUI.

Other mapped variables, such as the amount of land in the protected management category,
federal ownership, and the WUI within the 20 km buffer surrounding the community core, were used
to create additional independent variables that represent higher-order social institutions that may
influence local capacity to mitigate sources of wildfire risk.

2.4. Community Wildfire Key Informant Survey

Finally, to develop a set of independent variables focused on the capacity of local communities
to address wildfire risk, we contacted local key informants for each community. Key informants
were contacted up to six times via telephone and email before being removed from the contact list.
Successful contacts were asked to participate in a structured telephone interview about wildfire
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risk management. Only those key informants who self-identified as “knowledgeable” or “very
knowledgeable” about wildfire planning, wildfire mitigation, and the social context of the community
were asked to participate in the full interview. Very few referrals resulted in respondents who indicated
they were not knowledgeable enough to participate. While multiple key informants were identified for
some communities, in others, typically small communities, only one key informant was identified who
self-identified as knowledgeable or very knowledgeable about planning, mitigation, and the social
context of the community with respect to wildfire. This paper analyzes data from 105 key informants.

Interviews typically lasted about 60 min and interview responses were recorded in an online
database during the interviews. Interview questions were designed to measure community
characteristics that may influence community wildfire adaptation [38,39], and included 14 items that
draw on disaster risk reduction concepts designed to measure respondent perception of community
social context, including competence to address wildfire risk, place-based knowledge and experience
with fire mitigation, community social cohesion, and shared responsibility and understanding of
wildfire threats across different segments of the community. All items were measured on a 5-point
Likert-scale that ranged from strongly agree (+2) to strongly disagree (−2), which we replicated
based on Paveglio et al. [37] who developed, tested, and structured the items as 4 index variables.
Where multiple key-informants were recruited from the same community, we averaged responses
by the community. While averaging at the community level eliminates individual-level variation in
those communities with more than one key-informant, we found that consistency of responses was
substantially greater within communities than across communities or when aggregating at higher levels
(e.g., county or state) (We aggregated respondents at different levels of geography (community, county,
state) and tested for consistency across respondents at different jurisdictional scales using Chronbach’s
alpha. We found the greatest consistency in responses within each index when key informants from
same community were pooled. At the community level, alpha values ranged from 0.80 to 0.92 for
the four local capacity indices. At the county level, alpha values for the four indices were lower and
ranged from less than 0.70 for community social cohesion to between 0.72 and 0.78 for the remaining
three local capacity variables. At the state level, alpha values for each variable demonstrated much less
consistency, indicating a wide diversity of responses from key informants across communities).

2.5. Coupled Social–Ecological Analysis

After deriving local exposure to wildfire and social and ecological independent variables,
we explored the relationship among exposure, the complexity of the wildfire exposure network,
community capacity to address wildfire risk indices derived from key informant surveys, and constraints
to community capacity as represented by different features in the landscape surrounding communities.
In recognition that the measurement of total exposure was not without error, we binned communities
into high and low-exposure groups using the median proportion of housing exposed to wildfire within
the community as the breakpoint between high and low-exposure communities.

We ran a logistic regression predicting high exposure as a function of wildfire exposure complexity,
the four local capacity indices, and three landscape constraints. Then, based on the hypothesis that
community capacity may mediate the relationship between community exposure to wildfire and the
complexity of the exposure network, we used regression-based recursive partitioning [47]. Recursive
partitioning is an algorithm that partitions a given regression model based on covariates that, if used
to partition the regression model into two segments, reduce instability in the model and improves
the regression model fit for each segment. Each segment can then be tested for subsequent partitions
and repeated until no further improvements can be made. The algorithm allowed us to test whether
the relationships in the data were stationary across all communities or whether these relationships
vary in different groups of communities. Finally, we conducted a brief post-hoc analysis of the
groups of communities created by recursive partitioning to see whether the groups were associated
with explanatory variables, including ignition, WUI, dominant fire regimes, and past fuels treatment
characteristics in the community landscapes. All analyses were run in R.
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3. Results

Land tenure, housing development, simulated wildfires, and exposure transmission to homes
were mapped for all 60 communities (e.g., Figure 3A–D). For each community, simulated wildfires
were used to highlight the areas of the landscape most likely to transmit wildfire to housing in the
community and nearby WUI. In nearly all cases, firesheds (areas that transmit exposure to communities)
extended beyond the 20 km radius buffer around the community core, highlighting the importance
of differentiating large fire risk from in situ fire hazard. In some cases, fire risk was transmitted over
65 km. Community landscapes varied in context (Table 1). The majority of community landscapes were
dominated by forested land cover (39 of 60 community landscapes), while relatively few community
landscapes were dominated by shrub (6) or grass (3) cover. Fire regimes varied across communities,
with 23 communities being dominated by a frequent low severity fire regime, and an equal number
having a mix of fire regime types within the community landscape. Exposure also varied. Several
community landscapes averaged between 1% and 2% of the housing stock expected to be exposed
annually to wildfire, while on average across all 60 communities about a third of percent of the housing
stock experienced simulated exposure to wildfire annually.
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Figure 3. Fireshed data for the community of Sisters, Oregon and surrounding landscape showing 
(A) land tenure including US Forest Service (dark grey), Bureau of Land Management (light grey), 
tribal lands (stippled), private land (white), and management areas that restrict mechanical fuels 
treatments (hashed), (B) WUI and developed areas (grey), (C) simulated large fire ignitions that grow 
to less than 100,000 ha (small dots) and greater than 100,000 ha (circles), and minimum convex 
polygon of fireshed area (dashed line), and (D) 10 km grid of exposure transmission where darker 
cells transmit fires that create more exposure to Sisters and nearby WUI than lighter grid cell
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Figure 3. Fireshed data for the community of Sisters, Oregon and surrounding landscape showing
(A) land tenure including US Forest Service (dark grey), Bureau of Land Management (light grey), tribal
lands (stippled), private land (white), and management areas that restrict mechanical fuels treatments
(hashed), (B) WUI and developed areas (grey), (C) simulated large fire ignitions that grow to less than
100,000 ha (small dots) and greater than 100,000 ha (circles), and minimum convex polygon of fireshed
area (dashed line), and (D) 10 km grid of exposure transmission where darker cells transmit fires that
create more exposure to Sisters and nearby WUI than lighter grid cell.
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Table 1. Summary of study communities’ characteristics by low and high exposure communities.

Low Exposure Communities High Exposure Communities

Total
Communities

Number of
Housing Units

Number of
Communities

Percent
Housing
Exposed

Number of
Housing Units

Exposed

Number of
Communities

Percent
Housing
Exposed

Number of
Housing Units

Exposed

60 10,669 30 0.11% 20.6 30.0 0.59% 21.1

States

AZ 7 48,510 2 0.11% 202.0 5 0.37% 31.7
CA 12 2486 9 0.10% 2.1 3 0.86% 14.0
CO 2 8017 2 0.05% 3.3 0
ID 10 2961 1 0.11% 8.2 9 0.92% 17.1
MT 3 1766 0 3 0.43% 7.2
NM 4 12,849 4 0.18% 21.4 0
OR 15 7024 10 0.11% 8.4 5 0.34% 11.6
UT 2 18,913 1 0.06% 2.7 1 0.26% 86.4
WA 5 5042 1 0.13% 8.6 4 0.48% 26.0

Total Housing Units

<1000 16 371 6 0.11% 0.5 10 0.93% 3.7
1000–9999 31 3751 16 0.11% 4.8 15 0.43% 16.6

10,000–99,999 12 20,879 7 0.10% 22.5 5 0.41% 66.0
>=100,000 1 267,372 1 0.14% 381.0 0

Dominant Land Cover

Forest 39 6092 22 0.11% 9.7 17 0.69% 8.0
Mixed 12 8389 4 0.09% 4.7 8 0.48% 36.0
Shrub 6 48,555 3 0.10% 128.1 3 0.26% 43.8
Grass 3 3508 1 0.10% 0.5 2 0.73% 50.5

Fire Regime Groups

FRG1 23 6549 16 0.12% 9.1 7 0.58% 10.3
FRG2/FRG3 9 3354 3 0.08% 5.8 6 0.50% 3.1
FRG4/FRG5 5 59,369 3 0.12% 129.9 2 0.86% 85.2
Mixed FRGs 23 7064 8 0.09% 8.1 15 0.60% 23.7



Fire 2019, 2, 59 13 of 28

3.1. Community Exposure and Transmission Sources

High and low-exposure communities were located in different states, different sized communities,
and landscapes with different vegetation and fuel types (Table 1). Over half of our high-exposure
communities were found in Idaho, Montana, and Washington even though those states only represented
30% of our sample of 60 communities. The proportion of housing exposed to fire was relatively greatest
in high-exposure communities in California and Idaho, in small communities (with populations
less than 1000 people), in communities with either forest or grass-dominated landscapes, and in
communities with landscapes dominated by fuels in the fire regime 4 and fire regime 5 groups.
High and low-exposure communities also differed somewhat in the relative proportions of their buffer
landscapes that were managed federally (60.4% vs. 50.9%), protected (6.6% vs. 9.2%), and WUI (12.5%
vs. 18.4%), respectively.

Exposure ranged by the community from a low approaching 0 housing units exposed annually to
wildfire to a high of 381, with a mean of 20.9 (S.D. = 52.2, Figure 4A). All but one community had an
average less than 100 predicted housing units exposed to wildfire annually. Although the community
core and WUI areas covered between <0.1% to 31% of community firesheds, (Mean = 5%, S.D. = 6%),
housing unit exposure ranged from <0.1% to 1.7% of total housing units annually exposed (Mean =

0.35%, S.D. = 0.38%). Federal ownership ranged from 1% to 99% of the fireshed area (Mean = 54%,
S.D. = 27%) with the two largest federal landowners being the US Forest Service and the BLM. Housing
unit exposure from federal sources (Figure 4B) ranged in similar proportions from 0% to 96% with
a mean of 39% (S.D. = 25%), and 30% of the 60 communities in the analysis had over half of their
simulated exposure originate on federal lands. Protected areas ranged from 0% to 42% of the firesheds
(Mean = 8%, S.D. = 9%), and protected areas contributed between 0% and 33% (Mean = 5%, S.D. = 7%)
of exposure to housing units. For all 60 communities, the largest exposure transmitting land tenure
class was private lands not restricted from fuel treatments. On average, across the 60 communities,
52% of exposure originated on private lands (S.D. = 25%, with a range from 0% to 92%). However,
private lands occupied less than 40% of our average community fireshed, indicating a greater than
expected contribution of private lands to community and WUI housing exposure.
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Figure 4. Community exposure to wildfire measured by (A) the average annual number of housing
units predicted to be exposed to simulated wildfires (bars) and the corresponding percentage of the
total housing units exposed (dots: white are below the median exposure, grey are above), and (B) the
percent of exposed housing units for which simulated ignitions originated on federally managed (grey
bar) and protected lands (black bar). Numbers below the x-axis represent the community number in
Figure 1.

Wildfire exposure networks for each of the 60 communities summarize total exposure and exposure
complexity (Figure 5). Exposure complexity ranged from 8 to 36 different land tenures as sources of
potential exposure to homes in community landscapes (Mean = 19.6, S.D. 6.9). Total exposure to wildfire
was correlated with the number of land tenure classes that exposed housing in communities and the
surrounding WUI to wildfire (ρ = 0.42, p < 0.001). This relationship between exposure complexity and
total exposure is expressed in Figure 5 along the diagonal between the x- and y-axes, which shows
progressively higher complexity exposure associated with higher total exposure.



Fire 2019, 2, 59 15 of 28

Fire 2019, 2, xx 14 of 28 

Figure 4. Community exposure to wildfire measured by (A) the average annual number of housing 
units predicted to be exposed to simulated wildfires (bars) and the corresponding percentage of the 
total housing units exposed (dots: white are below the median exposure, grey are above), and (B) the 
percent of exposed housing units for which simulated ignitions originated on federally managed 
(grey bar) and protected lands (black bar). Numbers below the x-axis represent the community 
number in Figure 1. 

Wildfire exposure networks for each of the 60 communities summarize total exposure and 
exposure complexity (Figure 5). Exposure complexity ranged from 8 to 36 different land tenures as 
sources of potential exposure to homes in community landscapes (Mean = 19.6, S.D. 6.9). Total 
exposure to wildfire was correlated with the number of land tenure classes that exposed housing in 
communities and the surrounding WUI to wildfire (ρ=0.42, p<0.001). This relationship between 
exposure complexity and total exposure is expressed in Figure 5 along the diagonal between the x- 
and y-axes, which shows progressively higher complexity exposure associated with higher total 
exposure. 

  
Figure 5. Community wildfire exposure networks arranged in terms of exposure complexity (x-axis) 
and overall exposure (y-axis) demonstrates a general relationship of increasing exposure with 
increasing exposure complexity. The top row represents the nine highest exposure communities 
arranged from left to right from least to most exposure complexity. Each exposure source is arrayed 
in a circle around the community core and surrounding WUI (black dots in each exposure network) 
as depicted in the legend on the lower right. Edges between the community core, WUI, and 

Figure 5. Community wildfire exposure networks arranged in terms of exposure complexity (x-axis)
and overall exposure (y-axis) demonstrates a general relationship of increasing exposure with increasing
exposure complexity. The top row represents the nine highest exposure communities arranged from
left to right from least to most exposure complexity. Each exposure source is arrayed in a circle around
the community core and surrounding WUI (black dots in each exposure network) as depicted in the
legend on the lower right. Edges between the community core, WUI, and surrounding nodes represent
exposure transmission pathways from various land tenure sources, with NF = National Forests,
NP = National Park, ST = State, PRV = Private lands, TRB = tribal, DOD = Department of Defense,
BLM = Bureau of Land Management, FED = Other federal lands, and OTH = Other non-federal public
lands. Green nodes are exposure sources that are protected and restricted from mechanical treatments,
and red nodes are manageable. Arrangement of exposure sources on legend diagram is the same as
arrangement for all exposure networks. The numbers below each exposure network represent the
community number in Figure 1.

3.2. Key Informant Wildfire Capacity Indices

Key informants rated their communities on a variety of items related to the local capacity of their
communities to address their perceived wildfire risks (Table 2). The distribution of responses to most
ratings was negatively skewed indicating that, on average, key informants tended to agree rather
than disagree with the statements about their communities. However, the extremity of agreement
was variable. Very few key informants (only 2%) strongly agreed that residents in their communities
had detailed understanding of area fire regimes, whereas key informants in nearly half (47%) of
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communities strongly agreed that the community had people with emergency management or
wildland fire experience. Very few communities had key informants that strongly disagreed with
any of the items. The item where strong disagreement was most common asked whether people in
at-risk areas understood that there may not be enough fire-fighting resources to save every home.
The four indices summarizing the key informant responses to individual items demonstrated adequate
internal consistency in representing the constructs of place-based knowledge, shared responsibility
and understanding, social cohesion, and competency to access and adapt information and resources to
the local conditions. Chronbach’s alpha for each index ranged between 0.74 and 0.89.

Results also demonstrated that most key informants were either neutral or disagreed that
residents in their communities had place-based knowledge and experience with wildfire (Mean = 0.25,
S.D. = 0.64), or that residents in high-risk areas equally shared responsibility for wildfire mitigation
projects and understood the limitations of suppression (Mean = 0.28, S.D. = 0.72). In contrast, most
key informants agreed, at least moderately, that the community had competence in leadership and
the skills needed to access resources and technical information about wildfire and capacity to adapt
those resources and information to their local context (Mean = 1.13, S.D. = 0.59). Similarly, most key
informants moderately agreed with statements about community cohesion (Mean = 1.15, S.D. = 0.67),
indicating that community residents shared common values, a sense of community, and were vested in
each other’s futures and well-being.

Comparing community capacity indices among high and low-exposure communities exhibited
significant differences in three indices (α < 0.10). Community competency exhibited substantially
different patterns in score distribution between high and low-exposure communities (t-statistic = 3.96,
p-value < 0.001). Informants in high-exposure communities were more likely to be neutral or disagree
with community competence statements, whereas key informants from low-exposure communities
were more likely to strongly agree with those same statements (Figure 6). Key informants from high
and low-exposure communities also exhibited significant differences in their ratings of place-based
knowledge and experience statements (t-statistic = −2.10, p-value = 0.04) and shared responsibility
and understanding statements (t-statistic = −1.88, p-value = 0.07). However, although the magnitude
varied between respondents from high and low exposure communities, the pattern was similar with
plurality scoring in the neutral to disagree range. The social cohesion index exhibited no significant
differences between key informants from low and high-exposure communities (t-statistic = −1.13,
p-value = 0.27).
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Table 2. Community capacity indices and associated items response distributions.

Index Mean (S.D.) Skew % Strongly
Agree

% Strongly
Disagree

Social Cohesion (Chronbach’s α = 0.89) 1.15 (0.67) −1.07 30% 0%

Residents
. . . have a strong sense of community 1.29 (0.69) −1.33 37% 0%
. . . share a sense of values and culture 1.13 (0.73) −0.85 30% 0%
. . . are vested in the future and well-being of each other 1.02 (0.74) −0.86 22% 0%

Community Competency (Chronbach’s α = 0.74) 1.13 (0.59) −1.24 33% 0%

There are . . .

. . . individuals in the community with knowledge about the local ecology 1.35 (0.61) −0.58 40% 0%

. . . individuals in the community with emergency management or wildland
firefighting experience 1.32 (0.87) −1.88 47% 2%
. . . local leaders that spearhead efforts to plan for and implement projects wildfire
mitigation 1.11 (0.85) −1.03 33% 0%
. . . residents in the community with grant writing experience needed to secure
financial assistance for mitigation 0.65 (0.90) −0.81 8% 2%

Shared Responsibility & Understanding (Chronbach’s α = 0.89) 0.28 (0.72) −0.04 3% 0%

In at-risk areas . . .

. . . new residents are equally as interested in mitigating wildfire risk as long-time
residents 0.37 (0.79) 0.03 7% 0%

. . . people understand that there may not be enough firefighting resources to save
every home at risk from wildfire 0.35 (1.00) −0.37 10% 3%

. . . second homeowners and seasonal residents are equally as interested in
mitigating wildfire risk as other residents 0.11 (0.86) 0.31 7% 2%

Place-based Knowledge and Experience (Chronbach’s α = 0.89) 0.25 (0.64) 0.01 5% 0%

People in at-risk areas . . .

. . . understand the steps they can take to reduce wildfire risk 0.77 (0.67) −0.86 7% 0%

. . . understand wildfire risk in the area 0.74 (0.84) −0.90 12% 0%

. . . have detailed understanding of area fire regimes −0.16 (0.83) 0.46 2% 0%

. . . tend to consider wildfire risk reduction to be someone else’s problem (reverse
coded for index) −0.39 (1.06) −0.38 13% 3%
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Figure 6. Distribution of community characteristics as reported by key informants, disaggregated
by high and low exposure communities. Y-axis indicates the number of communities in which key
informants were neutral or disagreed (mean item score <0.5 on 5-point Likert-type scale, where −2
equals strongly disagree and +2 equals strongly agree), or exhibited moderate agreement (mean item
score between 0.5 and 1.5) or strong agreement (mean item score greater than 1.5).

3.3. Community Exposure, Complexity, and Capacity

Logistic regression results show a reasonably strong ability to predict high and low-exposure
communities given exposure complexity, the community capacity indices, and landscape constraint
measures (Nagelkerke R2 = 0.51, Table 3). Of the four local community capacity predictors, the only
competency to access and adapt information and resources to the local conditions was significant,
indicating that communities with higher competency are more likely to be part of the low-exposure
group of communities. Communities with more complex community wildfire exposure networks and
a greater area of surrounding federal land were both significantly associated with high exposure, while
greater areas of WUI and protected areas were associated with low exposure communities.
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Table 3. Summary of community averages and logistic regression predicting high community exposure
to wildfire.

Average Community Logistic Regression

Low Exposure
Communities

High Exposure
Communities Coefficients Odds Ratio (95%

Confidence Interval)

Intercept 0.69
Exposure complexity index 19.1 19.4 0.15 ** 1.16 (1.03–1.31)

Federal land area (%) 50.9 60.4 3.27 ** 26.37 (1.13–617.78)
Protected land area (%) 9.2 6.6 −14.87 * <0.01 (<0.01–1.89)

WUI area (%) 18.4 12.5 −6.12 * <0.01 (<0.01–1.57)
Competence 1.4 0.9 −2.72 *** 0.07 (0.01–0.44)

Social Cohesion 1.1 1.2 0.14 1.15 (0.38–3.46)
Place-based Knowledge and Experience 0.1 0.4 1.22 3.37 (0.62–18.49)

Shared Responsibility and Understanding 0.1 0.5 −0.17 0.84 (0.19–3.75)
n 30 30 60

Likelihood ratio 28.42 ***
Nagelkerke R2 0.51

* p < 0.1; ** p < 0.05; *** p < 0.01

Of the capacity indices in the logistic regression model, only the competence index was successful
in improving the prediction of high exposure communities based on exposure complexity (Table 4,
Panel A). Using community competence to partition the regression into groups of communities with
similar competencies resulted in three competency groups (high, medium, and low) according to their
competency scores (Figure 7). First, low-competence communities were partitioned, identifying them
as having a significantly different set of relationships between transmission complexity and overall
community exposure to wildfire (p = 0.004). Low-competence communities were likely to have high
exposure independent of transmission complexity and constraints like protected areas and federal
management. Eighty-six percent of low-competence communities were a part of the high-exposure
group of communities. Second, medium and high-competence communities were partitioned, although
the partition between medium and high-competence communities was somewhat weaker (p = 0.07)
than the first partition. Of the high-competence communities, 80% were in the low-exposure group,
while medium competence communities were classified as 50% low- and 50% high-exposure. Further,
we found no significant relationships between overall exposure and exposure complexity in high
and low-competence communities (Table 4, Panel B). Medium competence communities, however,
exhibited a significant positive linear relationship between overall exposure and exposure network
complexity. Similar results held for the area of federal and protected lands in the landscape surrounding
communities, suggesting that communities with only moderate perceived competence to address
wildfire risk are the communities where the complexity of coordinating wildfire risk mitigation and
external constraints from higher-order social institutions may matter most.
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Table 4. Recursively partitioned logistic regression model. Panel A shows partition tests for fluctuations
in regression model of high exposure as a function of exposure complexity. Panel B partitioned regression
models show that exposure complexity is a significant predictor of high exposure only in moderate
competence communities.

Panel A.
Partition Tests †

1st Partition 2nd Partition

Federal land area (%) No -
Protected land area (%) No -
WUI area (%) No -
Competence <0.75 *** ≥1.5 *
Social Cohesion No -
Place-based Knowledge and Experience No -
Shared Responsibility and Understanding No -

Panel B.
Partitioned Regression Models Dependent Variable: High

Exposure Communities

Low
Competence

Communities

Moderate Competence
Communities

High
Competence
Communities

Intercept −1.82 −1.52 ** −2.13
Exposure complexity index 0.15 0.06 * 0.04

n 14 26 20
Null deviance 11.48 36.04 22.49
Residual deviance 9.71 33.27 22.10

* p < 0.1; ** p < 0.05; *** p < 0.01
† No indicates that the regression could not be improved by partitioning based on a given variable; Numbers indicate
the variable values at which partitions significantly improved the regression model.

Finally, we conducted a simple post-hoc analysis by cross-tabulating exposure, ignition, WUI,
and fuel treatment characteristics within community landscapes in the high- and low-exposure groups
with communities in the high, medium, and low competence groups (Table 5). As expected, we
found that communities with low-competence key informants had a relatively higher proportion
of housing units exposed to simulated wildfire. A few other meaningful differences between the
groups of communities are evident when looking at ignition sources, WUI characteristics, and past
fuel treatments. First, contrary to the overall pattern, within high exposure community landscapes,
the majority of ignitions in low-competence communities occurred outside the 20 km community
buffer, increasing the likelihood of a mismatch for those communities between the scale risk mitigation
planning and the transmission of risk. Second, among high-exposure communities, interface WUI
follows a gradient from the greatest proportion of interface WUI in high-competence communities to
the least in low-competence communities. Third, low-exposure communities exhibited nearly twice the
acreage of mechanical fuel treatments in their community landscapes than high exposure communities
(4.0% vs. 2.1%).
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Figure 7. Logistic regression tree for the community wildfire exposure data. Tree branches divide
communities into low, moderate, and high community competency to address wildfire risk, as assessed
by community key informants. The relationship between transmission complexity and exposure
classification is shown with bivariate scatter plots (dots) and regression line. Bars plots (bottom) show
the percent of communities classified as high and low exposure communities within each branch.
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Table 5. Cross-tabulations of community and landscape characteristics with exposure and competency categories.

Low Exposure High Exposure

Low
Competency

Moderate
Competency

High
Competency

Low
Competency

Moderate
Competency

High
Competency

Number of Communities 1 13 16 8 18 4
Exposure Characteristics

Average Annual Percent of Housing Units Exposed 0.2% 0.1% <0.1% 0.9% 0.5% 0.3%
Total of Housing Units 2285.0 5303.1 26,786.3 2825.0 4125.4 10,867.0
Exposure Complexity Index 14.0 16.5 21.4 21.1 18.0 22.5

Annualized Ignition Characteristics
Total Ignitions 3.6 4.4 34.9 15.1 20.3 31.8
Percent Ignitions in Community Core 0.0% 1.3% 1.6% 0.3% 4.3% 1.8%
Percent Ignitions in Community Buffer 66.7% 68.3% 62.8% 42.5% 62.4% 71.6%
Percent Ignitions outside of Community Buffer 33.3% 30.4% 35.6% 57.2% 33.3% 26.7%

WUI Characteristics in Community Buffer Landscape
Interface WUI 5.0% 3.3% 5.5% 1.9% 3.3% 5.1%
Intermix WUI 0.7% 1.3% 1.4% 0.9% 0.6% 3.1%

Fuels Treatments in Community Buffer Landscape
Hazardous Fuels Treatments 9.0% 3.6% 4.1% 2.1% 1.9% 3.1%
Rx Burn Treatments 0.5% 1.0% 1.6% 1.8% 2.4% 1.9%
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4. Discussion

Recent National Forest management directives and authorities, including the Cohesive Strategy
and Shared Stewardship, call for an “all lands”, cross-boundary approach to restoring landscape
resilience and promoting fire-adapted communities. Achieving these aims requires coordinating the
governance of wildfire risk, as wildfires can, and often do, move long distances, crossing a variety of
ecological and social boundaries. To be effective, management of natural hazards must acknowledge
the influence of both biophysical and social factors influencing risk production and mitigation [48,49].
This paper presents a coupled social-ecological analysis of wildfire risk to communities in the western
US, including the relationships among transmission complexity, community exposure, and community
capacity, which have not been included in prior empirical studies of community exposure [50].
Our results also suggest future research around the causal directions of the relationships among
these concepts.

In the context of community wildfire risk reduction, we hypothesized that the more complex
the coordination required to address community wildfire risk among different landowners, agencies,
and others who contribute risk to communities, the more likely mismatches would increase potential
exposure and limit a community’s ability to effectively plan, prioritize, and implement the actions
needed to reduce risk. A secondary hypothesis followed. Communities with greater capacity to manage
cross-boundary wildfire risk may more successfully navigate the coordination resulting in reduced
exposure of life, property, and other values to the threat of wildland fire. We tested the complexity
and capacity hypotheses by assessing the relationships between simulated wildfire exposure to local
homes, the complexity of community wildfire exposure networks, and a number of metrics measuring
local community capacity while controlling for potential higher-order institutional constraints on risk
reduction like the presence of Federal Wilderness in community landscapes.

Our findings revealed how community capacity to mitigate wildfire risk may mediate the
relationship between exposure to wildfire and the landscape context that transmits wildfire across
various land ownerships and management units. In the following discussion we (1) highlight a coupled
approach to understanding wildfire transmission and community capacity to manage shared wildfire
risk, (2) reflect on two plausible causal explanations for our results and their respective meanings
for future research and management, and (3) focus on the potential importance for policy to support
mid-capacity communities.

Our first hypothesis focused on the complexity of land ownership and management in a
community’s surrounding landscape. We represented the complexity of land ownership and
management using exposure network diagrams that show the number of sources that are likely
to transmit risk across their boundaries to communities and their surrounding WUI. The more complex
the exposure network diagram, the greater the number of landowners and managers with which
a community needs to coordinate to address potential wildfire risk, which introduces a greater
potential for mismatches caused by a poor perception of cross-boundary risk, lack of relationships,
poor relationships, or mission misalignments among different jurisdictions [10,20,23]. Our research
confirms that communities with a greater number of cross-boundary risk transmission edges (i.e., those
with more complex exposure networks) tend to have greater exposure to wildfire than communities
with less risk transmission complexity in their surrounding landscape, leaving a question about cause
and effect.

Although policy from local to federal levels has encouraged coordination to address these
cross-boundary transmission risks, cross-boundary risks remains a sticking point in effectively
managing community wildfire risk. Evidence from a number of empirical studies bears this out,
highlighting how jurisdictional boundaries often frame the planning for wildfire risk reduction rather
than consideration of cross-boundary risk [2,7,9,12]. Highlighting the challenge of cross-boundary
collaboration, Fleming et al. [23] found that the precursors for conflict in wildfire suppression efforts
were greatest when federal agencies like the US Forest Service had to coordinate with state or local
actors due to mismatches in the fundamental objectives of the agency and the non-federal actors with
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which it must coordinate. This mismatch can carry over to management of cross-boundary wildfire
risk beyond incident response and be compounded when cross-boundary collaboration is needed
for fuel treatments or other risk mitigation efforts. Our findings focus on the importance of building
effective community wildfire leadership and skills necessary to navigate multiple demands of complex
collaborative planning.

Community exposure, however, is not entirely dependent on the complexity of the wildfire
exposure network. Rather, our findings supported our second hypothesis that community capacity,
a key disaster risk reduction concept, may moderate the effect of complexity on a community’s exposure
to wildfire risk. Our measure of community competency was comprised of Likert-type responses
to several statements presented to key informants about the types of leadership, knowledge, skills,
and experience individuals in their community possess [33]. The match between governance and
effective management of complex social-ecological problems like wildfire risk requires individual
leadership as well as multi-level coordination that builds networks among stakeholders, norms around
common goals, and trust in one another [11,13,24]. Although having more competence predicted
relatively lower community exposure, its moderating effect was most visible by partitioning the
data into different groups of communities with high, moderate, and low perceived competence
(Figure 7). Having knowledgeable, skilled, and experienced leaders and stakeholders likely improve
a community’s capacity to manage complex cross-boundary wildfire risk, conduct multi-level
coordination, develop social networks that help contextualize risks, and navigate misalignments
between values important to the community and those of nearby landowners [12,51]. In communities
where key competencies to manage cross-boundary wildfire risk are nascent, investing in processes
that build capacity by networking individuals with key knowledge, skills, or experiences may
help to increase the competence needed to navigate complex challenges of coordinating wildfire
risk reduction over time [20]. Several efforts in the US are focused on developing learning
networks to share experiences, knowledge, and skills across communities, including The Nature
Conservancy sponsored Fire Learning Networks and the Fire Adapted Communities Learning
Network as well as the Fire Science Exchange Networks (For more information see: (1) Fire
Learning Networks (https://www.conservationgateway.org/ConservationPractices/FireLandscapes/
FireLearningNetwork/Pages/fire-learning-network.aspx), (2) Fire Adapted Communities Learning
Network (https://fireadaptednetwork.org/), and (3) Fire Science Exchange Networks (http://www.
firescience.gov/jfsp_exchanges.cfm)). Supporting networks like these may be an important strategy for
policymakers to increase local capacity.

Disaster risk reduction efforts aimed at reducing vulnerability and increasing resilience of
local communities require ongoing processes incorporating local and scientific knowledge [14,52].
Community wildfire protection planning may represent a second important strategy for reducing
community wildfire risk. Although CWPPs set the groundwork for developing competent cross-scale
practitioner and stakeholder networks, Abrams et al. [6] noted that some communities may have
prioritized plan completion (for financial incentives) over process and inclusion, sidelining opportunities
for social learning and community capacity building. The Healthy Forest Restoration Act could be
amended to require regular CWPP updates that hone not only the content of the plan and their use of
risk and exposure analyses, but also demonstrate how communities continue to engage their leaders
and stakeholders in wildfire risk reduction to build stronger social networks and capacity that better
align cross-boundary risk governance with the biophysical wildfire exposure network. This type of
hortatory recommendation has been made in other disaster mitigation contexts in recognition that
without required updates, mitigation plans may be ignored or turned to shelf art as other pressing
concerns vie for scarce resources [53].

Moderate capacity communities may stand to benefit the most from required regular updates
to their wildfire risk mitigation planning and networking with other communities. The majority
of communities in our study fell into the moderate capacity group, and the likelihood that these
communities had high exposure to wildfire risk was influenced by the complexity of their exposure

https://www.conservationgateway.org/ConservationPractices/FireLandscapes/FireLearningNetwork/Pages/fire-learning-network.aspx
https://www.conservationgateway.org/ConservationPractices/FireLandscapes/FireLearningNetwork/Pages/fire-learning-network.aspx
https://fireadaptednetwork.org/
http://www.firescience.gov/jfsp_exchanges.cfm
http://www.firescience.gov/jfsp_exchanges.cfm
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network and other landscape constraints, suggesting that the challenge of collaboration and coordination
across a diversity of landowners, agencies, and stakeholders is a limitation for these communities.
Building capacity in these communities may allow community leaders to leverage existing networks
of key individuals for gains in their ability to conduct multi-level coordination of cross-boundary risk
management. Low-capacity communities would also stand to benefit from regular updating of the
processes that bring together stakeholders in the community to address wildfire risk. Gains in these
communities, however, might be expected to take longer. A majority of ignitions in low-capacity,
high-exposure communities originated more than 20 km away, suggesting that mismatches between
local planning and the community fireshed may be broader in those communities than in moderate
and high capacity communities where the community fireshed and the scale of planning may be more
aligned and less prone to mismatches.

Our study is not without limitations. First, our definition of community was largely restricted
to places that could be discretely mapped. Although many areas of rural residential development
escape this definition, the choice to focus on mapped communities was pragmatically necessary to
assign the exposure values needed to test our two hypotheses. Further, it is not clear that all of our
communities meet the Wilkinsonian definition of interactional communities [35], which may be a
reason that perceived competence was low in some communities. Rich investigations of communities
may help explain variability in perceived competence (e.g., a lack of social institutions around which
people regularly interact). Second, the study relies on key informant perceptions, which could be
biased or otherwise miscalculated. Either way, the results beg an interesting causal question, why do
higher capacity communities tend to have low exposure? The answer to this question is beyond the
scope of this paper, but is an opportunity for further research in the field. One explanation could
be that high-capacity communities are more likely to have low exposure because they have effected
change (by addressing hazardous fuels or other sources of risk) in their community fireshed over
time, thereby reducing exposure. To validate this conclusion, wildfire simulations would need to
show lower exposure to communities following fuel treatments. Our post-hoc analysis suggests
that low-exposure communities completed more fuel treatments than high-exposure communities.
An alternative proposition is that low-exposure drives greater perceived competence, even in cases
where the exposure network is more complex, precisely because low exposure is easier to manage.
A time-series analysis of exposure, management actions, and community capacity would help identify
which explanation holds more truth. Either way, we have identified a relationship between community
capacity and community exposure to wildfire risk that needs further investigation.

5. Conclusions

In the western US and other parts of the world, from Australia to the Mediterranean, communities
are increasingly affected by wildfire. We argue that better management of community wildfire
risk requires a clear understanding of (1) the sources and pathways through which wildfire may
be transmitted to values of concern for local communities (e.g., homes or other resources that the
community is dependent upon for local livelihoods), and (2) community capacity to manage its sources
of exposure to wildfire across jurisdictional boundaries, which together suggest the complexity and
capacity hypotheses. First, greater complexity in the wildfire exposure network increases the likelihood
that mismatches in the coordination of risk governance will occur resulting in increased wildfire
exposure and decreased disaster risk reduction. Second, community capacity to address sources of
community wildfire risk can moderate the likelihood of mismatches and decrease community wildfire
risk. We found support for both hypotheses, and suggest that investments in ongoing updates to
community risk planning and efforts to network the necessary skills, knowledge, and leadership
across communities should prioritize communities with highly complex networks, and may help to
leverage existing capacity into a self-reinforcing cycle increasing competence to manage cross-boundary
wildfire risk [54]. Investing in planning updates and networking may be most important for moderate
capacity communities where the complexity of the planning and coordination process exerts a stronger
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influence on the management of mismatches and community exposure to wildfire. Leveraging
existing relationships and building new linkages between key leaders and stakeholders to support
cross-boundary work in these communities should be supported by national authorities and directives.
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