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There are thousands of communities and millions of homes in fire-prone wildland–urban interface (WUI) environments. Although future developments may be sited and designed to be more survivable and resistant to losses, an over-arching strategy is needed for those that are already at high risk. Traditionally, most plans for protecting WUI inhabitants focus on fuel reduction in strategic locations (e.g., defensible space around homes, fuel breaks around communities). While this approach can reduce fire hazard in specific locations and under certain weather conditions, there are a variety of vulnerabilities that are not directly addressed by fuel reduction. A more comprehensive approach is needed – one that facilitates climate change adaptation and future resilience – to mitigate multiple fire-related risks. A Regional Wildfire Mitigation Program (RWMP), expanding on traditional approaches to wildfire protection, is a key step in this direction. The goals of an RWMP include (1) retrofitting of the built environment (i.e., structural ignition vulnerabilities, water supply deficiencies, evacuation constraints); (2) buffering the landscape (i.e., a mosaic of less flammable land uses complementing traditional fuel breaks); and (3) training the community (i.e., education to become fire-adapted). We demonstrate here a consistent methodology for mapping hazards and vulnerabilities, assessing the risks of multiple negative impacts, prioritizing diverse mitigation activities, and implementing solutions that are effective and portable across many WUI environments.
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BACKGROUND

As fires increasingly impact human societies across the world, it is crucial that we approach complex fire-related problems as coupled social-ecological systems (Chapin et al., 2006; Berkes et al., 2008; Moritz et al., 2014; Spies et al., 2014). Focusing primarily on a narrow issue, such as fuel reduction in forests or evacuation in built environments, will only ignore the broader context and ensure future disasters. More holistic solutions are needed. In spatial terms, most losses of lives and homes tend to occur at the wildland–urban interface (WUI), where human communities are located within or adjacent to flammable landscapes (Radeloff et al., 2005; Chuvieco et al., 2014; Moritz et al., 2014; Manzello et al., 2018). Despite the uniqueness of many WUI communities, there is a quantifiable set of hazard-, vulnerability-, and exposure-related factors that characterize potential losses there. Our goal is thus to develop a consistent methodology for mapping and assessing the risks of multiple negative impacts, prioritizing diverse mitigation activities, and implementing solutions that are effective and portable across WUI environments.

Deciding where and how to build our communities – arguably the key function of land use and urban planning – has ripple effects across landscapes and feedbacks to wildfire occurrence and its impacts (Butsic et al., 2015). In fire-prone parts of France (Kocher and Butsic, 2017) and Australia (March and Rijal, 2015), current planning guidance tends to be relatively stringent, which can minimize human exposure in the most hazardous areas. In much of the world, however, the placement and layout of human developments occurred long before planning professions even existed. Many recent WUI environments have also expanded and been populated with homes that are not necessarily designed with fire resistance in mind. While new development can adopt a number of risk reduction measures to make them more survivable (Moritz and Butsic, 2020), most existing WUI communities face a massive risk mitigation challenge.

Community Wildfire Protection Plans (CWPPs) have been the dominant planning tool for safeguarding United States communities against wildfire impacts, since their inception after the Healthy Forest Restoration Act in 2003 (Society of American Foresters [SAF], 2004). In practical terms, CWPPs are often a necessary organizational step for local communities to pursue grant funding for fire hazard reduction. Studies have also found that completing a CWPP can increase social capacity and form robust stakeholder networks in fire prone communities (Jakes et al., 2007; Grayzeck-Souter et al., 2009; Jakes and Sturtevant, 2013). A study of 113 CWPPs showed, however, that some communities may expedite completion of their plans in order to gain access to funding sources; broad stakeholder input and inclusion, especially across jurisdictional boundaries, may be sacrificed as a result (Abrams et al., 2016). Shortfalls in incorporating place-based knowledge and experience, community competency, and shared responsibility and understanding may exacerbate fire effects, especially in high exposure communities (Nielsen-Pincus et al., 2019).

Although CWPPs should be collaborative and provide guidance for reducing ignitability of structures, a key output is a prioritized set of local fuel reduction treatments in a study area (Society of American Foresters [SAF], 2004). Most of the technical analysis and modeling is thus on fire behavior patterns, as opposed to mapping and prioritizing home ignition vulnerabilities. This emphasis reflects long-standing and somewhat misguided assumptions about wildland fuel reduction being able to solve the problem of homes being lost during WUI fires (Calkin et al., 2014), and it can under-emphasize the vulnerabilities of people living in those homes. Issues related to evacuations and road networks, water supplies, fire-resistant “buffers” of lower flammability (e.g., orchards or greenbelts), and homeowner training are generally beyond the scope of CWPPs and not addressed. Notably, this is an omission that is not limited to the US: Similar gaps in knowledge and emphasis have also been noted in European WUI environments (Pastor et al., 2020).



A REGIONAL APPROACH

While CWPPs can play positive roles in fire planning, they have two important shortcomings: (1) their often limited spatial extents (i.e., covering a specific neighborhood or town), and (2) their lack coordination with other CWPPs in a region. Most fire-related problems must be addressed in a broader context, both spatially and conceptually (e.g., “firescapes” of Smith et al., 2016). A regional approach to wildfire mitigation, which CWPPs generally lack, is thus needed for stronger coordination.

Fire agencies in the United States have long recognized the value of a collaborative regional approach to wildfire suppression and control. Beginning in the 1970s a Mutual Aid system was developed along with a standardized command and control methodology now known as the Incident Command System (ICS). Large and/or complex wildfires can quickly overwhelm a single fire agency, but most wildfire incidents can be effectively managed by combining resources from multiple agencies operating in a common management and command structure. Fire agencies are increasingly applying this approach to vegetation management, particularly in the design of fuel break networks along WUI boundaries. Given the capability and skill set of their workforce, fire agencies typically focus on vegetation management. Removing or modifying vegetation (fuel) to slow or stop the spread of a wildland fire is the primary tactic used to contain and control wildfires (Figure 1). Fire agencies have the tools and training to implement vegetation management projects and are only limited by fiscal and environmental constraints.
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FIGURE 1. Example of a traditional ridgetop fuel break. Such vegetation treatments are typically located to protect a specific resource and are part of a larger network of fuel breaks. (Credit: Rob Hazard).


While fuel treatments can provide significant protection to a community, they are not the sole solution. Wind-driven wildfires can loft embers many miles ahead of the main fire front, jumping over traditional fuel breaks. The built environment can thus be significantly impacted by wind-driven embers, resulting in urban conflagrations that can rapidly overwhelm firefighting resources. Evacuation of civilians then becomes the highest priority. It is clear that these issues require a wider perspective – one of “integrated fire management” (Shlisky et al., 2009; Silva et al., 2010) – which recognizes human dimensions and more than localized fuel reduction.



THREE DOMAINS OF RISK

A Regional Wildfire Mitigation Program (RWMP), expanding on traditional approaches to wildfire protection, provides a holistic framework for WUI risk mitigation across broad landscapes. The goals of an RWMP include (1) retrofitting of the built environment, (2) buffering the landscape, and (3) training the community.

Resilience in the face of fire will rest on the success of mitigation efforts in all three of these domains (Figure 2). Because people move in and out of communities, landscapes evolve, and the built environment changes through time, we have designed this as an ongoing program that can adapt to meet changing needs and circumstances.
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FIGURE 2. Wildland–urban interface (WUI) Resilience is dependent on risk mitigation in multiple domains, each with its own opportunities and challenges.



The Built Environment Domain

While existing high fire hazard building codes may mitigate structure ignitability, many older communities remain vulnerable. In particular, structural components such as attic and foundation vents, decks, and roofs are highly susceptible to ember exposure, which are typically the main cause of home ignitions. Once vulnerable structures ignite, there is the very real potential for structure-to-structure fire spread which can result in an urban conflagration (Mell et al., 2010), a condition that often overwhelms modern firefighting capability. Figure 3 highlights several of these components, demonstrating several options for mitigation at the parcel scale.
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FIGURE 3. Comparison of homes that are relatively vulnerable (left) versus resistant (right) to ignition by wildfire. (Credit: East Bay Municipal Utility District).


Protecting critical infrastructure before a wildfire is essential to mitigate severe impacts that can affect human life and structure loss during a wildfire, in addition to reducing long-lasting repercussions on community health, safety, and economic sustainability after a wildfire. There is a variety of infrastructure that needs to be mapped and assessed for vulnerabilities in order to create a customized retrofit plan to make communities and their infrastructure more resilient to wildfires.

Water supply and distribution infrastructure is often inadequate to support fire protection needs and is also vulnerable to post-fire impacts (Writer et al., 2014; Schulze and Fischer, 2020). Water infrastructure is typically upgraded as a condition of development review. There are very few programs available to upgrade existing infrastructure in non-conforming legacy built communities. These deficiencies need to be mapped, assessed, and prioritized for improvement, and programs developed to provide funding. Improvements to water infrastructure could support implementation of active fire protection systems such as exterior sprinklers on buildings.

Many communities, especially rural communities, lack sufficient transportation networks to support evacuation needs (Cova et al., 2013; Dye et al., 2021). Of particular concern are single-access communities (one way in/out) and communities with increasing development where road infrastructure is not updated to account for increased capacity during an evacuation event. Improving the transportation infrastructure can be challenged by topography, land ownership, the adjacent built environment, and fiscal constraints. Many local governments have adapted to the latter by limiting development of new public roads in favor of private roads. While this may be a short term solution, in the long run it presents significant challenges in enforcing road standards, maintenance, and traffic codes.

The electrical grid has historically been a source of wildfire ignitions, in addition to being highly vulnerable to wildfire impact. Many significant wildfires have resulted from power line ignitions with millions of dollars of damage to the impacted communities. As a result, many utility companies and districts have initiated significant efforts to upgrade and harden electrical distribution systems. In addition, they have implemented wildfire mitigation programs, such as deploying fire weather monitoring stations and developing high resolution wildfire modeling capability, that not only help inform their operations, but also support the efforts of fire and land management agencies.



The Landscape Domain

As communities have developed into the high fire hazard areas, the need for separation from flammable wildland vegetation has become greater. While traditional fuel reduction treatments can assist this effort, they are not sufficient alone to buffer communities from the thermal impact of intense wildfires. The impacts of anthropogenic climate change are worsening this problem by increasing the intensity of wildland fire behavior. In some countries, large landscape “buffers” have proven to be effective in insulating communities from wildfire impacts (e.g., Curran et al., 2018; Cui et al., 2019). The goal of the Landscape Domain is thus to ensure a mosaic of less flammable land uses around traditional fuel breaks, by either retaining or creating buffers that slow or redirect wildfire spread.

Agricultural lands, irrigated parks and green belts, outdoor sports fields, golf courses, managed open spaces (e.g., with targeted grazing), and stands of relatively non-flammable trees and other vegetation are key land cover types to create a buffering mosaic around WUI communities (Figure 4). These areas serve as useful wildfire breaks due to a variety of factors, such high foliar moisture, routine maintenance, and/or low fuel loading.
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FIGURE 4. Potential landscape buffers against wildfire. Grazing by cattle (A) or goats (B) can lower fuel loads in open spaces that abut the WUI, increasing the chances for that portion of the landscape to halt or slow fire spread. Orchards (C) can also serve as effective barriers to wildfire in a WUI environment. (Credit: Rob Hazard).


Wildfire mitigation is often a secondary benefit for these land uses, which confer important primary amenities (livelihoods, recreation, ecosystem services, etc.) on communities where they are present. Landscape buffers may also assist efforts to restore beneficial fire to the environment through prescribed fire and managed (limited suppression) wildland fire, by reducing potential fire escapes into WUI environments. Buffering land uses are often under several intense pressures, including conversion to residential and commercial development, and water limitations. Building trust with agricultural and land conservation stakeholders is a critical task for the Landscape Domain, which will increase collaborative opportunities to retain existing land uses and add additional capacity in new areas. It is also important that landscape buffers be incorporated into local planning documents (e.g., safety elements of land use plans, multi-jurisdictional hazard mitigation plans) and local programs be adopted to encourage and fund implementation.



The Community Domain

Resident and community involvement in wildfire mitigation is essential because, unlike public lands, private lands are the responsibility of the owner (Figure 5). Educational material and outreach efforts are needed to create more social awareness about living safely in a fire-prone environment. However, effective wildfire mitigation in this domain goes beyond just education. Engaging with homeowners and promoting social capital within communities has been shown to facilitate mitigation activities (Brenkert-Smith et al., 2012). Creating personalized resources and programs are needed to assist communities with wildfire preparation; this requires a relationship between communities and local agencies or non-profits. Relationships with these groups can facilitate regulatory change or assist communities with wildfire preparation. Additionally, funding is a significant barrier to communities adopting wildfire mitigation measures such as fuels reduction around the home (McFarlane et al., 2011; McLennan et al., 2015).
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FIGURE 5. Community members from Montecito, CA, United States, discussing their concerns regarding wildfire with the local Fire Department at a planning meeting. (Credit: Montecito Fire District).


The Community Domain will achieve community-level resilience through activities such creating personalized training to become a fire-adapted community, hosting community events to educate the public about wildfire and wildfire preparedness, securing funding to establish community programs like a free chipping service, and advocating for local policy change to remove wildfire mitigation obstacles. There are a few programs in the United States that directly achieve many of these goals, such as the Fire Adapted Communities Learning Network1 and the Firewise USA® program hosted by the National Fire Protection Association2 (Figure 6).
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FIGURE 6. Community education and training networks in the United States. Firewise communities (A) as of May 2021 across the United States (www.nfpa.org/firewise). Fire Adapted Communities Learning Network (B) across the United States (www.fireadaptednetwork.org).


Importantly, the Community Domain will recognize needs of, and prioritize equitable outcomes for, socially vulnerable communities. These communities are less resilient to wildfire exposure (Davies et al., 2018) for several reasons, including emergency information that is only available in English or poorly translated (Méndez et al., 2020) and wildfire mitigation funds that are unevenly distributed to whiter and more affluent communities (Anderson et al., 2020). Such factors can increase a community’s sensitivity to impacts and reduce the ability to cope and adapt. Combating these barriers will be achieved through collaboration with local non-profits who are established as trusted sources within these communities to help them provide pre-, during, and post-wildfire assistance.




PROGRAM STRUCTURE AND PHASES

The RWMP provides a scalable and replicable framework for transforming WUI communities living on fire-prone landscapes, to ultimately make them more survivable and resilient by increasing community capacity to prepare, cope, and adapt to wildfire. Given the scope of the risks being mitigated, a formal structure is needed to organize activities (Figure 7). We expand on the risk assessment framework developed by Calkin et al. (2014), which explicitly recognizes home losses and the mitigation activities to lessen them. With the RWMP framework, however, there are multiple potential impacts and losses being concurrently addressed across the three domains. In terms of timing, an RWMP has three basic phases: Scoping, Implementation, and Monitoring. These phases can occur simultaneously for each of the three domains, but the intent is for work to be done collaboratively among domains (i.e., recognizing cross-domain interactions).
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FIGURE 7. Regional Wildfire Mitigation Program (RWMP) structure, recognizing three domains and three phases of activity. As an ongoing program, the RWMP also needs to adapt with changing conditions and thus involves an iterative feedback loop to continuously refine risk mitigation priorities.


During the Scoping phase, the three domains work together to assess risk and prioritize projects that are suited specifically to the region of interest, with the goal of creating domain-specific implementation plans that also incorporate cross-domain partnership when applicable. To identify and evaluate mitigation activities, the RWMP will borrow from the Hazard-Vulnerability-Exposure framework of disaster risk characterization developed by the International Panel on Climate Change (IPCC, 2012) as part of their ongoing climate risk assessment. Wildfire simulations will be used to characterize the hazard (e.g., Finney et al., 2011; Scott et al., 2013, which is shared across domains. Exposure (e.g., spatial location) and vulnerability (e.g., sensitivity to impact) will be determined by gathering relevant spatial data and using field work, spatial analysis, and expert input to classify the vulnerability of high value resources in each domain (Figure 8). Site suitability analysis will be performed on the final set of prioritized mitigation activity locations, to evaluate the feasibility of different types of domain-specific activities. Examples might include whether a candidate parcel of land is best suited for targeted grazing or as an irrigated greenbelt (Landscape Domain) and whether a particular neighborhood is best served by retrofitting home ignition deficiencies or upgrading water supplies (Built Environment Domain). A full RWMP implementation plan is the net output of the multi-domain risk assessment process.
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FIGURE 8. Regional Wildfire Mitigation Program analytical flow, ultimately creating a prioritized implementation plan for each domain.


Because there will inevitably be spatial details feeding into many of the decisions made in the RWMP risk assessment, a multi-criteria spatial optimization program like Marxan with Zones (Ardron et al., 2010) may be employed. A related approach from multi-criteria fuel reduction studies involves identification of optimal (or near-optimal) “production possibility frontier” solutions (Vogler et al., 2015), which could also integrate tradeoffs between mitigating risks of one type of loss and another (i.e., possibilities for inter- and intra-domain tradeoffs). The overall blend of projects and associated costs and benefits create an understanding of the tradeoff space that practitioners can use, based on the specific conditions of their region.

Where possible, the RWMP will favor standardized and widely accepted inputs and analyses, as opposed to developing novel methodologies. RWMPs will integrate high quality, locally vetted data inputs to provide model results with depth and granularity. Additionally, new state and even nationwide data layers are being developed that quantify different disaster risks at the parcel level. These products offer practitioners a consistent dataset across a range of regions to generate prioritizations.

In addition to a Monitoring phase to track effectiveness of RWMP efforts, we also incorporate the principles of adaptive management (Figure 7). Adjustments to project prioritization will need to be made on an intermittent basis so that mitigation activities are well suited to the continuously varying local environment and stakeholder needs. Climate change, policy shifts, development patterns and wildfires are important factors that RWMP practitioners will need to actively monitor to determine if changes in selection criteria are needed.



MOVING FORWARD: THE RWMP OF SANTA BARBARA COUNTY, CALIFORNIA

In 2021, the Santa Barbara County RWMP began work across the coastal WUI region shown in Figure 9. The south coast of Santa Barbara County is a classic WUI environment, with urban, suburban and exurban areas abutting and intermixing with Los Padres National Forest land dominated by fire-prone chaparral vegetation. The region has an active fire regime and significant history of catastrophic fires during the past few decades.
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FIGURE 9. Santa Barbara, CA, United States, showing different fuel types and treatments in a portion of the first RWMP. Note that there are still agricultural lands that act as a buffer against fire in eastern and western portions of the RWMP study area; they are missing now in the central portion of this map, and this is historically where home losses occur. Most of the flatter areas by the coast are heavily developed, with ample opportunities for retrofits to the built environment and training for communities. (See https://rwmpsantabarbara.org/ for additional information).


Within its first year, the Santa Barbara RWMP has yielded a variety of insights and initial results. Below we summarize examples from each of the RWMP domains, demonstrate initial cross-domain risk assessment findings, and provide overall lessons that should apply to future RWMPs and other climate change adaptation efforts at comparable regional scales.


Domain-Specific Examples


Built Environment

The focus of this RWMP has expanded to include homes, businesses, roads, schools, hospitals, fire stations, and electrical, telecommunications, and water infrastructure. To create maps of these resources at risk, the Built Environment Domain has aggregated products from agencies that map wildfire hazard, generate post-fire damage assessment reports, perform defensible space inspections, control land use, and identify critical infrastructure conditions. Ground truthing and local knowledge are also being incorporated into this process through field visits and interviews with local planning and Fire Departments/Districts. To complement this work, the Built Environment Domain has undertaken an in-depth analysis of the regulatory framework of local planning and public works processes. Analyses seek to understand existing gaps or opportunities in the framework, to further support policies and regulations that improve wildfire resilience. Work to date draws on numerous peer-reviewed academic and professional articles, as well as planning documents from governmental and non-governmental organization (Supplementary Table 1).

During the team’s initial assessment phase, the Built Environment Domain explored cross-domain implications and collaboration. For example, field visits and research revealed several communities with well-organized wildfire mitigation and protection services, largely through the Wildland Resident Association3 (WRA). Some of these relatively remote communities also perform extensive annual vegetation management and already coordinate their own volunteer fire department. However, these communities also struggle with access to reliable telecommunication services, and electrical and water infrastructure—all of which could support increased wildfire resilience.

These challenges and opportunities highlight the overlap between potential outcomes for both the Built Environment and Community Domain. The Community Domain may support building capacity for ongoing wildfire mitigation projects, while the Built Environment Domain can recommend policies or programs that would improve access to reliable and efficient utility infrastructure. There is also potential for the Built Environment Domain to collaborate with the Landscape Domain on broad policies as they relate to farm structures, including farm worker housing. Additionally, the Landscape Domain offers support for broader landscape-scale fuel management projects surrounding rural infrastructure and communities. Other points of possible collaboration include resilience hubs, defensible space data collection, and water infrastructure, which continue to be explored.



Landscape Domain

Because risk mitigation projects in the Landscape Domain embody the larger principles of landscape resilience, the RWMP has entered into a pre-existing system of local and regional non-governmental organizations (NGOs) working toward the same goal. While this created competition between organizations in early stages, through relationship building and collaboration, the RMWP has become embedded into the local system and is seen as an important collaborator. It has also been crucial to tailor the messaging around the trade-offs and synergies between more traditional fuel reduction methods and resiliency-oriented methods, when meeting with different stakeholder groups.

Several inherent advantages have emerged for the Landscape Domain, due to the broad scale of the mitigation options being considered. Proposed project types such as restored riparian areas and shaded fuel breaks could have regional ecological and hydrological benefits, in addition to acting as buffers against oncoming wildfires. Implementation of these “nature-based” solutions has also allowed collaboration with a new set of stakeholders, such as multi-benefit resilience projects that help agricultural livelihoods in need of new opportunities. By working closely with these organizations, the work carried out as part of the RWMP will be lasting and impactful far into the future.

Other Landscape Domain findings have been relatively local in nature, depending on specifics of our biogeographic location. For example, the most promising native tree for use in evergreen shaded fuel break buffers appears to be coast live oak (Quercus agrifolia). Working with the Santa Barbara Botanic Garden has therefore been a good fit for progress in this area (i.e., identifying best practices and locations for establishing stands of trees).



Community Domain

Enrolling communities into the Firewise USA® program has become one of the main objectives of the Community Domain in the study area. Firewise helps to create fire-adapted communities by establishing a framework for communities to get organized, learn about their wildfire risk, and mitigate their risk. Through the Firewise process, communities are empowered by learning about their local fire history and threats, fostering and strengthening social capital, building connections with local fire agencies, government officials, and non-profits, such as Fire Safe Councils, and laying out a pathway for the community to work together to mitigate their fire vulnerabilities. Before any education and training can occur, however, individual communities must be mapped and engaged.

Local communities are being identified and motivated by leveraging existing connections within the RWMP stakeholders and neighborhoods in the study area. The spatial boundaries of what a “community” actually is and how many people are enough (or too many) are not always clear. Activities started with communities that already have a strong organizational system in place, since this system has a built-in hierarchical and operational structure, such as an informal neighborhood committee or a homeowner’s association (HOA). Such a system provides a decision-making structure that has recognized community leaders. Identifying those key leaders within a community is thus a core component of success, as they can help organize (e.g., set up community meetings), disseminate information to the rest of the community, and ensure the community follows through on important tasks (e.g., completing Firewise enrollment and attaining official recognition).

An ongoing challenge will be engaging with communities, particularly those that are socio-economically vulnerable, that do not have an established formal or informal neighborhood committee. To organize and engage these communities, several questions have arisen: How does a community define itself? How should these communities be approached, and who should be contacted? Because community dynamics can be very sensitive, education and training activities can face immediate roadblocks if natural leaders are not apparent. For the Santa Barbara County RWMP, roughly half of the WUI has been mapped and aggregated into community-based units (e.g., see upcoming Figure 10) to date.
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FIGURE 10. Wildfire hazard map and community areas of the Santa Barbara RWMP region. Map is a subset of the total RWMP project area. The yellow–red color scale indicates wildfire hazards according to quantile at 90 m pixel areas. RWMP community areas are drawn with colored outlines showing their designation to three groups of general wildfire hazard, vegetation conditions, and structure adaptation levels, identified by K-means cluster analyses of field survey and satellite data (see Supplementary Table 2 and Supplementary Figure 1).





Cross-Domain Risk Assessment: Early Activities and Findings

A core part of the Santa Barbara RWMP is to produce new quantitative analyses that improve wildfire hazard characterization and inform mitigation activity prioritization at a regional scale, integrating across many community areas. Strong collaborations among researchers, environmental analysts, fire professionals and local governments have facilitated the collection of diverse, interdisciplinary, and cross-professional datasets. Datasets include satellite imagery archives, high-resolution climate data reanalyses, and property defensible space surveys by Santa Barbara County Fire and other fire departments. Our analyses include wildfire modeling and hazard assessment with advanced spatial meteorological data (Jones et al., 2021), remote sensing of vegetation and landscape conditions to inform green buffer enhancement via vegetation and water management (e.g., Mayes et al., 2020), and synthetic assessments of wildfire hazard, environmental conditions, and vulnerability indicators across a larger region that resolve community-level conditions.

As an example of synthetic assessment, we report here preliminary statistical analyses (principal components and unsupervised K-means cluster analyses, e.g., Javadi et al., 2017) that assigns community areas into generalized groups of wildfire hazard severity levels and adaptation status, based on multi-variable indicator sets. In initial analyses, the indicator variable set included wildfire hazard scores, landscape vegetation conditions (canopy moisture), and two built environment vulnerability indicators (average percentage of structures within community areas with fire-resistant roofing and siding; Figure 10; also see Supplementary Table 2 and Supplementary Figure 1). Biophysical variables accounted for the greatest proportion of variability (48%) followed by the structure-related variables (24.5%) (Supplementary Figure 1). Clusters 1–3 (in order) corresponded generally with highest to more modest wildfire hazard scores (and lowest to highest vegetation moisture, respectively). Cluster 2 identified community areas with both relatively high wildfire hazard and the highest ignition potentials of built environmental structures. From local knowledge, cluster 2 corresponds with communities with high proportions of agricultural and other properties with older wooden structures devoted to worker housing.

While these initial results are not a formal optimization across multiple risks, they illustrate the utility of mapping community areas by cluster membership against wildfire hazards in this manner: they succinctly identify patterns in wildfire hazard severity and vulnerability across a complex region (Figure 10). Such patterns will help the RWMP prioritize attention in terms of education, outreach or funding to communities that need the most help for wildfire hazard mitigation. New data for hazard, exposure, and/or vulnerability in a given domain will also refine these priorities as the RWMP continues.



Transferrable Insights

At the start of the Santa Barbara RWMP, creation of common wildfire hazard maps faced challenges in communication among team members with different scientific and professional backgrounds. Specifically, some had trouble moving from a) conceptual discussion of project goals and desired outputs (e.g., updated wildfire hazard maps) to b) identifying how experts from different disciplines needed to collaborate to accomplish precise steps for technical analyses, such as wildfire hazard modeling.

To surmount these challenges, two aspects of project planning are clear. The first aspect is to plan project work “backwards” as a team, starting from definitions of final products. Envision goals and forms of project outputs with “blue-sky” thinking but concrete terms (e.g., unified or single implementation plan documents for each domain; hazard maps, risk assessments). Keep conceptual discussions grounded; early in the sequence of project work, discuss and agree upon physical parameters and technical specifications of project outputs (e.g., spatial domain of analyses, units, spatial resolution, scales of reporting areas such county assessor parcels versus watershed areas).

The second aspect is to plan how to work together. This means identifying and assigning roles in collaborative processes that cross-professional team members, often based at different entities (e.g., consulting firms, universities, non-profits, local government organizations), will need to fill individually and together (e.g., in sub-groups) to achieve the final products. An important role is that of technical translating and data management between different scientific fields (e.g., climatology and fire modeling). Efficient technical translating is an example of “open communication”, wherein practitioners from different backgrounds may not fully understand each others’ fields or technical jargon, but they carry out precise, common-language discussion to identify technical barriers to synthetic analyses across their fields and plan how to tackle them (Winowiecki et al., 2011).

As noted above, some overlap exists among the three domains, highlighting the importance of cross-domain communication and coordination in our conceptual framework (Figures 7, 8). The difference between creating a “plan” and an active “program” – namely the “P” in RWMP – has also become very clear. Because the work of becoming and remaining resilient to WUI fires will never really be finished, a local group must adopt the ongoing responsibility of refining and implementing the prioritized mitigation activities identified through the RWMP. This leadership should be identified early in the program, so that continued funding and progress can be achieved.




CONCLUSION

Although fire hazard does not appear to be lessening anytime soon in most WUI environments, there is growing recognition that holistic solutions to these complex socio-ecological problems are urgently needed. Multiple risks need to be mitigated, and they involve hazards, exposures, and vulnerabilities across large landscapes. Thousands of communities and millions of people are affected, and the numbers only grow as the WUI continues to expand. In hopes of offering a more comprehensive approach, we have presented the concept of the Regional Wildfire Mitigation Program, which involves three domains of activity and their interactions. Initial findings from the Santa Barbara County RWMP are also shared, demonstrating early successes and lessons learned so far. The RWMP builds on traditional approaches to wildfire protection, uses a consistent methodology for assessing risk and mitigation priorities, and should be portable to additional WUI developments in different environments.
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