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Cognitive Maps Reveal Diverse Perceptions of How Prescribed Fire Affects Forests and Communities
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The potential for prescribed fire to address fuel management and forest restoration goals has received considerable attention. However, many wildfire risk mitigation practitioners and researchers consider prescribed fire to be an underutilized tool for forest and fire management. Prescribed fire can affect a broad range of values (e.g., air quality, wildlife habitat, timber, protection of homes) and these effects, which we term valued outcomes, may result from complex dynamics operating within fire-prone social-ecological systems. Increasing the effective use of prescribed fire requires a better understanding of how these dynamics are perceived by stakeholders, whose support is crucial for forest and fire management initiatives that affect diverse groups of people. We evaluated perceptions of the effects of prescribed fire on valued outcomes using data from 111 cognitive maps elicited from stakeholders in the wildfire-prone Eastern Cascades Ecoregion of central Oregon. As representations of relationships among biological, physical, social, political, and other factors that structure individuals' understanding of a system, cognitive maps are ideal for analyzing perceptions of dynamics in complex social-ecological systems. We found that prescribed fire was perceived to positively affect valued outcomes in individuals' cognitive maps. However, when we aggregated individuals' cognitive maps to evaluate perceptions of prescribed fire at varying stakeholder group sizes, we found that perception of desirable effects declined with group size. Additionally, representatives of fire response and non-governmental organizations tended to perceive prescribed fire more favorably, while private citizens and representatives of private businesses emphasized adverse effects. Finally, we measured how the perceptions of the effects of prescribed fire varied across 15 distinct valued outcomes and found that air quality, aesthetic values, and wildlife habitat were perceived to be most negatively affected by prescribed fire, while cultural and historical values, protection of flora, water quality, and firefighter safety were perceived to be most positively affected. Taken together, our results help to explain the challenge of scaling up the use of prescribed fire and highlight the need for policy processes that account for stakeholders' views of the multiple—and potentially opposing—effects of prescribed fire on different valued outcomes.
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INTRODUCTION

Throughout dry temperate forest ecosystems in the western U.S., decades of fire exclusion and suppression have disrupted ecological processes and resulted in denser and more flammable understory vegetation (Spies et al., 2014; North et al., 2015; Fischer et al., 2016). Ample research indicates that the reintroduction of fire as an ecological process can address restoration goals while reducing fuel density. In fire-adapted forests, the use of prescribed fire can restore forest structure and understory conditions (Taylor, 2010; North et al., 2012), and can increase biodiversity while reducing non-native species (Webster and Halpern, 2010). Prescribed fire can also moderate the likelihood of uncharacteristically severe fires (Cochrane et al., 2012), which can reduce threats to firefighter safety as well as to other values at risk.

However, the use of prescribed fire has been relatively limited (Stephens et al., 2007). Despite calls to scale up the use of prescribed fire in fire-adapted forests (North et al., 2015), forest managers often cite a gap between the area treated with prescribed fire per year and the level of low-intensity fire they judge necessary to maintain or establish low-density forests (North et al., 2012; Quinn-Davidson and Varner, 2012). Practitioners and researchers alike recognize a range of proximate explanations for this gap, such as the logistical challenges of timing prescribed fire and marshaling the funding needed to implement a costly management practice (Quinn-Davidson and Varner, 2012). In some cases, addressing such barriers hinges upon overcoming legal, institutional, and social barriers. For example, efforts to reform forest and fire management are constrained by institutional inertia and norms that prioritize short-term risk reduction over long-term planning (North et al., 2015). Likewise, the current biophysical state of forests can hamper restoration and fuel management efforts; reintroduction of fire may be too risky in forests with dense flammable understory vegetation or in close proximity to human settlements with extensive values at risk.

Recent research has highlighted the value of adopting a systems perspective to analyze the dynamics that interact to perpetuate undesirable forest conditions and amplify wildfire risk to communities (Calkin et al., 2015; Fischer et al., 2016; Hamilton et al., 2019). Decisions about forest and fire management play out in complex settings shaped by interactions among physical, biological, social, economic, and institutional processes. It is crucial to account for how these dynamics interact to influence management decisions as well as their outcomes. Understanding stakeholders' perceptions of factors that shape management outcomes is particularly important, given their capacity to influence decisions and the implementation of forest and fire management actions (Abrams et al., 2005). For example, among stakeholders with distinct values and sets of knowledge, disagreement about how to reduce wildfire risk may limit their capacity to reach decisions. Likewise, the effectiveness of some management actions require compliance or the support of community members and other local stakeholders.

Among tools for forest restoration and wildfire risk mitigation, prescribed fire has implications for a particularly wide range of values, including wildlife habitat, protection of property, air quality, timber assets, heritage, and cultural resources. In many cases, prescribed fire's impacts on distinct assets and ecosystem services—which we refer to as valued outcomes—occur by way of intermediary effects on other social and ecological conditions, which contributes to the complexity of decision-making. Likewise, forest and fire decision-making plays out across landscapes managed by diverse stakeholders operating at different spatial scales (e.g., private properties, tribal lands, U.S. National Forests) and it is important to understand how individuals as well as groups of stakeholders conceptualize wildfire risk and the potential outcomes of management approaches such as prescribed fire.

This study evaluates how stakeholders—individually and collectively—perceive complex sets of interactions by which prescribed fire affects valued outcomes in a fire-prone forested landscape in Oregon, U.S.A. In particular, we evaluated how the perceived effects of prescribed fire vary (1) depending on the size of stakeholder groups, (2) among different stakeholder groups, and (3) among different types of valued outcomes.

We addressed these questions through analysis of 111 cognitive maps of a diverse set of stakeholders. As representations of stakeholders' perceptions of dynamics spanning ecological and social factors, these cognitive maps enabled us to evaluate the rich sets of direct and indirect pathways by which stakeholders perceived prescribed fire to affect outcomes. Likewise, aggregation of individual cognitive maps allowed us to assess how perceptions varied depending on the number of individuals whose sets of knowledge were combined, which has important implications for reaching decisions about prescribed fire in collaborative governance settings that bring together numerous and diverse stakeholders. Following the presentation of our methodology and results, we discuss how our findings advance understanding of the challenge of scaling up the use of prescribed fire as a tool to address linked risk mitigation and restoration goals in settings characterized by large and diverse groups of stakeholders, and how collaborative decision-making processes can potentially encourage more effective approaches for using prescribed fire.



MATERIALS AND METHODS

Study Area

We evaluated perceptions of the effects of prescribed fire in the Eastern Cascades Ecoregion (ECE) of Oregon (Figure 1). The ECE is a patchwork of tribal, federal, private and state lands. Private industrial timber companies, land trusts, woodlot owners, and ranchers own and manage significant portions of the study area. Other stakeholders such as non-governmental organizations do not manage land but exert considerable influence over forest and fire management decisions.
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FIGURE 1. The Eastern Cascades Ecoregion in Oregon. Shading indicates wildfires that occurred between 2000 and 2018 (Geospatial Multi-Agency Coordination Group, 2018).


The ECE is characterized by shrub steppe ecosystems toward its eastern boundary. Elevation increases moving westward. Dry forests dominated by ponderosa pine characterize mid-elevation ecosystems, which transition to cooler and wetter subalpine forests toward the western boundary, marked by the crest of the Cascades mountain range.

Historically, fire was an important ecological process that shaped forest structure in the ECE. For example, forests dominated by ponderosa pine burned approximately every 10-25 years (Agee, 1993). Settlement by Europeans reduced the frequency and extent of fires, especially toward the end of the 19th century (Hessburg and Agee, 2003), and 20th-century fire suppression and exclusion practices and policies contributed to denser understory vegetation that characterizes ponderosa pine and mixed conifer forests (Hessburg et al., 2005; Merschel et al., 2014). Such vegetation can provide the fuel for large and intense fires (Miller et al., 2009). These ecological changes have been accompanied by demographic change, most notably the growth of human settlements in forested areas. In particular, Deschutes County has experienced rapid population growth over the past several decades in part due to amenity development and recreational opportunities (Olson, 2016). This trend has compounded wildfire risk by increasing valued assets (e.g., homes) in fire-prone forests.

The dominant strategy for reducing wildfire risk throughout the ECE involves the removal of flammable material to reduce the likelihood of high severity fires and to enable firefighters to more effectively manage fires that directly threaten values at risk (Spies et al., 2014; Charnley et al., 2017). Management activities include mechanical thinning, mowing/mastication, prescribed fire, and managed fire, i.e., the supervision and potential intervention in naturally ignited fires, potentially aided by tools such as the Wildland Fire Decision Support System (Noonan-Wright et al., 2011). Commonly, a fuels treatment may involve a combination of these activities, for example thinning to prepare a tract of forest for prescribed fire. The use of prescribed fire is limited because of logistical challenges (e.g., the difficulty of timing activities to accommodate the availability of personnel while weather conditions are favorable). However, a range of initiatives aim to address these challenges. For example, the Oregon Prescribed Fire Council was established in 2013 to facilitate dialog, learning, and policy changes that increase land managers' capacity to use prescribed fire. Prescribed Fire Training Exchanges provide hands-on training for practitioners (Kelly et al., 2019). Such initiatives engage diverse stakeholders, including representatives from federal and state agencies, tribal governments, conservation organizations, and private landowners.



Participant Recruitment and Data Collection

We collected data on perceived effects of prescribed fire using cognitive mapping exercises, which were conducted in-person with respondents during November 2017-March 2018. All activities were approved by the University of Michigan Institutional Review Board (ID: HUM00133263). As part of each cognitive mapping exercise, respondents were prompted to identify factors they considered to be related to wildfire risk as well as the causal relationships among those factors. These exercises were conducted using Mental Modeler software (Gray et al., 2013), which provided a graphical interface that allowed respondents to visualize the network of factors and relationships they had identified. Respondents were encouraged to iterate between adding factors and relationships until they considered the resulting cognitive map to adequately capture their understanding of the dynamics that characterize wildfire risk.

We collected 111 such cognitive maps from a diverse set of respondents. Respondents were identified from a pool of 787 individuals who had been identified as collaborators and/or sources of information and advice about wildfire management in a study on wildfire risk in the ECE conducted during 2011-2013. This pool of individuals was stratified by geographic region and by stakeholder affiliation (e.g., government agency, private business, non-governmental organization), and we randomly selected individuals across both strata. While research participants were broadly representative of the groups of stakeholders involved in wildfire management, we did not recruit participants from outside the ECE who nevertheless influence forest and fire management within the study system (e.g., state agency representatives based in Salem, OR); consequently, our analysis does not capture the perspectives and values of stakeholders external to the study region. Participants were recruited by phone and email. Cognitive mapping exercises were conducted at respondents' places of work, public places, or other convenient locations. We did not ask respondents to explicitly report their values. Our objective was not to compare respondents' reported values with their cognitive maps, but to evaluate stakeholders' understanding of the relationships among factors that contribute to wildfire risk and associated outcomes on values.



Measurement of Perceived Effects of Prescribed Fire on Valued Outcomes

Cognitive maps ranged in size from 9 to 48 factors. Collectively, the 111 cognitive maps featured 1310 unique factors, which were assigned to parent classes (e.g., outcomes), child classes (e.g., valued outcomes), and sub-child classes (e.g., aesthetic value) as described in greater detail in Hamilton et al. (2019). We analyzed cognitive maps as networks (Figures 2A,B), which allowed us to apply graph theoretic approaches to measure perception of the impact of prescribed fire on valued outcomes. Specifically, we measured perception of the effects of prescribed fire as network configurations in which prescribed fire affected a valued outcome (Figure 2C). Typically, these effects occurred by way of multiple intermediary factors, and a key advantage of studying the wildland fire social-ecological system as a network was that it allowed us to account for these intermediary factors using the network concept of paths. To identify paths from prescribed fire to different valued outcomes, we used the “All_Simple_Paths” algorithm in the Python language package NetworkX (Hagberg et al., 2008). Given a network, subsets of “source” and “target” nodes (in our case, nodes corresponding to prescribed fire and all valued outcomes, respectively), and a cutoff parameter for path length, the algorithm generates a list of all paths from source nodes to target nodes that do not exceed the cutoff path length.1 We measured whether the path represented a positive or negative effect of prescribed fire on the valued outcome by drawing upon insight from graph theory that the sign of a path is equal to the product of the signs of the linkages that comprise it (Harary, 1953). Specifically, we calculated the product of all causal linkages between nodes that comprised each path (e.g., in the path depicted on the right-hand side of Figure 2C, A (–) B (–) C (+) D (+) E, −1*−1*1*1 = 1, a cumulatively positive effect). For example, if increased use of prescribed fire was perceived to reduce the density of bitterbrush, which was perceived to provide habitat for mule deer, the resulting path (−1*1 = −1) would indicate a negative effect of prescribed fire on one type of valued outcome (wildlife habitat).


[image: Figure 2]
FIGURE 2. Cognitive map network, with substructures used to measure perception of the effects of prescribed fire on valued outcomes. (A) An individual's cognitive map of wildfire risk, as depicted in Mental Modeler software (Gray et al., 2013). (B) The same cognitive map, represented as a network with nodes colored by class (e.g., prescribed fire, valued outcome) and linkages colored to indicate perceived causal effects. (C) Graphical depiction of examples of paths representing positive (left) and negative (right) effects of prescribed fire on a valued outcome.




Aggregation of Individual Cognitive Maps

Given our goal of evaluating how perceptions of the effects of prescribed fire on valued outcomes vary with the size of stakeholder groups, we needed to aggregate individual cognitive maps (Özesmi and Özesmi, 2004; Gray et al., 2012). Maps were aggregated on the basis of common factors. In many cases, multiple respondents included the same factors (with identical names) in their cognitive maps. More commonly, respondents used different names for the same factor (e.g., “prescribed fire” and “prescribed burning”), which were renamed to enable comparison of common factors across cognitive maps. Common factors were subsequently used to link and aggregate cognitive maps (Figure 3).


[image: Figure 3]
FIGURE 3. Aggregation of cognitive maps on the basis of common factors. In the example shown, individuals (A,B) independently include prescribed fire (green square) as well as valued outcomes V1 and V2 (purple triangles) in their cognitive maps. The aggregation of their cognitive maps results in a collective cognitive map that accounts for their shared perception that prescribed fire positively affects V2, as well as their conflicting perceptions of effects on V1 (individual A perceives a negative effect while B perceives a positive effect).




Evaluation of Perceptions of Prescribed Fire for Different Sizes of Stakeholder Groups

We measured perception of the effects of prescribed fire on each valued outcome for all 111 individual cognitive maps, as well as for aggregations of 2, 4, 8, 16, and 32 individual cognitive maps. For each level of aggregation n, we randomly drew and aggregated n individual maps and measured all instances of perceived effects of prescribed fire on valued outcomes. We repeated this sampling process 300 times for each level of aggregation. We modified this approach to evaluate how members of different stakeholder groups perceived the effects of prescribed fire. Rather than randomly sampling from the entire pool of 111 cognitive maps, for each level of aggregation n and for each stakeholder group, we randomly drew n maps from the subset of maps produced by members of that group. Because the size of these subsets varied and some were not large enough to draw 300 random samples without replacement, we instead drew samples in proportion to the size of each stakeholder group. Specifically, we drew 5*(size of stakeholder group) samples for each level of aggregation n (e.g., with 50 cognitive maps of government agency representatives, we drew 250 random samples at each level of aggregation of this stakeholder group).



Statistical Modeling

We evaluated how perceptions of the effects of prescribed fire varied among different valued outcomes using a Bayesian multilevel binomial logistic regression model predicting the binary value outcome of a positive impact of prescribed fire. The unit of observation was pathways of perceived causal relationships from prescribed fire to valued outcomes (e.g., Figure 2C). The dataset was hierarchically structured (i.e., nested), which informed our choice of a multilevel approach (Goldstein, 1987; Gelman et al., 2013). Because of the computational challenge of modeling the entire dataset of paths, we conducted our analysis on a random sample of 15000 paths2. We included the length of paths (i.e., number of intermediary factors) as a fixed effect, and included varying intercepts for each valued outcome (e.g., “air quality”), the number of cognitive maps aggregated (1, 2, 4, 8, 16, or 32), and an identifier of the individual or aggregated map from which paths were measured.

The model was estimated with Bayesian methods and a Hamiltonian Monte Carlo procedure in Stan, called through the R Statistical Environment (Carpenter et al., 2017; R Core Team, 2018; Stan Development Team, 2018). Priors on fixed effects were Gaussian, with mean of zero and standard deviation of one. Priors on all varying intercept effects were Gaussian with mean of zero and variance hyperparameters; priors on hyperparameters were half-Cauchy with location of zero and scale of one (McElreath, 2015). The model was computed with a 5000-iteration burn-in, and the joint posterior distribution was drawn from 5000 samples. Traceplots and kernel densities were examined to confirm adequate mixing. Additional diagnostics indicated that chains were efficient (n_eff values were not substantially different than the number of samples in the posterior distribution) and converged (Gelman-Rubin convergence diagnostic values were 1).




RESULTS

To evaluate how the perceived effects of prescribed fire vary depending on the sizes and identities of stakeholder groups, we interpret results of descriptive analysis that were not subject to significance tests. We subsequently present results from our statistical model, which reveals variation in perceived effects of prescribed fire on different types of valued outcomes.


Group Size

While prescribed fire was perceived to positively affect valued outcomes, this effect weakened with the number of cognitive maps aggregated (Figure 4). In individual cognitive maps, the pathways by which prescribed fire affects valued outcomes tended to be positive, as indicated by the large number of dark green points plotted toward the right-hand side of each panel in the figure. However, as individuals' cognitive maps were aggregated, pathways were less likely to represent positive effects.


[image: Figure 4]
FIGURE 4. Mean perceived effect of prescribed fire on different classes of valued outcomes, among different stakeholder groups, and by aggregating an increasing number of cognitive maps (e.g., 1 = individual stakeholders, 2 = pairs of stakeholders, and so on). Points indicate the mean perceived effect on each valued outcome, ranging from −1 (all paths represent a negative effect) to 1 (all paths represent a positive effect). Points are sized according to the number of effects relative to the number of effects on all classes for each level of aggregation.


Exceptions to this tendency included effects on air quality. Higher levels of aggregation resulted in greater likelihood that perceived effects of prescribed fire on air quality were positive. This effect was primarily driven by cognitive maps of representatives of government organizations and private businesses.



Stakeholder Group Affiliation

We found considerable variation in how different stakeholder groups perceive the effects of prescribed fire on different valued outcomes (Figure 4). Private citizens and representatives of private businesses tended to perceive negative effects, while representatives of non-governmental organizations and fire response organizations tended to perceive positive effects.

Stakeholder groups also varied in terms of the breadth and types of valued outcomes they emphasized in their cognitive maps (Figure 4). Representatives of government agencies, non-governmental organizations, and fire response organizations perceived effects of prescribed fire on a wide range of valued outcomes. In addition to effects on general wildfire risk reduction, representatives of private businesses emphasized effects of recreation and air quality, while private citizens emphasized effects on general environmental quality and aesthetic values.



Differences Among Valued Outcomes

In our regression model (Figure 5), the grand mean intercept estimate indicates that prescribed fire is perceived to positively affect valued outcomes. Controlling for other variables in the model, we found that positive perceptions of the effects of prescribed fire are ~17 times more likely than negative (log-odds: 2.83). Prescribed fire was more likely to be perceived to positively affect cultural and historical values, flora, water quality, and firefighter safety, relative to other valued outcomes. Meanwhile, air quality, wildlife, and aesthetic values were more likely to be perceived to be negatively affected by prescribed fire.


[image: Figure 5]
FIGURE 5. Model results of how perception of the effects of prescribed fire varies across different types of valued outcomes. The analysis was conducted on a random sample of 15,000 paths representing perceived effects of prescribed fire on valued outcomes. Points indicate mean estimates of the log-odds likelihood that a path represents a positive effect of prescribed fire on a valued outcome. Bars show 95% credibility intervals, drawn from joint posteriors.





DISCUSSION

Aggregation of Knowledge Reduces Consensus About the Effects of Prescribed Fire

Despite ample evidence of its utility and safety, prescribed fire has been underutilized at levels needed to achieve forest and fire management goals at large spatial scales (North et al., 2012; Kolden, 2019). Motivated by this puzzle, our study exposes a contradiction: while forest and fire managers encounter societal resistance to prescribed fire (Carroll et al., 2007; Quinn-Davidson and Varner, 2012), our results reveal considerable consensus among diverse stakeholders about its desirability, as measured through pathways of perceived causal linkages from prescribed fire to valued outcomes.

However, our results also point to an explanation for this apparent contradiction: the aggregation of stakeholders' perceptions about the effects of prescribed fire reduces their collective consensus about the desirability of those effects. For forest and fire management decision-makers in socially complex landscapes, this finding may seem obvious and broadly reflective of observations that the greater the number of stakeholders involved, the more difficult the task of reaching consensus about any given management approach, especially one that affects such diverse values as prescribed fire. However, one of this study's key insights is that declining consensus is not simply the result of accounting for cognitive maps of stakeholders opposed to prescribed fire. Instead, this trend reflects the tendency for multiple sets of knowledge to “complete” adverse action-outcome pathways when aggregated. Stated another way, while individual stakeholders may be only aware of subsets of the dynamics that comprise complex social-ecological systems, such subsystems of knowledge and beliefs may aggregate to represent a more holistic “wisdom of the crowd” that encompasses more than the sum of its parts (Galton, 1907; Krause et al., 2010). For example, one stakeholder may perceive that prescribed fire affects a particular ecological process while another stakeholder may perceive a relationship between that process and a valued outcome. While neither individual perceives the entire pathway by which prescribed fire affects the outcome, it is nevertheless embedded in the aggregation of their cognitive maps, and our analysis indicates that such pathways resulting from aggregation tend to emphasize the adverse effects of prescribed fire.

Consequently, this finding points to the importance of collaborative interaction among stakeholders, and specifically of processes that enable the “confrontation and integration of knowledge” (Galafassi et al., 2017, p. 8), thereby revealing the numerous ways in which prescribed fire can affect diverse valued outcomes. For groups that seek to increase the scale of prescribed fire, such discussions can expose barriers that would otherwise remain overlooked, thereby revealing strategies for more effectively addressing forest and fire management challenges.

Furthermore, this result suggests that certain strategies for outreach may not be effective for addressing resistance to prescribed fire. In particular, the high level of consensus in individual cognitive maps about the desirability of prescribed fire indicates that simply communicating knowledge about prescribed fire to stakeholders may not significantly increase support for prescribed fire as a forest and fire management tool. Rather, targeting specific values held by specific stakeholder groups may prove more effective.



Balancing the Benefits of Prescribed Fire With Adverse Effects on Certain Outcomes for Particular Stakeholder Groups

While our results highlight the importance of collaborative models of forest and fire decision-making generally, variation in how different types of stakeholders perceive prescribed fire to affect distinct valued outcomes cases highlights opportunities for improving decision-making processes through targeted engagement.

For example, our finding that private citizens and representatives of private businesses are more attuned to the adverse effects of prescribed fire highlights the importance of meaningful engagement of these stakeholders in decision-making processes. While findings regarding these two groups align with prior research that documents their relatively low levels of acceptability of prescribed fire (Costanza and Moody, 2011; Toman et al., 2011), our analysis of how perceptions varied across different valued outcomes suggests more nuanced dynamics. Private citizens and business representatives identified effects of prescribed fire on only three valued outcomes each (private businesses: recreation, air quality, and general wildfire risk reduction; private citizens: general environmental quality, aesthetic value, and general wildfire risk reduction). Consequently, our analysis reveals an opportunity to conduct engagement in ways that increase awareness of how prescribed fire affects other outcomes that may be of value to members of these groups, including protection of property, public safety, enhancing local economies, and improving opportunities for recreation. In particular, we found that representatives of private businesses were particularly prone to focus on the adverse effects of prescribed fire on recreation, which is likely due to the direct or indirect reliance of some private businesses on tourism. Our study region is representative of many landscapes throughout the western U.S. that were defined historically by resource extraction but increasingly emphasize recreational amenities (Olson, 2016). For prescribed fire to gain the social license necessary for more widespread application, decisions about its use as a tool for restoration of ecosystem services and fuels management must account for how smoke and trail closures may affect the value of forests for recreation in the short term, which may in many cases require the participation of local business owners in decision-making processes in order to gain widespread support.

Such an increase in level of awareness may lead stakeholders to conceptualize prescribed fire in ways that more resemble the cognitive maps of representatives of government agencies and non-governmental organizations, who perceived a wide range of outcomes resulting from prescribed fire. In particular, although representatives of non-governmental organizations did not perceive prescribed fire as a panacea (e.g., perceived effects on air quality are negative), a subset of these organizations have emerged as leaders in promoting and implementing innovative approaches for forest and fire management, including Prescribed Fire Training Exchanges (Kelly et al., 2019).



The Value of Systems Thinking in Forest and Fire Management

Fire-prone forests are complex social-ecological systems. In such settings, the diversity of stakeholder groups and management objectives can complicate decision-making processes. Similarly, system dynamics are shaped by complex interactions spanning biological, physical, social, political, and other processes, which can challenge individuals' abilities to perceive the outcomes of management actions, such as prescribed fire. Taken together, our findings highlight the value of cognitive mapping for evaluating how stakeholders perceive complex sets of interactions by which prescribed fire affects valued outcomes. Cognitive mapping has been productively utilized to evaluate how stakeholders grapple with complexity in fire-prone social-ecological systems (Zaksek and Árvai, 2004; Zhang and Jetter, 2016; Walpole et al., 2017; Hamilton et al., 2019), and we advance this literature by demonstrating how the prospects of scaling up a particular management approach hinge upon perceptions of how it directly and indirectly affects a multitude of processes within the broader social-ecological system.

Additionally, we recognize opportunities to build upon insights from the present study by coupling cognitive mapping with complementary research methods. For example, simulation-based approaches such as agent-based modeling (Spies et al., 2017; Ager et al., 2018) provide the flexibility to evaluate how forest and fuel management practices affect a range of social and ecological characteristics at multiple spatial and temporal scales. Likewise, research that combines simulations and engagement with stakeholders themselves (White et al., 2019) can enrich modeling efforts with the diverse perspectives of practitioners. Additionally, cognitive mapping can complement participatory GIS exercises, which have been productively utilized to map values in wildfire risk management settings (e.g., Carver et al., 2009; McBride et al., 2017). In particular, the integration of cognitive maps with spatial features of the physical landscapes can facilitate the production of systems models that may be especially well suited for research that aims to disentangle complex relationships among cognitive, social, and ecological processes.




CONCLUSIONS

We evaluated perceptions of the effects of prescribed fire on valued outcomes, using data from 111 cognitive maps elicited from diverse stakeholders in the wildfire-prone Eastern Cascades Ecoregion of central Oregon. While prescribed fire was perceived to have a positive effect on valued outcomes generally, we found that adverse perceived effects of prescribed fire were more likely as we aggregated cognitive maps. Representatives of fire response and non-governmental organizations tended to perceive prescribed fire more favorably, while private citizens and representatives of private businesses emphasized adverse effects. We found that air quality, aesthetic values, and wildlife habitat were perceived to be most negatively affected by prescribed fire, while cultural and historical values, flora, water quality, and firefighter safety were perceived to be most positively affected, relative to other valued outcomes. Taken together, our results help to explain the challenge of scaling up the use of prescribed fire and highlight the need for decision-making processes that account for stakeholders' views of the multiple—and potentially opposing—effects of prescribed fire on different valued outcomes.
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FOOTNOTES

1We set the cutoff parameter to identify paths with up to five linkages This threshold served to prevent measuring an excessively large number of paths. The number of paths of length l increases sharply with each unit increase in l, before declining at high values of l.

2Results from analyses of smaller (e.g., 5,000) and larger (e.g., 20,000) datasets were nearly identical to results from our model. The full dataset included ~15,0000 observations.
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