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Wildfire risk as.a socioecological pathology

Wildfire riskiin temperate forests has become a nearly intractable mblem that can be characterized as a
socioecologicatpathology’: that is, a set ofcomplexand problematic interactions among social and
ecological systems across multiple spatial and temporal seal Assessments of wildfire riskould benefit from
recognizing'and.accounting fo these interactions in terms of socioecological systemssalknown as coupled
natural and human: systems (CNHS). We characterize the primargocial and ecological dimensions of the
wildfire risk pathology, paying particular attention to the governance sytem around wildfire risk , and
suggest strategiesito mitigate the pathology through innovativelanning approaches, analytical toolsand
policies. We caution that even witha clear understanding of the problem and possible solutia@) the system by
which human actors govern fireprone forests mayevolveincrementally in imperfect waysand can be
expectedto resist changesven as we learn better ways to managaNHS.
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In a nutshell:

o Wildfire risk in temperate forestsan be considerea socioecologicgbathology a set of interrelated social
and ecological conditions and processes that deviate from what ideredshealthy or desirable

¢ Finding selutions to thproblem of wildfire riskrequires a more complete specificatiorfia-prone
temperatesforestss coupled naturghuman systesyand more attention tine complex interplay between
the social andecologicalconditions angbrocesses thanfluence human decisianaking(ie the wildfire
governange system

o Building.social networksf stakeholders and engagistgkeholderin scenario planning exercisean
foster creative problemsolving toreducewildfire risk and restordire to fire-pronetemperate forest

Fire-prone temperate forests are becoming increasingly risky placesrfans. Despite massive and increasing
investmentsin‘firefighting, wildfire risk the probability and potential losses associateH fir¢ —is increasing.
The problem'is global in scalustralia anccountries in North America and the MediterraneagsiBaave
experienced substantial losses in life and progertyildfires in temperate forests in recent yg&kapinet al.
2008 Bowmanet al.2011 Dennisoret al.2014 Moritz et al.2014; Stephenst al.2014).Length of fre seasons
andextent oflandarea burnethaveincreasedn these regions, as hageonomidosses from wildfire and
expenditures_ on fire suppressi@olly et al.2015) In the U5, economic losses from wildfires doubled and
suppression costs tripled in the decade after 280@mparedwith the previousdecadgHeadwaters Economics
2013 Reuters2013) Neverthelessfire is an essential ecological process in many temperaist cosystems
playinga critical role in maintaining native plant anddlifle diversity.

The-nhearly: intactable problem of wildfire risk in temperate forests can beackenized as a
socioecologicapathology: a set of interrelated social and ecoldgionditions and processes that deviate from what
is considered,healthy or desirab¥nother example of aocioecologicapathology ighe desiccation of the Aral Sea
in central Asiaandthe subsequent decimation of its fishing industry and coastal huamamanities whichresulted
from a narrowsecietal focus otherapidspreaddf irrigated agriculture for cotton monoculturettted to the
overuse of:waterfesources (Gunderson aitdfard2002). The wildfire risk pathology, which should not imply
that all wildfiresistundesirable, can be traced twomplex set of interacting facto@onditionsin forestshave
become more.hazardodse toaccumulation ohbundant flammable vegetatian many casea resultof disruped
traditions ofindigenous fire managememptactices ofire exclusion and suppressi@stablishment ofveeds and
otherflammable plantsand awarming climatgMoreiraet al 2011;Williams 2013).Population changkas also
affected fire risk. In someegions such as the western U&pansion of exudnareashas increasetthe probability
of ignitions andblaced more assets at risk in faegsfire proneareas Accompanying demographic shifts have
engendered new social values, policasd decisions that favor reduction of skerm fire risk to homes and other

structures at the expense of letegm risk to forest landscap@#&/illiams 2013. In other aregsuch as southern
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Europe rural exodus has led to abandonment of landagament activities aratcumulation ohazardous
vegetation(Moreiraet al.2011).These drivers have evolved over time, creating a maladaptipesitive feedback
loop in which wildfire risk increases despgielicies and practices designeedreduce it. As wildfires becoe larger
and less controllable aridrested areas become more vulnerable, societpd@srmore firgrotection pushng
agencies toward suppresgrather than usg fire asa tool(North et al.2015) Thechallengeof understandinghe
problem of wildfire riskand developingadutionsis compounded by variability and complexity (&) fire regimes
not all of which exhibit thesame positive feedigks (2) effectiveness of fusimanagement strategies, &3l
institutionsinvelvedin the governance of firprone forest¢Priceet al.2015)

We'usea coupled natural and human systgi@dHS) perspectivéLiu et al.2007)to understand the
pathology 6 wildfire risk in fire-prone temperate forests and suggest strategietig@at® it. Applying CNHS
concepts to'wildfire risk has been identified gga@equisite for understanding the problem and framing appropriate
policies(Chapinéetial.2008 Moritz et al. 2014 Spieset al.2014) Although someesearcherbave attempted to
address elements‘of the pathology, we submit that theirieéiress has been limited by incomplete specification of
the CNHS, especially the interplay betweengbeial andecdogical conditions angbrocesses that influence human
decisionmaking=what we call the wildfire governance systeBy.including governance in the CNHS framework
it is possible'to identify key human components of the systencainétol attitudes, behamis and policiesit is also
possible tadeveloprstrategies and analytical tools that human actors aysdtem can leverage to create more
adaptive feedback loops in which wildfire risk reduction accongzar@duction in human and ecological

vulnerabilty.

The nature of the-pathology

Although'globaliniscale the socioecologicapathology of wildfire riskis clearly demonstrateit the western US
During the 20th century, suppression and exclusion ofiérré protection) allowed flammable vegetatito
accumulate irthis region’stemperate foresticluding scenic areas along the wildlandcban interface (WUI)
where amenityseekingmigrants(people who relocate to areas based oncwrsumptive values such as scenery
and recreationdettled beginmig in the 1970s, and increasingly in the 1990so0bald 2001Johnson and Beale
2002) The extentsofareaburnedand the social anelcologicalimpacts of wildfire in thevesternUS have increased
as the climate has warmed over past two decadg®ennion et al. 2014 NIFC 2015, althoughthe proportion of
high-severity fires thatis increasing is debaile(Baker 2015) The result has been a destabilizing feedback loop in
which spiralingfireslosses are a direct consequence of gwliciended to prote people and resources from
wildfire (Figure 1).

The wildfire risk pathologycan be viewed as the result of a sedafial andecological regime shifts
(Figure2; Folkeet al.2004) Forests that historically experienced frequawi- land mixedseverityfires have been
homogenized by widespread infillingith smallerdiameter, shadtlerant treepecies and selective logging of
large, fireresistant tree species. These changes created new successional pathvpaiysed forests for large
uncontrollalte fires under changingimatic conditiongStephen®t al.2013 Stavroset al.2014) New states and

dynamics may be emerging in social systems as Bgtlanaétd populations of WUI residentsay be less tolerant
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of smokefrom fire than their early 20thentury natural resouragependentounterparts anéarlier native peoples
who relied on forests for consumptive and productive uses andaaftieely used fire ag management tookires
burning in forested areas raise legitimate concabasiteffectson scenic beauty and human hedlthe ptential

for fires toescag containmentas well aslebats aboutthe effectivenes®f controlled burningimpose particular
constraints on the use of prescribed fire to manage foresttiegetithough the pubti generally supports activities
that mitigateferestfire risk (Shindler and Toman 200®laguire and Albright 2003Wilsonet al.2011;, McCaffrey
and Olsen 2012 Furthermoe, while managed wildfiréeglightning-ignited fire allowedo run its course wiiin
well-defined,and.maintained perimetecgn contribute to reducirthe fuels that support higseverity fires
economic and social factors and attitudes sevieniy its use despite policies #t allow it (Northet al. 2015)

The currenwvildfire governance system in thveesternUS evolvedas part of th positive feedback loop and
accompanyingegime shiftdhat comprise the wildfire risk pathologlyigure 1) Governance systems draessy”
collections of'diverse parties with different levelf authaity at different scalesvhoseaimis to create stable
expectationspnormsnd institutios to address complex proble(@iit and Galanz 2008). The wildfire governance
system in thevesternUs consists of many state and rstate actors with competingas, policiesand practices.
Long-standingsfederal actors such as the US Forest S€l¥®feS)and theBureau of Land Managemeirats well as
statelevel departments of natural resourcadminister divisions that simultaneously hold diferand conflichg
aims. For instanceyone division within a natural resource ageagaim torestoe ecological conditions and
processes ohistorically fireproneforestlands while another division will aim to suggsfire onthose saménds
Departmentsiof naturabsourcest the state levellso provide fire protection to private industrial and noninddstria
landowners, and forest management assistance to nonindustrial chmariety of nonprofit organizations are also
active in the wildfire governance systesdyvocating for ecological restoration and firetection, and providing
technical assistance to homeowners and nonindustrial privase famedowners.

While basedn welkintentioned strategies, the current wildfire governance sybtes made changinhe
pathology extremely difficult. Despite the recognized importarficestoringecological conditions and processes
on historicallysfireprone forestlands, including reintroducing ficeirrent forest management policies, as
implemented, continue to pritiee fire protection(Steelman and Burke 200Btate anddderal agencies continue
to focus on firessuppression (Noehal.2015) and face numerous challenges that make it difficeibtourageise
of thinning, prescribed burning, anthnagedvildfire to restore forests and reduce future fire (Mlaguire and
Albright 2005 Wilson et al. 2011) Expanding state and fedefak suppressiobudgets creassa disincentive for
agencies tosshift:toward thinning and use of fire as a managévoé(itiorth et al. 2015). Moreoverlanduse
policies and_property insurance practices can subsidizesthefrsettling in hazardous arg@®der and Blatner
2004 Donovan.and Brown 2007), although there is no empirical evidentlefstrength of this feedback. In
addition, 'the combined influences of climate change anddardchange appear to be leading to longer fire seasons
and increased wildfire activity in theesternUS (Westerlinget al. 2006) strongly suggesting that ineffective
greenhous@as emissions ftioies in tandem with regional langse policies have amplified the problem. The result
has been a set of complex interactions between fire protection beh#gnardous fuels, human settlement

patterns, wildfire ignitionsand climate change, which hagien rise to eveincreasing wildfire risk (Figure 1).
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For better or worse, the wildfire governance systertyrim, reinforces the wildfire risk perceptions and
management behaviors of individual property own8ugkh avners often do not make shaerminvestments in
reducing flammable vegetationdaminishtheir longterm exposuréMcCaffrey 2004) in part because the
probability of a wildfire damagintheir property is relatively low in any given year, but also beedhsy can
benefit fromithe risk reduction activities of otil@ndowners nearb{Busby and Albers 2010furthermorethe
public generallysexpects government agencies to protect them witHinesibccur(CantonThompsoret al. 2008)
The resultant human decisions to reduce flammabletatign (or not to do so) can influence risk at large spatial
scales. Unlike,other natural hazards, a fire can be ignitedsingle individuabndcan cause widespread impact,
andownerswho fail to reduce hazardous vegetation around structures@mgiabperty lines can enable the spread

of wildfire to darger, areaCalkin et al.2014)

Policy innovation‘in a complex coupled system

Ultimately, the‘remedy to the wildfire risk pathology is a governancesy#hat transforms maladaptive feedbacks
into adaptive feedbacks. Creating such a governance system requiresspibiatiinfluence humatand-forest and
fire-management:behaveandthataccount forsocioecologicainteractions at multiple scatespatial ownership,
landscape, ecoregiprtemporalshort and longterm), and organizational (individuals, groupstitaions). Recent
US federal polieysinnovations such as Stewardship End Result Ciimgrand the Collaborative Forest Landscape
Restoration/Pragram, both permanently authorized in 280&;, to some extent, moved toward this idEaése
initiatives encourage local variation in planning and management such that aetiobs coordinated and adapted
across larger spatial scales and longer time framesategypicaly seenin forest maagement (Table 1). Similarly,
the intent of the National Cohesive Wildland Fireldgement Strategy of 2069mandated as part of the Federal
Land AssistanceManagemeand Enhancement (FLAME) Aetis to balance local, statend federal fire

protection goals with the need to restore fadapted landscapes and create human communities that can plan for,
respondo, and.recover from wildfires.

Policyrinnovation has already occurred on multiple scalesaélsorganization. A growing number of
networksof nonstate actors have emerged to address wildfire ivdsternUS by supplemerihg thework of
long-standingsstate: and federal actors. Across the wildfire goversgatam, networks of diverse stakeholders are
operating. at various spatial and orgatianal scales. These include collaborative a@&iwiat the national level,
such asn thé area ointeragency wildfire response, aatthe local level, as with neighborhood organizations
seeking to reduce:wildfire risk. Federal agencies are heavitjvied with many of these efforts, such as the Fire
Learning Network, & SFS-fundedproject of The Nature Conservan@n environmental nonprofit organization)
Other efforts havetbeen initiated with limited goweent intervention, as with prescribed fo@uncils where local
landowners, land manageesd other stakeholders are organizing to increase social andgbalitpport for using
fire as a management tool amdilding capacity to implement it across jurisdictional Bne

While these new crosscahbr policy interventions have created opportunitieseaken destabilizing
feedbacks between wildfire and human vulnerability, their eferetsiotyetvisible. Property losses from wildfires

continueto growand the annual rate of restoration needeé@doce risk remains well beyond current treatment
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rates (Stepheret al.2013) With projectedclimate change and further development in the WUI, the problem o
wildfire risk is outpacinghehuman capacity to adapt. Perverse incentives continue to eneootaanlyresidential
development itire-prone forests ithe WUI but alsdfire suppression instead of management to reduce risk in
forested areas (Nortt al.2015). Moreover, jurisdictional heterogeneity has added newslajeomplexityto the
govenance system;, making progress uneven.

How.these recent policy interventioaffect human behavior and landscape fire risk is unpredictsble
policy does'not operate in a vacuuather it is integrated into the complex, patlependent wildfire governaa
system that,itself.operates at multiple organizatieealesFurthermoreformal policies do not change human
behavior in straightforward ways. Change is often resisted, he tate of the Federal Wildland Fire Management
Policy of 1995 whichformally moved federal policy away from absolute fire suppress$iopractice, however,
suppression remains the default choice of wildfire managemesn as federal agencies experiment with more
complex strategiegSteelman and Burke 200/ hat is neededsia morefire-adapedgovernance systethat leads
to reduced fire‘risk througbettertargeted fuel treatmentsoordinated effortand restoration acrosghole

landscapes

CNHS planning approaches and analytical tools
In a fireadapted governance systeactors from across spati@mpora) andorganizationascales would be
engaged in interactive, collaborative effotodevelop solution$o the wildfire risk pathology (Figure 3). Social
network analysis‘offers an efficient path to understandingdhgplex social structure of a governance system. The
patterns ofinteraction within a network of actefsow centralized or densely interconnected thiey- influence
the functioningsof‘a governance system and the extent to whitdyiénable or constia communication,
coordinationand creative problesolving (Bodin and Crona 2009As an examplenetwork analysisvas usedo
map and quantify relationships among a set of organizations invial¥eckst and wildfire management in Oregon.
The analysisndicatedthatnetwork structure was strongly shapedtgtendeng of peopleto associate witthose
who possessimilanmanagement goals, geographic emphases, and attitudes waldéire (Figure 4)(Fischeret
al. 2016 Fischer.and Jasrin review). In particular, organizations with fire protection dncest restoratin goals
comprised distincsumetworks despita shareatoncern about thissueof increasing wildfire riskThelack of
cohesionsinsthesoverall netwodould potentially constrain intactions among organizations with diverse
informationrand=resourcelmiting opportunities for learning and complex probleatvingregarding the wildfire
risk pathology

Networksanalysis can alsoform interventionsd enhance the structural charactécsof social rtworks
so ado better.support critical exchanges of information and ressameng key actoi®alente 2012)The Fire
Learning Networkmentioned earlieis an example of a network intervention that hak bannectivity among land
manag@ment organizations to further restoration of-iependent ecosystems through landscapde collaborative
planning (Butler and Goldstein 2010)etworkmaps and statistics can revhalhly connected or influential
organizations whose strategic positiccould be leveraged improve communication and cooperationto

pinpointsets of organizatiathat could benefit from greater communication and cooperatietwork analysis
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may reveal thatonservatiorgroupsin thewestern USare augmenting thenfiited capacity of land management
agencies to engage in collaborative landscape planning and-soolagical thinkindoy contributing additional
labor, skills, and, at times, financial resourc&silarly, networkmapsmayidentify scientists aesmergimg actors in
the wildfire governance system because of their increasingraerig,and providing interpretations afomplex
models.Indeedthe analysisof organizations involved in foreshd wildfire managemerih Oregonrevealed that
several conseation groups and academic institutidra much more extensive and heterogeneous networks
relative to all,other organizationsi§cher and Jasrin review). The large and diverse networks of such
organizations,could be leveragedngprovecommunication, eordination andjoint problem solving

Once social networkare identifiedscenario planninéalso referred to aalternative futures modeling
offers a systematic method for actors to anticipate uncertairefsocial and ecological catidns resultirg from
potentialshifts.in_social and environmental trendsnew policies and technologi€®etersoret al.2003) Scenario
planningproyidesaitool for actors to project social and ecological interac@mmusoutcomes under different
scenariogHulseetal. 200Q Hulseet al in pressSpiesin review). Althoughscenario planning not new,
emerging stakeholder networks and stat¢he-art, spatially-explicit, agentbased model&imulation models that
describe autonomous individuedents eg, landowars who make decisions that modify vegetatarbuilt
structure}create new opportunities for actors to expkweioecologicaleedbacks and interactions in real
landscapesSuchrexercisesanserve asa discussion aitbr actors tacollectively identify possible pathways for
remedying the wildfire risk pathology. For example, scenario plansifacilitating development of more effective
and ecologicallypased forest landscape restoration projegisollaboratives ircentral OregorfFigure 5)(Spiesin
review). As part of these efforts, stakeholdmnerated scenarios are being used with an 4geeid model to
demonstrate how fuel treatment designs might affexextent ofireaburned in the future blyigh- and mixed
severity firerandhetrade offs amongmanaging fomood, fire risk and biodiversity. Gllaborative groups central
Oregonhave shown interest in applying the models to specific landstgbe projects that help them move beyond
forest stanebcale and shoterm perspectivesvhich caninhibit breaking out ofhewildfire risk pathology.

Landsmanagers, planneed other actors in the wildfire governance system can moeleasos that test
plausible interventions by exploring uncertainties and asiseciated witimplementing altenativefuture policies.
These couldsdneludesingfire to a greater degresss a management tool on public and private lands, shifting
responsibility.for fire protection from agencies to homeowrmrgpning land use and development based on fire
risk. Seenario. planningan be used to explore the limits of human adaptatfoninstanceto investigate at what
point increasing:wildfire risk might compel WUI residentsriove to less firgrone areasr, alternatively, take
wildfire management into theiman hands. Such advanced models may not yet exist, but recevitions in the
implementation.eficomplex agents, social networks, and learning misgfgamay soon bring them within reach.
As a caseiin_pointhe potential to endow agents with increasirfglynan characteristics (Tweedaleal. 2007) now
includes algorithms for deliberative reasoning to avoid unalési situations (Davidsson 2Q@3oniecet al.2008)
proactive, forwarethinking behavior (So and Sonenberg 20@4)d confounding factors su@as spreadf

misinformation (Acemoglet al.2010).
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The capacity to generate hundreds of spatiallyieixplternative futures that explore variabilitych
uncertainty within and among scenario sets can be particularlyrafiwe when change is liketgp occur outside
the bounds of historical variability (Hulg® al in pres$. In this vein, Hulseet al. characterized eight alternative
futures for a fireadapted oalconifer system composed of multiple sets of contrasting clirdaielopment, and
fire hazard management scenarios gederatd simulations of each scenario over ayg@r periodThe authors
used the resultsite explore the mechanisms through which fieegprdcedented size could spread through the
landscape inyresponse to, and someticosdrary to, the expected effects of land management actibag.then
demonstrated;how,this analysis could bedu® anticipate when, whermnd howpotentiallyunexpectedires may
burn Further.advances in susimulation tools may offéncreasinglyusefulinsights into managing the complex

feedbacks ofsthenwildfire risk pathologand serve as important aids in policy development.

Conclusions

Althoughtemperate forest regions in the US, southern Alisstiend the Mediterranean Badiavedifferert
landscape hist@s their political systems and approaches to fire manageaibakhibit thesocioecological
pathology ofwildfire riskin Greecefor example, the decision to shift responsibility for wildfiramagement from
the Forest Service, locatadthe Ministry of Agriculture, to the Fire Servidecated within the Ministry of Public
Order—combinedwith new &ropeariJnion policies intended to reduce wildfire occurrergacreasedocuson
themainsymptom of the wildfire risk pathologyncortrollable wildfireg rather than the caugkanduse and
population changgKalabokidiset al.2008).In Australia, post fire disaster recovergstypically includel rapid
rebuilding, making it difficult to adapt building practices aaddscape design increasingly firgprone conditions.
In each ofthese_countriedepathologywill continueto beexacerbateddy climate changé-lannigaret al.2013)
The need toradajs:driving rapid policy developmentith increasing recognition of the importande o
collaborativepartnershipsn some regionsThe2015decision in Victoria, Australia tasegreater community
consultation and partnershifmshelpidentify areador fuel management tiieduce riskjnstead of relying on
mandated annuahtargeis an example of such a shifts we have demonstratéat thewesternUS, overthrowing
all current policies'may not be required to mitigite wildfire risk patholog; revisng existing policies could be
sufficient.

While researchevaluationand monitoring areequired todeterminewhether policyinnovations wil be
effective and.enduring, applyingCGNHS framework may hel ensure that policies arveell-grounded
ecologically;and:sacially. We hypothesize that engaging aict@rsticipatory thinking can helgveal how the
transformation of maladaptive feedbacks into adaptive feedbackewranfrom within the network of actors within
a CNHS As policies are implemented, managers, plan@s other actors can use scenaaiodmodelingnot
only to identify cial and ecological processes that continue to exacerbate aviidikbut also taest further
strategiego reverse such positive feedbackkrough adaptive actions and learning, actors in the wildfire
governance system can become aware of what parts of the sgstsinchange, and where new policies, networks,
or organizations may make a difference. Such a framework magxg#md the problersolving capacity needed to

address the pathology of wildfire risk at approgrigpatialfemporal and socl scaés.
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Changing a pathological system is difficult because the condaimhprocesses that engender the
pathology aréighly resilient We caution that even with clear understanding of the walgfthologyand possible
solutions, governance systemay evolve incrementally and in imperfect ways, continuingsstrehange even as
we learn better ways to manage CNHS. Nevertheldssradaptedjovernance system that engages a wide array of
human actors in sacial networks and planning processes that promotexctmnking about the future offers the
best chance_ efimitigating the wildfire risk pathology, whethéhénUS orin fire-prone temperate forests elsewhere

in the world:
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Figure 1. Wildfire riskin fire-prone temperate forests is a result of interacpogitive feedback
loops that link wildfire and human vulnerability through key drivers of land use and natural

resource management.

Figure 2. Social and eological regime shifts: transition of ecological system from fire
dependent'ponderosa pirreifus pondero3avoodlandto fire-intolerant earlysuccessional
mixedconiier forest (top); transition of social system from-fiependent hunting culture to fire
intolerant.amenity-oriented culture (bottom). Note the last two pictures isattial regime

change series are fromilor Pond, on the Deschutes River, in Bend, OR, where use has gone
from wood.processing to recreation and shopping. Courtesy of Amon Carter Museum, Fort
Worth, Texasybeschutes County Historical Society, Tumalo Creek Kayak & Canoe, and Elme
Fredrick Fisdaer/Corbis.

Figure 3. Components of a framework for addressing the pathology of wildfire risk in fire-prone
temperate forests through broad human engagement in complex thinking abostcatatti-
policies and.adaptive planning and management.

Figure 4. A'map of actors in a wildfire governance network in Oregon, in which groups that
interact with each other are closer to each other than to groups that do not intecémts that
focus on forest restoration are mainly located in the upper hemisphere of the fipereas

those that focus on fire protection are largely located in the lower hemisphere atteisp
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suggests that interaction between actors from the two groups may be constrained. Policy

interventions could create new institutions to bring $brestoration and fire protection actors

. Demonstrated ability to account for key types of cixsde
Policy Intent . .
interactions

into more frequent and sustained interactions.

Figure 5. Representatives of organizational actors within a wildfire governance system in

Oregon developing conceptual map of a wildfire risk scenario.
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part of wildfire stakeholders in
Federal Land protection analyzing
Assistance, | through multi- alternatives
Management| scalar strategy
and development
Enhancementand

(FLAME) implementation
Act of 2009)

Table 1.Examples of US policies that account fosocioecological interactions at multiple

scales
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