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bstract

Over the past 5 decades, stand-replacing crown fires have increased in size and frequency throughout the long-needled pine forests of the
merican Southwest. Suppression of frequent, low-intensity ground fires has resulted in dense stands of fire-prone trees over large areas. Efforts to

estore forest structure to conditions that would permit a return to historical fire regimes, characterized by frequent ground fire, are hindered by the
nability of managers and the public to compare the effects of alternative forest management practices on fire behavior and a host of other issues.
urrently, forest management is mired in controversy, endangering ecosystem function, biodiversity, public safety, and municipal watersheds. Our

esearch program, motivated by the need to examine cumulative effects of many independent management decisions over large planning areas,

ocuses on the development of spatial data and modeling tools that enable diverse stakeholders to work together to guide landscape-scale planning
fforts. Data layers describing forest composition and structure facilitate modeling of fire threat and wildlife habitat over areas of several hundred
housand hectares. Modeling alternative forest management scenarios via a collaborative, public process fosters informed discourse and helps
onflicting parties forge appropriate policy and identify management responses that meet restoration objectives.

Modeling; Planning; Public lands; Stakeholder

much larger areas, killing mature trees and threatening public
safety and property, as well as wildlife habitat and watersheds.
Suppression of crown fires requires large outlays of govern-
ment resources and, as a result, forest restoration that focuses
on the return of natural fire regimes characterized by frequent,
low-intensity fire, has emerged as a viable policy alternative for
long-needle pine ecosystems across the United States.

The unprecedented size of wildfires that burned during the
2000–2002 fire seasons led to widespread concern among res-
idents about public safety and loss of property, underscoring
the need for fundamental change in forest management. The
magnitude of the blazes (two of which burned over 100,000 ha),
and the enormous cost of combating them, erased the public
2005 Elsevier B.V. All rights reserved.
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. Introduction

Reversing trends in the degradation of terrestrial ecosystems
s a worldwide challenge that has been called the “acid test”
f ecology (Bradshaw, 1987). Ecological restoration requires
etailed knowledge of ecosystem composition, structure, and
unction, as well as practical experience in land management
nd a sensitivity to the often complicated relationship between
cientific understanding and the development of public pol-
cy (Cortner, 2003). In this paper we explore the relationship
etween science and policy as it plays out in the debate over
estoration of long-needle pine forests in western North Amer-
ca. In this region, healthy forests typically support frequent,

ow-intensity fires, which burn through forest understories but
eldom kill mature trees. Degraded forests, in contrast, are more
usceptible to high-intensity crown fires, which may burn over

∗ Corresponding author. Tel.: +1 928 523 7183; fax: +1 928 523 7423.
E-mail address: Thomas.Sisk@nau.edu (T.D. Sisk).

mythology that a corps of well-trained fire fighters could sup-
press threatening fires, once ignited. In its place, a consensus
view has emerged that favors ecological restoration, involving
many integrated management actions but typically emphasiz-
ing thinning of small trees from dense stands, retention of large
fire-resistant trees, and a return to fire regimes that predomi-
nated prior to the establishment of industrial forest management

169-2046/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.landurbplan.2005.10.003
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n the early 20th century. How best to advance toward this
eneral policy objective, however, is unclear, and the forest
olicy debate is highly contentious. Aumack (2003) classifies
his as a “semi-structured” planning problem that defies solu-
ion via expert-driven approaches because (a) objectives cannot
e clearly articulated in the absence of public opinion, (b) con-
traints on problem solutions vary with pubic perception, and (c)
elevant knowledge is of varied nature and cannot be expressed
n a single data structure. He argues for a discursive, democratic
pproach (Dryzak, 1990) that engages broad public participation
n a process of policy formulation that rejects simplistic ratio-
al policy models in favor of inclusive social processes that are
cientifically informed (Luz, 2000).

One hindrance to the development of this sort of public, dis-
ursive process for developing natural resource management
olicy is the inaccessibility of science to most of the people
ngaged in public debate. While research motivated by forest
anagement challenges in the American Southwest has been

omprehensive and of generally high quality, and while sev-
ral attempts to compile and synthesize the results of scientific
esearch have been successful (Covington et al., 1997; Allen et
l., 2002; Friederici, 2003a), the fact remains that the vast bulk
f the research has been conducted at scales dramatically dif-
erent from the landscape scale at which restoration treatments
re envisioned in regional policy deliberations (Battin and Sisk,
003). Since the public debate revolves around the impacts of
roposed treatments on fire behavior, wildlife habitat, and other
andscape-level ecological issues, the bulk of available science
s spatially mismatched for the task. Considerable interpretation
nd extrapolation is required before it can be used effectively
y all discussants in an open and transparent manner. When it
s used otherwise, many stakeholders are excluded, and science

ay hinder the public discourse that ultimately drives policy
aking (Sarewitz, 2004).
We developed the Forest Ecosystem Restoration Analysis

ForestERA) Project to address forest planning and management
hallenges that are manifested at spatial scales of 104–106 ha,
rawing on the best available data, and employing spatial
odeling approaches across large landscapes. Spatial analysis

ntroduces new technical challenges and analytical complexity
Wiens et al., 2002), but it also provides new tools for data
ntegration and powerful avenues for sharing data, exploring
oncepts, testing applications, and conveying practical implica-
ions to the public (Herrmann and Osinski, 1999). By fusing
hese scientific tools with a public process that engages stake-
olders in forest planning, ForestERA provides a case study of
ow landscape ecology can inform natural resource planning and
ring diverse interests together around a scientifically grounded
nd politically viable vision for ecosystem restoration and man-
gement over large areas.

Our aim in this paper is to test two ideas that, together, under-
ie this major new initiative in our region to develop scientifically
igorous approaches to forest management: (1) that spatial data

nd appropriate analytical tools will create new opportunities
or insightful planning for ecological restoration and (2) that
his capability can be used to meaningfully engage the public in
orest issues, thereby strengthening democratic participation in
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olicy development and helping to create plans that – because
f the collaborative spirit with which they were developed – can
e implemented more easily than plans developed by experts
orking alone.

.1. Land use, forest condition, and management
hallenges

Ponderosa pine (Pinus ponderosa) forests in arid, western
orth America have been altered dramatically over the past cen-

ury. During the previous 1000 years or more, frequent ground
res typically burned across large areas, but seldom spread

hrough forest canopies. However, the felling of most of the
arge trees across millions of hectares, coupled with grazing by
omestic livestock and active suppression of wildfire, have led to
hanges in forest conditions that favor dense stands of small trees
nd interlocking canopies (Covington and Moore, 1994). These
onditions increase the likelihood that ground fires will burn into
orest canopies and spread across very large areas (Covington
t al., 1997). Thus, over the more arid portions of the range of
onderosa and similar long-needle pines, historical fire regimes,
ypified by frequent ground fire, have been supplanted by a
egime of less-frequent, large crown fires (Fig. 1). Concurrently,
rapid expansion of human communities and infrastructure into
onderosa pine ecosystems, fueled by rapid population growth
n the American West, has led to destruction of property and loss
f life. Emerging perception within local communities and gov-
rnment resource management agencies is that wildfire presents
nacceptable levels of risk to humans and associated ecosystems
hat supply people with water, timber, recreation, and a host of
ther public values (Bosworth, 2002), including critical habi-
at areas for threatened and endangered species (Chambers and
ermaine, 2003).
Appropriate responses to these perceived risks are hotly

ebated (Cortner, 2003), however, most parties agree that
egraded forest ecosystems must be restored to conditions that
educe the risk of unnatural crown fire and allow ecological
rocesses, including frequent ground fires, to maintain healthy
orest conditions without constant and costly management inter-
ention. Achieving this restoration objective is difficult for at
east three reasons. First, forest restoration often necessitates
hinning of small trees from dense forest stands and/or pre-
cribed burning. Both are controversial management actions
hat can polarize public discourse and slow management action.
econd, successful ecological restoration involves a host of

nterrelated issues, such as the fostering of a productive herba-
eous understory, the control of invasive plant species, and the
ecovery of native biodiversity. These objectives depend on the
estoration of forest structures that favor natural fire regimes and
icroclimates (Meyers et al., 2001; Friederici, 2003b), but may

lso require other actions, such as changes in road networks and
ivestock grazing. Third, appropriate management responses dif-
er regionally, even within similar forest types. Ponderosa pine

orests in more mesic locales may naturally support denser for-
st stands and more severe fire regimes. Uncritical application of
pecific forest treatment prescriptions can lead to inappropriate
re regimes and failed management (Sisk et al., 2005). Ecologi-
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ig. 1. A continuous belt of ponderosa pine forest extends from west-central N
ery large crown fires, such as the 2002 Rodeo-Chedeski (outlined in red) have
onderosa pine forest. Lower panels show the burn area before and after the fire

al restoration requires an appreciation of subtle scientific issues
nd a willingness to address politically charged topics (Fig. 1).

Connecting scientific understanding with policy development
equires a platform for integrating diverse values and world
iews that seldom coincide (Buchecker et al., 2003). Land-
cape analysis provides a technical and conceptual bridge that
an foster meaningful public discourse and help forge informed
ecision making through a democratic, scientifically grounded
rocess. In this paper, we present the ForestERA Project as a case
tudy of the use of landscape tools to guide development of for-

st restoration objectives and the management plans necessary to
chieve them. Beginning with the development of data products
nd concluding with an example of their use in a collaborative
lanning process, we employ landscape analysis to convey com-

d

e

exico to the Grand Canyon region of northern Arizona. Over the past 20 years,
e defining ecological processes across this landscape and similar areas of dry

Western Mogollon Plateau study landscape is outlined in yellow.

lex ecological themes that can inform policy development. In
he interest of brevity, we do not provide detailed accounts of all
elevant data and analyses; instead we present key results in a
anner that emphasizes the role of science in participatory plan-

ing and illustrates the capabilities of the ForestERA landscape
ssessment framework.

. Methods

.1. Outreach, public participation, and project

evelopment

Due to the enormous scope of our undertaking, we began this
ffort with a large dose of humility. We realized that we could
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Fig. 2. Dominant overstory vegetation across the 880,000 ha Western Mogollon
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ot hope to become expert in all scientific fields associated with
he tasks involved, and we admitted from the outset that we
ould not anticipate all the needs of a large and diverse group
f stakeholders. For these reasons, we began with concerted
utreach efforts, one targeting potential collaborating scientists,
he other seeking input from a wide array of stakeholders. Sci-
ntific outreach followed a networking approach typical of most
ollaborative research efforts. Each member of our team pur-
ued collaborative relationships with individual scientists who
ere recognized experts, either in particular disciplines (e.g.,
re ecology, wildlife biology, hydrology, remote sensing, spa-

ial modeling, policy development), or in resource management
e.g., foresters, wildlife managers, planners). We identified those
illing and able to collaborate, gathering a wealth of expertise

nd experience to guide project development and, through these
ollaborators, gaining access to relevant data sets that otherwise
ight have been unnoticed or underutilized.
Simultaneously, we conducted a more formal outreach effort

o identify stakeholders, who we defined as anyone who was
ngaged in forest restoration and interested in the scientific ele-
ents of the ongoing debate. We did not limit the number or level

f involvement of stakeholders during the outreach phase of the
roject. Through a structured, multi-tiered effort that included
urveys, follow-up meetings with individuals and groups, work-
ng sessions at professional meetings, and dialog via the Internet,
e worked with more than 20 stakeholder groups and over 100

ndividuals to identify data needs and analytical efforts most
ikely to produce relevant products for use in planning and pol-
cy development. Stakeholders included residents in and near
he study landscape, elected officials, state and federal agency
ersonnel, representatives of non-governmental organizations
NGO’s), and interested citizens. We also established a web site
www.forestera.nau.edu) and email newsletter to allow ongoing
xpansion of the outreach effort, foster two-way communica-
ion, and initiate the participatory elements of our project by
haring data products and scientific results (Kangas and Store,
003).

.2. Development of foundational spatial data layers

Analysis of forest conditions and restoration opportunities
equires a firm foundation in reliable vegetation composition
nd structure data that can be used to assess fire threat, wildlife
abitat, and other important attributes related to management.
n addition, effects of management actions on these and other
ttributes may be predicted indirectly through models that are
ased on vegetation composition and structure. Our efforts to
evelop relevant spatial data were guided by input from stake-
olders that stressed the importance of data quality and compre-
ensiveness. That input convinced us that data must be spatially
onsistent and of known accuracy if stakeholders are to be con-
dent in the information they are using and the results obtained.
t also dissuaded us from relying heavily on existing data sets,

any of which were incomplete, of undocumented origin, lack-

ng accuracy assessments, or otherwise insufficient for analytical
nd modeling purposes. Fore these reasons, we generated sev-
ral new spatial layers, drawing on ground data collected by field

p
o
i
t

lateau study landscape. Planning and assessment efforts employed models of
re behavior, wildlife habitat, and other response variables, drawing primarily
n spatial data characterizing forest composition (this figure) and structure.

esearchers and on remotely sensed imagery. This approach,
uided by public input, defined a commitment to involve stake-
olders throughout the project, “from data to discussion.”

We generated data layers representing dominant overstory
egetation (Fig. 2), and two basic measures of forest struc-
ure – basal area (m2/ha) and tree density (stems/ha) – using
nhanced thematic mapper satellite imagery and Classifica-
ion and Regression Tree methodology (CART, Breiman et al.,
984). We also developed a spatial data layer representing per-
ent canopy cover from USGS digital orthophoto quadrangles
1 m ground cell resolution), using a new fractal classification
echnique to separate areas of crown, shadow, and non-forest
egetation (Cheng et al., 1994; Xu et al., 2006). In addition,
e collected or developed ancillary data layers to help guide

andscape assessment. For example, slope and exposure, spatial
ttributes that are easily derived from United States Geological
urvey Digital Elevation Models, affect erosion rates follow-

ng fire, and roads and the built environment often influence the
ikelihood of fire ignitions, as well as access for fire suppression
fforts. Details regarding the generation of all spatial data layers
re beyond the scope of this paper, but additional information is
vailable on the ForestERA web site, and in Hampton et al. (in
ress).

.3. Fire modeling

Stakeholders and scientists consistently stated that the evalu-
tion of fire threat is central to the restoration and management
f ponderosa pine ecosystems. We used landscape-scale fire
odels to evaluate two components of fire threat: fire risk, the
robability of ignition of a large fire; and fire hazard, a measure
f the fuels present that determine the intensity of a fire, once
gnited. We based our analysis of fire risk on a data set con-
aining the ignition locations for all fires >20 ha in size during

http://www.forestera.nau.edu/
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15-year period (1986–2000) across the study region, obtained
rom the National Forest Service Fire Sciences Laboratory. We
sed a Weights of Evidence approach (Bonham-Carter et al.,
989) to predict the probability of ignition of a large fire, based
n terrain, vegetation, and human impact (e.g., road density)
ariables. Fire hazard depends on many factors, including for-
st structure, fuels, slope, and weather. Fire models integrate
hese and other factors, and attempt to predict wildfire charac-
eristics. We used the spatial fire modeling program FlamMap,
relative of the older and more widely used FARSITE program

Finney, 1998) to estimate relative fire hazard across the study
egion. We developed all of the spatial input layers necessary to
un FlamMap using DEM’s, weather data, and our vegetation
ayers, and used the program’s estimated heat and fire behavior
utputs to assess relative fire hazard across the landscape.

.4. Wildlife habitat modeling

Because wildlife and other biodiversity issues are major
rivers of forest management on public lands, we developed
series of wildlife habitat models using a combination of field
ata and the expertise of collaborating scientists. We identified
ey wildlife species through our stakeholder outreach efforts
nd consultation with scientific colleagues, selecting appropriate
axa for inclusion in the modeling effort based on their sensi-
ivities to variables affected by fire and management activities,
xisting legal mandates, and the sufficiency of data available for
nalysis. While techniques for model creation varied consid-
rably among taxa, we have used linear and logistic regression,
lassification and regression tree analysis (De’ath and Fabricius,
000), and Mahalanobis distance (Farber and Kadmon, 2003),
epending on the types and amounts of data available. Taxa for
hich model fits were relatively strong and statistically signif-

cant were incorporated into the ForestERA analytical frame-
ork, following independent review.

.5. Modeling restoration treatments

We conducted a comprehensive literature review and con-
ulted with forest ecologists and managers to develop models
f the impacts that management treatments are expected to have
n forest composition and structure. Our goal was to character-
ze forest conditions after a treatment is completed. In principle,
his could be reflected by specifying the parameters of a desired
uture condition in terms of the foundational data layers. In prac-
ice, existing forest conditions affect what is achievable on the
round, so our treatment models involve a fixed reduction in key
orest attributes (e.g., basal area, tree density, canopy closure)
r application of regression models developed from relation-
hips derived from the peer-reviewed literature, unpublished
ata, and consultations with experienced foresters. By model-
ng a range of treatments that corresponds to realistic treatment
ntensities that managers might implement – including differ-

nt combinations of thinning and prescribed fire – we are able to
odify underlying foundational data layers to reflect the changes

n forest condition that would result from particular treatment
rescriptions applied across large areas. In addition to these

4
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a
a
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xed-treatment models, we provided a more open-ended mod-
ling option that allows users to define their own treatments by
pecifying changes in each of the key forest attributes indepen-
ently.

.6. Collaborative planning process

The ForestERA project was developed with the idea that
obust scientific information forms the basis for sound planning,
ut that science should support, not direct, the planning pro-
ess. In addition to the spatial data and modeling tools described
bove, we developed planning tools that enable users to priori-
ize management actions by examining multiple criteria via the
verlay and weighting of data layers. While much of the policy
ebate revolves around the effects of forest treatments them-
elves, the location and size of proposed treatments is seldom
pecified until detailed project plans are developed. Therefore,
e developed tools and methodologies that help stakeholders

dentify the locations most in need of management attention and
uggest particular management actions for those high-priority
reas. We tested these tools and methodologies in two collabo-
ative planning workshops held in Flagstaff, Arizona, in spring
004. These workshops became known as the Western Mogollon
lateau Adaptive Landscape Assessment (WMPALA). Again,
or the sake of brevity, we provide minimal detail on the methods
sed in the workshops. Additional details regarding the process
nd participants are provided on the ForestERA web site.

A workshop planning team of eight people, representing
ederal and state agencies, local government, environmental
GO’s, and academia developed the workshop agendas and

ssembled a list of 60 invitees, targeting engaged individuals
rom different sectors of society who, formally or informally,
ere thought to represent the much broader group of stakehold-

rs. In most cases, these invitees or there designates attended
he workshops, and additional stakeholders who requested an
nvitation were included.

The first WMPALA workshop focused on identifying high-
riority areas. Approximately 50 participants were divided into
our groups, each with diverse stakeholder representation. Each
roup was charged with creating a prioritization layer for the
andscape with the goal of “identifying high-value landscape
eatures at risk from unnatural crown fire.” Each group, in con-
ultation with a ForestERA technical support person, chose a set
f data layers they felt was important for setting management pri-
rities across the landscape. These layers were then scaled from
to 1, using threshold values selected by the participants, so

hat all layers could be expressed in a similar scale. Participants
ssigned weighting factors to the rescaled layers, depending on
heir perceived importance. Overlain data layers were then added
ogether, so that priority was expressed as a continuous variable
rom 0 to 1, with polygons having higher values representing
reas of higher priority for management attention.

In a second workshop 3 months later, the approximately

0 participants were first separated into groups according to
reas of expertise (wildlife, fire, community protection, etc.)
nd asked to make recommendations about what types of man-
gement actions (treatments) would be appropriate in different
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spatial data layers has a resolution of 90 m × 90 m (0.81 ha) or
less, and we believe these layers have the highest accuracy of
any available vegetation data layers for this region. For exam-
ple, our assessments indicate that 90% of the values for canopy

Table 1
Commonly used datasets, from a larger library of spatial data developed in con-
sultation with stakeholders from government agencies, academia, environmental
NGO’s, and local communities

Spatial data layer Source or method of creation

Overstory vegetation Derived from ETMa imagery using CARTb

Basal area (m2/ha) Derived from ETM imagery using CART
Tree density Derived from ETM imagery using CART
Canopy cover (%) Derived from DOQc imagery using new

fractal methods
Elevation Obtained from USGSd

Slope Obtained from USGS
Aspect Obtained from USGS
Fire risk Derived from ignition data using Weights of

Evidence
Fire hazard Output from FlamMape fire modeling

program
Avian species richness Derived from ground data using CART
Spotted owl habitat Derived from nest site data using

Mahalanobis distance
Northern goshawk habitat Derived from nest site data using

Mahalanobis distance
Tassel-eared squirrel density Derived from ground data using linear

regression
Pronghorn antelope Derived from literature using rules-based

models
Post-fire erosion potential Derived from soils and topography using

new methods
Post-fire flooding potential Derived from soils and topography using

new methods
WUI areas Derived from spatial data on development

Most data layers have a minimum mapping unit of approximately 1 ha.
T.D. Sisk et al. / Landscape and

reas of the landscape. For example, watershed experts recom-
ended light treatments in areas susceptible to erosion, and
ildlife biologists interpreted legal guidelines that allow only

ow-intensity thinning or prescribed burning in certain areas of
exican spotted owl (Strix occidentalis lucida) habitat. After

ecommendations were presented, participants were organized
nto four new groups, each with representation from all areas of
xpertise. These groups were then charged with recommending
anagement actions that they believed were appropriate, across

he study landscape. Groups could also define areas where they
id not feel management actions were necessary or where no
reatment was appropriate.

The priority and management action recommendations from
ach group were presented to the entire workshop and their rela-
ive strengths and weaknesses were discussed. Participants then
lected to discuss how the best aspects of each set of recom-
endations could be combined into a group synthesis. Several

pproaches were discussed and explored. For this manuscript
e present a series of three analyses. First, we categorized poly-
ons from each of the four prioritization maps into categories of
ow (1: value range 0–0.3), moderate (2: 0.3–0.5), and high (3:
.5–1) priority. We then added the categorized maps together,
uch that the values of the combined layer range from 4 to 12,
ith a value of 4 representing areas that all four groups identi-
ed as low priority, while a value of 12 represents areas that
ll four groups identified as high priority. Second, we com-
ined the management action maps and classified the average
ecommended level of treatment intensity at each location on
he landscape. Finally, we assessed the amount of agreement
etween management action maps by comparing the intensity of
reatments recommended by each group at each location. Agree-

ent ranged from complete, where all groups recommended the
ame treatment intensity, to near zero, where groups recom-
ended vastly different treatments (e.g., no treatment versus

igh-intensity thinning) at the same location on the landscape.

.7. Scenario comparisons

Because treatment models are used to modify foundational
ata layers so that they reflect proposed actions, the resulting
ayers can be used as input to fire and wildlife models. The
ubsequent outputs can then be used to predict the effects of
takeholder-generated treatment scenarios on various attributes
f interest, such as forest structure, fire hazard, and wildlife
abitat quantity or quality. We identified the top 80,000 ha of
he landscape from each prioritization scenario and assessed
he effects of the treatments recommended within those top
riority areas. We also identified the top 80,000 ha from the
rioritization map that emerged from the synthesis of the four
roup maps, and we assessed the effects of the average rec-
mmended treatments within those top priority areas. For this
aper, we present the effects of treatments on four attributes, tree
tem density (stems/ha), fire hazard (heat in kJ/m2), tassel-eared

quirrel (Sciurus aberti) density (individuals/ha), and extent
f Mexican spotted owl habitat (ha), by examining changes
n their values before and after the recommended treatments
ere modeled in the top priority areas. These results were
n Planning 78 (2006) 300–310 305

onveyed to stakeholders through written reports and via an
nteractive “Virtual Workshop” linked to the ForestERA web
ite (see http://forestera.nau.edu/vw2/vw2 intro.htm). Follow-
p interviews with selected workshop participants provided
nsight into stakeholder reactions to scenario comparisons, as
ell as the overall workshop process.

. Results

.1. Outreach and data development

Over the course of the first 2 years of the ForestERA project,
e received input from over 100 stakeholders representing more

han 20 organizations. These efforts led to the creation or acqui-
ition of a large number of spatial data layers that were used
n landscape assessment and planning (Table 1). Of particular
ote are the four “wall-to-wall” coverages representing vegeta-
ion composition (dominant overstory vegetation) and structure
basal area, tree stem density, and canopy cover). Each of these
a Enhanced thematic mapper data from the LandSAT 7 satellite.
b Classification and regression tree analysis (see Breiman et al., 1984).
c Digital orthophoto quadrangles.
d U.S. Geological Survey.
e FlamMap is a spatial model of fire behavior (see Stratton, 2004).

http://forestera.nau.edu/vw2/vw2_intro.htm
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area was identified as being relatively low priority for manage-
ment attention (categories 4–6) while 72,000 ha (9%) of the
WMPALA landscape were identified as relatively high priority
(categories 10–12; Fig. 3). Likewise, with regard to the intensity
06 T.D. Sisk et al. / Landscape and

over in any 1 ha area lie within 13% of their true value (Xu et
l., 2006). These layers were instrumental in developing other
elevant data products, particularly those related to fire behavior
nd wildlife habitat.

Fire risk modeling efforts resulted in a data layer that identi-
ed the probability of a large fire (>20 ha) ignition in each square
ilometer of the landscape over a 15-year period, based on ter-
ain attributes and vegetation composition. After developing the
ecessary input layers, we ran the FlamMap fire modeling pro-
ram and used the model’s estimated heat-per-unit-area output
nder a fixed set of weather conditions (representing 90th per-
entile “fire weather”) as the index of fire hazard across the study
andscape. Heat is directly related to the amount of fuel present,
nd areas expected to burn with high heat correspond to areas
ith high fuel loads and, thus, elevated fire hazard.
We developed a suite of wildlife habitat models (Table 1)

sing the same foundational data layers. Due to stakeholder
nput and data availability, our efforts on the Western Mogollon
lateau focused primarily on birds and mammals. One of these
pecies, the Mexican spotted owl, is listed as “threatened” on
he federal list of threatened and endangered species, and eight
thers, such as the tassel-eared squirrel (Prather et al., 2006) are
ocal species used to guide management decisions made by the
.S. Forest Service.

.2. Modeling forest treatments

Our collaboration with fire ecologists and interactions with
takeholders led us to identify a modest range of forest treat-
ents that reflect the current capacity of forest managers and

he desires of stakeholders for treatments of varying intensity.
e developed four treatment intensities for ponderosa pine and
ixed conifer habitats in the study landscape, and we described

he general effects of these treatment alternatives on forest struc-

ure (Table 2). Parameter values refer to the corresponding
oundational data layers that are adjusted within the polygons
rioritized for treatment. These models, provided in a relatively
ser-friendly interface (Hampton et al., in press), enabled users

able 2
our treatment models and their effects on forest structure, used to assess

he expected effects of different forest management practices on fire behav-
or, wildlife habitat, and other attributes of interest to stakeholders and forest

anagers

reatment model Predicted percent reduction of

Basal
area

Tree
density

Canopy
cover

igh-intensity thin and burna 60 80 40
ntermediate thin and burnb 40 65 30
ow-intensity thin and burnc 20 50 20
rescribed burningd 5 5 5

a Involves aggressive thinning of smaller trees, followed by prescribed fire to
educe ground fuels.
b Involves moderate thinning followed by prescribe fire.
c Involves light thinning followed by prescribed fire.
d Involves prescribed fire only, generally with more intense initial burns, fol-

owed by “maintenance burns” to reduce ground fuels.

F
m
b
c
s

n Planning 78 (2006) 300–310

o select particular treatments – or design custom treatment mod-
ls – and apply them to particular polygons, creating mosaics
f different treatment intensity across the study landscape. In
ractice, stakeholders were satisfied with the modest range of
reatment models in Table 2 and focused their attention on the
ocation of treatments, rather than creating new treatment mod-
ls to capture specific details of alternative prescriptions.

.3. Outcomes of the stakeholder process

Over the course of the two WMPALA workshops in spring
004, each involving 40–50 people, we were able to bring
ogether many of the stakeholders in this region that are most
ngaged in planning and management of ponderosa pine forests
n Arizona’s Western Mogollon Plateau. Participants repre-
ented a wide range of governmental and non-governmental
ntities, including some that were simultaneously engaged on
pposite sides of legal conflicts and litigation (e.g., the U.S. For-
st Service and the non-profit Center for Biodiversity). While
iffering values and disagreements regarding recommended
ctions persist and are likely to remain in the future, the collabo-
ative workshops resulted in a set of four different prioritization
cenarios and four different management action scenarios, along
ith a synthesis of each (Figs. 3 and 4). While groups often
iffered in the data layers they chose to use and in their approach
o analysis, there was a high degree of agreement among groups
n the outcomes of both the identification of priorities and
ecommendations for management actions (Fig. 5). In the prior-
tization synthesis, almost 450,000 ha (56%) of the WMPALA
ig. 3. Priority areas for management attention across the study landscape. This
ap shows the synthesis of four independent prioritization efforts conducted

y stakeholders, drawing on spatial data and modeling tools. Red areas indi-
ate highest priority areas for management attention, according to participating
takeholders.
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Fig. 4. Recommended management action across the study landscape. This map
synthesizes the recommendations of four stakeholder groups, each of which
a
a
o

o
c
o
1

3

s

Fig. 5. Levels of agreement concerning management actions recommended by
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pplied appropriate treatment models to particular locations, based on site char-
cteristics across the landscape. Treatment models combine differing intensities
f forest thinning and prescribed burning.

f management actions that should take place, there was high or
omplete agreement between groups on over 620,000 ha (75%)
f the landscape, while there was strong disagreement on only
30,000 ha (16%) of the landscape (Fig. 5, Table 3).
.4. Scenario comparisons

Following the completion of the second WMPALA work-
hop, we calculated the predicted effects of the four group sce-

a
w
s
d

able 3
escription of differing levels of agreement and areas affected by recommended mana
y stakeholders

ategory of agreement Description

omplete All groups recommend the same treatment
igh All groups recommend similar treatments (e.g., no trea

thinning–high-intensity thinning)
oderate General agreement, but with a broader range recomme

thinning, or light burn–low-intensity thinning)
ow A broad variety of treatments, across the range of poss
ery low A variety of treatments across the range of possibility,

light burning and at least one recommending high-inten
lmost none Extreme disagreement (two groups recommend no trea

high-intensity thinning)

able 4
redicted effects of stakeholder-generated management action scenarios on four attri

ttribute Management action scenario:

Blue (%) Green (%)

ree stem density −7.1 −5.3
ire hazard −4.6 −3.7
quirrel density −6.0 −5.0
wl habitat −11.5 −8.9
he four independent stakeholder working groups. Brown and red polygons show
reas where stakeholder agreement was low; blue polygons show areas where
greement was high.

arios on variables of particular interest to stakeholders, includ-
ng area treated, forest structural attributes, fire hazard, habitat
rea, and quality for several focal wildlife species. We conducted
everal different analyses, examining predicted effects and com-
aring scenarios across the landscape, then constraining effects

nd comparisons to areas near human communities and key
ildlife habitats. Table 4 shows outcomes of the stakeholder

cenarios on four variables (tree density, fire hazard, population
ensity of tassel-eared squirrel, and habitat area for Mexican

gement actions, based on the synthesis of four independent scenarios developed

Hectares

76,000 (9.2%)
tment–light burn, or intermediate 544,000 (65.7%)

ndations (e.g., low-intensity thinning–high-intensity 75,000 (9.0%)

ibility 70,000 (8.5%)
with at least one group recommending no treatment or
sity thinning

56,000 (6.8%)

tment or light burning and two groups recommend 7,000 (0.8%)

butes of interest across the Western Mogollon Plateau study landscape

Red (%) Yellow (%) Synthesis (%)

−12.1 −9.2 −8.0
−7.9 −6.4 −5.7
−8.9 −6.5 −5.5

−19.8 −15.4 −12.8
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potted owl). Predicted effects differed among scenarios but,
s suggested by the similarities in prioritization (Fig. 3) and
reatment (Fig. 4) scenarios, these differences were subtle. All
ariables showed reduced values following treatment, though in
ome cases this was a desirable outcome (e.g., for fire hazard)
nd in others it was undesirable (Mexican spotted owl habitat).
able 4 illustrates the tradeoffs inherent in managing forests for
ultiple objectives. Discussion on the virtual workshop web

ite, and follow-up interviews with different subsets of stake-
olders, revealed that participants were focused more on the
elatively high level of convergence in the different stakeholder
cenarios and the specific locations of conflicts, rather than on
he differences in the predicted effects.

. Discussion and conclusions

Integrating ecological information and spatial analysis with
orest planning and policy development demands scientific rigor
nd an appreciation of the human dimensions of forest manage-
ent (Luz, 2000). Our results support the idea that science can

e conveyed in a manner that is accessible to non-specialists, and
hat public processes can be informed and stimulated by access
o relevant information in formats that are designed to increase
nderstanding, ownership, and utility.

In this study, the vast majority of the ecological data involved
n the WMPALA stakeholder process had been collected prior
o the initiation of the ForestERA Project. Yet that information
xisted largely in tabular form, in public databases or the private
les of scientists who had no easy way to integrate disparate
ata and little time to collaborate with landscape ecologists and
lanners. The ForestERA Project provided a means for data
ntegration by partnering with researchers to create spatial data
ayers that presented each scientist with new opportunities for
nalysis, while permitting increased data sharing and use of eco-
ogical information in forest planning. These new collaborative
fforts resulted in the foundational data layers describing for-
st composition and structure (e.g., Fig. 2). Similarly, the data
ayers derived from fire and wildlife models emerged from col-
aborations between the ForestERA staff and scientists involved
n primary field research on these topics across the study land-
cape. By creating opportunities for new analysis, we were able
o build relationships rapidly, and our experience suggests that

ost researchers are actively seeking opportunities for lever-
ging their research results in a manner that will enhance the
se of their work in applied planning and management efforts.
he wide range of data products used in the stakeholder work-
hops and available for download from the ForestERA web
ite reflects the willingness to collaborate and share data that
an emerge when new analytical capacity, focused on practical
ssues of broad interest, is introduced into an active scientific
ommunity.

Results from the public process that unfolded in the
MPALA workshops support the idea that spatial data and ana-
ytical tools can effectively convey complex scientific and social
nformation to a broad range of stakeholders, while providing
n avenue for non-experts to use that information responsibly to
ngage in forest planning (Swetnam et al., 1998; Herrmann and

c
o
t
s

n Planning 78 (2006) 300–310

sinski, 1999). Over 100 individuals contributed to data devel-
pment, analyses, and the design of the planning process, while
everal dozen were actively involved in the deliberation, assess-
ent, and mapping that unfolded at the workshops. The resulting

lanning products, including prioritization (e.g., Fig. 3) and rec-
mmended treatment maps (e.g., Fig. 4) provide clear evidence
hat science can engage the public in restoration issues at land-
cape scales, while strengthening democratic participation in
lanning.

Determining the actual effect of this participatory planning
ffort on management actions in the forest is more difficult. Eval-
ation of on-the-ground impacts will take years to assess, given
he lag between landscape-level planning, the design of spe-
ific management projects, and implementation. However, the

MPALA efforts have already had effects that have cascaded
own to finer-scale planning efforts. ForestERA data and ana-
ytical tools are currently being used in a wide range of planning
xercises, ranging from so-called “Community Wildfire Protec-
ion Plans” (e.g., Greater Flagstaff Forest Partnership, 2005),
ncompassing a few thousand hectares, to fuels and fire planning
cross districts of National Forests comprising tens of thousands
f hectares. WMPALA has also inspired other multijurisdic-
ional landscape assessments spanning more than 2 million ha
n Arizona and New Mexico. Across these spatial scales, par-
icipatory public processes are drawing on spatial analyses that

ake complex ecological and social issues accessible to a broad
udience of potential users.

The ForestERA approach is valuable because it supports
landscape planning process that is (1) inclusive, in that it

nvites consideration of alternative treatment models, prioritiza-
ion criteria, and treatment mosaics; (2) transparent, in that the
oundational data and models are well described and amenable
o alteration and improvement as new data become available;
3) rigorous, in that proven techniques are applied in a relatively
imple logical framework, and uncertainties associated with data
nd models can be explored and evaluated (see Xu et al., 2006,
nd the ForestERA web site for a description of error assessment
nd uncertainty analysis). The success of our initial efforts to
pply this approach to real planning challenges, however, likely
inged on the ability of stakeholders to assume ownership of the
ata and use them to visualize the effects and likely outcomes
f different management scenarios (Tahvanainen et al., 2001).
ogether, these results point to a largely unmet need for spa-

ial data and flexible software for modeling different treatment
cenarios across entire landscapes.

.1. Landscape analysis as a form ecological discourse

Beyond our primary objectives of testing the utility of land-
cape analysis in restoration planning, and the ability of spatial
lanning tools to engender broad public participation, the results
rom this study inform more general theories regarding the role
f landscape ecology in public discourse. Efforts to develop a

apability for landscape planning require a focus on the issues
f data quality and analytical rigor (Holl et al., 2003), however,
hey also require an open dialog that recognizes the limitations of
cience in guiding the development of public policy (Sarewitz,
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996). Ultimately, policy is about society, not science, and it
s unreasonable to expect that citizens will defer to scientists
n policy issues that are also constrained by ethics, economics,
nd other social values (Sancar, 1993). Scientific rigor is essen-
ial but insufficient; applied scientists must also pay attention
o public perception, because impasses in public deliberation –
uch as blanket rejection of scientific approaches by influential
pinion-makers – are sufficient to derail a policy debate and slow
he adoption of new concepts and practices, such as those that
nderlie ecological restoration. To remain relevant, science must
e conveyed effectively to all, so that informed non-experts can
nderstand and “own” information and use it in a valid man-
er to influence planning and policy (Jasanoff, 1990; Johnson
nd Herring, 1999). However, scientific validity does not require
erfection. Our workshops uncovered numerous data gaps and
dentified legitimate concerns with particular data layers and
nalytical approaches, but they also demonstrated that analysis
nd deliberations can be structured in a manner that minimizes
he influence of such shortcomings and avoids misleading anal-
sis. Similarly, many environmental issues demand that we act
ith incomplete knowledge, placing scientists in the uncom-

ortable position of having to acknowledge uncertainty while
dvocating the appropriate use of the best science available to
uide decisions. In such cases, many environmental scientists
dvocate adaptive management, where management decisions
re reviewed regularly and modified in the face of new data
Holling, 1978; Wollenberg et al., 2000). Adaptive approaches
o assessment and planning require a similar willingness to learn
nd a tolerance for change that is currently lacking in many envi-
onmental policy debates.

Landscape analysis can foster public discourse that will ele-
ate debates about environmental management and encourage
he development of policy and plans that are dynamic, informed
y science, and supported by a more knowledgeable and engaged
ublic. The ForestERA Project developed and, through the
orkshops described above, tested a participatory approach to

andscape analysis can be seen as a form of ecological discourse,
process that introduces ecological science into public deliber-
tion in a manner that is both scientifically rigorous and broadly
ccessible. Improved ecological discourse is vital to efforts to
ssemble diverse teams of citizens with the necessary skills and
xpertise to design and implement ecological restoration and
everse widespread trends in environmental degradation.
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