
Copyright © 2017 by the author(s). Published here under license by the Resilience Alliance.
Spies, T. A., E. White, A. Ager, J. D. Kline, J. P. Bolte, E. K. Platt, K. A. Olsen, R. J. Pabst, A. M.G. Barros, J. D. Bailey, S. Charnley,
A. T. Morzillo, J. Koch, M. M. Steen-Adams, P. H. Singleton, J. Sulzman, C. Schwartz, and B. Csuti. 2017. Using an agent-based
model to examine forest management outcomes in a fire-prone landscape in Oregon, USA. Ecology and Society 22(1):25. https://doi.
org/10.5751/ES-08841-220125

Research, part of a Special Feature on Adaptation in Fire-Prone Landscapes: Interactions of Policies, Management, Wildfire, and
Social Networks in Oregon, USA

Using an agent-based model to examine forest management outcomes in a
fire-prone landscape in Oregon, USA
Thomas A. Spies 1, Eric White 1, Alan Ager 2, Jeffrey D. Kline 1, John P. Bolte 3, Emily K. Platt 4, Keith A. Olsen 5, Robert J. Pabst 5,
Ana M.G. Barros 6, John D. Bailey 6, Susan Charnley 7, Anita T. Morzillo 8, Jennifer Koch 9, Michelle M. Steen-Adams 10, Peter H.
Singleton 1, James Sulzman 11, Cynthia Schwartz 11 and Blair Csuti 11

ABSTRACT. Fire-prone landscapes present many challenges for both managers and policy makers in developing adaptive behaviors
and institutions. We used a coupled human and natural systems framework and an agent-based landscape model to examine how
alternative management scenarios affect fire and ecosystem services metrics in a fire-prone multiownership landscape in the eastern
Cascades of Oregon. Our model incorporated existing models of vegetation succession and fire spread and information from original
empirical studies of landowner decision making. Our findings indicate that alternative management strategies can have variable effects
on landscape outcomes over 50 years for fire, socioeconomic, and ecosystem services metrics. For example, scenarios with federal
restoration treatments had slightly less high-severity fire than a scenario without treatment; exposure of homes in the wildland-urban
interface to fire was also slightly less with restoration treatments compared to no management. Treatments appeared to be more effective
at reducing high-severity fire in years with more fire than in years with less fire. Under the current management scenario, timber
production could be maintained for at least 50 years on federal lands. Under an accelerated restoration scenario, timber production
fell because of a shortage of areas meeting current stand structure treatment targets. Trade-offs between restoration outcomes (e.g.,
open forests with large fire-resistant trees) and habitat for species that require dense older forests were evident. For example, the
proportional area of nesting habitat for northern spotted owl (Strix occidentalis) was somewhat less after 50 years under the restoration
scenarios than under no management. However, the amount of resilient older forest structure and habitat for white-headed woodpecker
(Leuconotopicus albolarvatus) was higher after 50 years under active management. More carbon was stored on this landscape without
management than with management, despite the occurrence of high-severity wildfire. Our results and further applications of the model
could be used in collaborative settings to facilitate discussion and development of policies and practices for fire-prone landscapes.
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INTRODUCTION
Fire-prone landscapes (i.e., fire-dependent forest ecosystems with
historically frequent, < 100-yr wildfire) are globally widespread
and produce valuable ecosystem services, including wood fiber,
fuel, recreation, regulation of carbon emissions, and biodiversity
(Noss et al. 2006, Bowman et al. 2009). Coupled human and
natural systems (CHANS) in fire-prone landscapes are
characterized by complex interactions between fire-dependent
natural systems and nearby rural and urban human communities
where high-severity wildfire is undesirable. In some parts of the
world, such landscapes are characterized as the “wildland-urban
interface” (WUI), a transition or contact zone between
unpopulated fire-adapted natural vegetation and populated areas
having elevated levels of risk for loss of homes and lives to wildfire.
The spatial extent of ecological and socioeconomic dynamics of
fire-prone landscapes is broader than just the WUI, however,
encompassing the full extent of wildlands in which the WUI is
embedded (Pyne 2008, Ager et al. 2015). Although many studies
of social-ecological interactions in fire-prone ecosystems have
focused on the WUI, far fewer have focused on the larger
landscape and system, of which the WUI is only one part.  

The application of a CHANS approach can help reveal
complexities and interactions in social-ecological systems that are

not visible when ecological or social systems are studied in
isolation or if  spatial heterogeneity and temporal lags are not
taken into account (Liu et al. 2007). Understanding of fire-
frequent CHANS is limited by gaps in knowledge about
fundamental social and ecological processes and how they
interact, as well as a lack of models that integrate human and
natural systems across spatial and temporal scales. Retrospective
studies of individual fire events can be quite informative about
how fuels management, vegetation, topography, and weather
influence fire behavior (e.g., Thompson and Spies 2009), and how
people respond to specific fires (McCaffrey et al. 2012). However,
it is nearly impossible to evaluate the variability and cumulative
effects of fire on landscapes managed under multiple alternative
management scenarios or climate regimes without simulation
models.  

Here, we use an agent-based landscape model to explore how
forest vegetation management alternatives and policies affect fire
behavior and ecosystem services in a large multiownership fire-
prone landscape in the eastern Cascade Mountains of Oregon,
USA. Our questions and management issues are similar to those
that prevail in many landscapes of the western United States and
other countries where natural resource and amenity-based
economies and communities are present within a fire-prone,
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multiownership forest landscape, and where the goals of actors
include both wildfire protection and forest restoration (Stephens
and Ruth 2005, Reinhardt et al. 2008). Historical forest policies
(e.g., fire suppression) have had a major effect on forest landscapes
and ecosystems (Langston 1995, Stine et al. 2014). One of our
goals was to develop tools that could be used to evaluate new
policies and potentially avoid future undesirable or unintended
outcomes of wildfire management actions.  

Although many landscape models linking vegetation dynamics,
management activity, climate, and fire behavior have been
developed (e.g., Beukema et al. 2003, Chew et al. 2004, Keane et
al. 2004, Scheller et al. 2007, O’Connor et al. 2011), relatively few
models have been used to evaluate policy scenarios on multiowner
landscapes over large scales (see Gustafson et al. 2007, Spies et
al. 2007). For instance, most prior efforts to model fire-prone
landscapes have lacked adequate representation of human
decision making with respect to land management actions. Only
recently have landscape models been developed to evaluate the
spatial and temporal effects of land management across multiple
ownerships on fire and ecosystem services over large areas (e.g.,
Millington et al. 2008, Scheller et al. 2011, Syphard et al. 2011,
Loudermilk et al. 2013, Conlisk et al. 2015).  

We used an existing agent-based modeling framework, Envision
(Bolte et al. 2006), to link fire behavior, human decision making,
and landscape outcomes related to wildfire, forest landscape
conditions, and ecosystem services (Spies et al. 2014), and to
examine broader social and ecological effects of different federal
management strategies across all ownerships. Our main objective
was to evaluate how alternative forest management strategies
might affect wildfire, vegetation dynamics, human exposure to
fire, biodiversity, and ecosystem services across a multiownership
landscape. More specifically, we ask: (1) Do current or alternative
accelerated restoration scenarios on federal lands, and associated
linked changes on private corporate forestlands, reduce the
occurrence of high-severity fire and fire hazard across the entire
landscape compared with a scenario of no federal management?
And (2) What are the social and ecological trade-offs, if  any,
associated with alternative forest management actions and
wildfire? The social and ecological values and perspectives in this
landscape are broad and diverse but fall into two main areas: fire
protection (homes and forest values and forest restoration;
Fischer and Jasny 2017) and ecosystem services, including timber
production and wildlife habitat. We evaluated outcomes related
to these perspectives, paying particular attention to critical social-
ecological issues on federal lands, which dominate the landscape
(nearly 40% of forest area). The major goals on federal lands are
to protect homes in the WUI, restore fire-resilient forest
structures, maintain dense forest habitat (which is sensitive to loss
from fire) for the northern spotted owl (Strix occidentalis; listed
under the U.S. Endangered Species Act;), and provide timber to
support local communities and forest management infrastructure.  

We focus on aggregate effects across all ownerships and plan to
explore differences and spatial interactions among ownerships
and climate change in subsequent work. Ager and colleagues
describe the creation of the fire subcomponent of the model by
linking existing fire models to Envision, and then use the model
to explore fire feedbacks (Ager, Barros, Day et al. unpublished

manuscript hereafter Ager et al. unpublished manuscript). Barros
et al. (2017) examine how fuel treatments on federal lands affect
fire size and behavior. Charnley et al. (2017) focus on how
adaptation strategies to fire-prone landscapes differ among large
landowners (e.g., federal, state, and corporate).

METHODS

Study area
The 12,529-km² study area is characterized by mountainous
topography and steep environmental gradients running from
cool, wet subalpine mountain forests to moist and dry mixed-
conifer and pine forests to semi-arid juniper woodlands that occur
on more gently sloping topography at lower elevations (Fig. 1;
Appendix 1 and 2). These forest types have different pre-
EuroAmerican fire regimes (Agee 1993) and vary in effects of fire
exclusion and logging (Merschel et al. 2014). Forest ownership
patterns are also heterogeneous but dominated by federal lands.
Landowners’ management objectives include wilderness
experiences, producing timber, and maintaining residential
homesteads (Spies et al. 2014). The WUI occupies a relatively
small area (9.7%) within the larger region, but receives substantial
attention from policy makers and forest managers. Historical
land-use activities have left a strong imprint on the vegetation and
fire regimes. Euro-American activities, which began in the
mid-1880s, included grazing, logging, road building, and
disruption of Native American resource use practices (Robbins
1997, Hessburg and Agee 2003). The disruption of Native
American cultures would also have reduced fire ignitions, though
natural ignitions from lightning are common in this region (Ager
et al. unpublished manuscript). Studies of existing older pine and
mixed-conifer patches indicate that the density of shade-tolerant
understory trees (e.g., grand fir [Abies grandis]) has increased
several fold since 1900, and the presence of large, old shade-
intolerant pines has been reduced by as much as 70% as a result
of partial cutting for timber (Merschel et al. 2014).  

Management issues in the study region include: (1) balancing the
potentially competing goals of restoring or managing forests for
resilience to fire, protecting structures in the WUI, and meeting
goals for producing timber and maintaining or restoring wildlife
habitat (Spies et al. 2006); (2) maximizing effectiveness of limited
funding for forest restoration and wildfire protection activities;
and (3) engaging public land managers with stakeholder
collaborative groups to advance the understanding of the need
for landscape-scale restoration.

General model description
We follow the “overview, design concepts, and details” (ODD)
protocol for describing our agent-based model (Grimm et al.
2010). Our model has two purposes: (1) to advance scientific
understanding of the dynamics and interactions of forest
management, fire, and vegetation across landscapes characterized
by multiple owners; and (2) to contribute to management and
collaborative restoration of fire-prone landscapes by serving as a
tool for managers and stakeholders to evaluate ecological and
social outcomes of different management, policy, and climate
scenarios. Other components of the ODD template are described
in Appendix 3.
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Fig. 1. Maps of the study area in Oregon, USA indicating
vegetation and ownership distributions. (A) Potential
vegetation types (PVTs). (B) Land ownership. (C) Area subject
to management after constraints (physical and land allocation
only). (D) Initial (year 1) area subject to management that met
vegetation and habitat structure constraints.

The conceptual model of the CHANS (Spies et al. 2014) was
implemented using Envision (Bolte et al. 2006). Envision is a
spatially explicit agent-based modeling framework that is able to
simulate forest management and wildfire disturbances and
changes in vegetation and fuel that, in turn, affect fire behavior,
forest succession, and ecosystem services over long time frames
(Fig. 2). By integrating models of forest succession, wildfire
occurrence and spread, and forest management into a spatially
explicit model, we can examine how these process interact over
space and time and explore possible trade-offs among ecosystem
services. We started with the existing Envision basic structure for
actor decisions, forest succession, and wildfire, but modified these
to add more management options, successional states, and
pathways that are relevant to this forest region, as well as a wildfire
submodel (see Wildfire submodel) that was customized for the
historical ignitions, climate, and wildfire history of this landscape.
Agents are the major landowners (see Management submodel)
who initiate forest management activities (e.g., silviculture,
prescribed fire) that affect vegetation and fuel conditions on the
landscape delineated by individual decision units (IDUs). Agents
are spatially distributed (Fig. 1B) across forested landscape

characterized by variability in forest composition and structure
(Fig. 1A). They make decisions about forest management (e.g.,
silviculture and prescribed fire) based on goals (see Management
submodel). Wildfires are modeled by coupling a semiempirical
mechanistic fire spread algorithm with a stochastic fire event
simulator representing ignitions and weather. Fires occur and
spread with variable behavior based on vegetation, topography,
and weather. Changes in the environment (e.g., vegetation
structure and composition) create feedbacks that influence
human decisions about future management activities and wildfire
behavior. For example, if  forests grow into new successional stages
or are burned by fire, the type and probability of management
changes according to empirically developed rules (Appendix 4).
Some of the human actors (family forest owners and
homeowners) respond to the experience of nearby wildfire by
changing their likelihood of conducting certain activities such as
thinning and reducing fire hazard at homesites (Olsen 2017; Kline,
White, Fischer, et al. unpublished manuscript hereafter Kline et al.
unpublished manuscript). The actions of federal, tribal, and private
corporate landowners are based on targets of timber volume
produced or area treated, and preferences for certain vegetation
types and landscape positions (e.g., distance to roads). Agent
actions only affect other agents indirectly through the effect of
management on an IDU as it might affect the spread of wildfire
across many IDUs and ownerships. We also sought to incorporate
the role of social networks in influencing actor decision making
(Fischer and Jasny 2017); however, network dynamics are not
included in the current model version. External influences such
as changing federal policy and economic conditions are modeled
as scenarios.

Succession, initial vegetation, and fuels
Vegetation succession was modeled using state-and-transition
models that have been developed and applied in the eastern
Cascades of Oregon (Hemstrom et al. 2007, Burcsu et al. 2014,
Halofsky et al. 2014). Each vegetation state (vegetation class) is
a combination of dominant cover type (based on dominant tree
or shrub species) and structure stage (based on tree size, canopy
cover, number of canopy layers). Vegetation succession and other
state changes occur through deterministic and probabilistic
transitions that were developed for 39 potential vegetation types
(PVTs) from four ecoregions using expert opinion of agency
ecologists and, in some cases, calibration with the Forest
Vegetation Simulator (Burcsu et al. 2014, Dixon 2015; Appendix
2). PVTs represent environmental conditions that support
different late-successional or climax vegetation (e.g., ponderosa
pine [Pinus ponderosa], grand fir). The states and transitions were
applied in a spatially explicit manner to IDUs. Deterministic
successional transitions occur when a vegetation state reaches its
maximum age. Each vegetation state also has the potential for
one of several probabilistic transitions at each time step to
introduce alternative successional pathways (e.g., understory
development). Some probabilistic transitions must also meet a
minimum threshold for time since previous transition or
disturbance. For disturbances from fire and forest management,
we did not use the probabilistic transitions built into the existing
state-and-transition models. Instead, the timing and spread of
wildfire was determined stochastically by the fire submodel,
whereas forest management, including prescribed fire, was
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Fig. 2. Conceptual model of components and interactions of the Envision model for forest landscapes in the
eastern Cascades of Oregon, USA. Agents (landowners) have different goals that are implemented through a
spatial management allocator that changes the structure of the vegetation on individual management units. The
landscape is also affected by autonomous change processes. The landscape is characterized at different points in
time by metrics of fire and ecosystem services. See Spies et al. (2014) for more discussion of this conceptual
model.

scheduled and distributed based on separate disturbance rule sets.
We did not implement the probabilistic transitions for insects and
disease described previously (Burcsu et al. 2014) because we did
not possess the information needed to model these processes
spatially. Moreover, fire-insect interactions are rare in this region
(Meigs et al. 2015).  

We defined the landscape and vegetation structure of IDUs by
the spatial extent of major vegetation classes (averaged over 4 ha),
county tax-lot boundaries, and development zone boundaries
identified from local land-use planning maps. IDUs < 1 ha were
merged into similar adjacent IDUs, and IDUs > 8 ha were broken
into a 4-ha grid pattern to allow for fine-scale representation of
vegetation conditions likely to affect fire behavior. Initial
vegetation conditions were modeled using an imputed spatial
vegetation layer called Gradient Nearest Neighbor (GNN;
Ohmann et al. 2011) that estimates the structure and composition
of the live and dead woody vegetation based on 2006 Thematic
Mapper satellite imagery, forest inventory plot data, and
environmental data at a resolution of 30 m. Accuracy assessments

for vegetation classes in GNN have been conducted for the study
area using 4560 plots (http://lemma.forestry.oregonstate.edu/
data/structure-maps). Overall accuracy for 11 structure classes at
the pixel scale was 55%, and fuzzy accuracy (± 1 class) was 87%.
These vegetation layers are not intended to be used for predicting
the conditions on individual pixels, and accuracy improves with
aggregation to coarser scales even at the scale of a few hectares
(Matt Gregory, personal communication).  

Fuel models (i.e., fuel conditions; Scott and Burgan 2005) were
assigned to vegetation states based on a fuel model layer from the
Deschutes National Forest (Lauren Miller, personal communication)
and on Landfire-assigned fuel models (Rollins 2009; http://www.
landfire.gov/viewer) for the rest of the study area. Often, multiple
fuel models occurred within each IDU or vegetation state, so the
majority fuel model was assigned to that state from spatial data
layers. Fuel models change with changing vegetation states and
disturbance. For disturbances (e.g., surface fire) that affect surface
fuels but not the vegetation state or canopy fuels, fuel model
variants were developed based on expert opinion (see Barros et
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al. 2017 for description of fuel models). A new fuel model is
assigned after prescribed fire or surface wildfire, mixed-severity
fire, high-severity fire, mowing and grinding, or timber harvest.
The fuel model variant remains associated with the
postdisturbance vegetation state for a set period of time or until
the vegetation state transitions to a new state.

Wildfire submodel
We incorporated wildfire into Envision using the minimum travel
time fire spread algorithm (Finney 2002) and a wildfire prediction
system (Ager et al. unpublished manuscript). We initialized this
wildfire submodel at the beginning of each Envision run. The
spatial input data included fuel model, canopy cover, canopy
height, canopy base height, and canopy bulk density. The wildfire
submodel then read the fire list to be simulated along with fire-
specific simulation parameters (e.g., weather, ignitions) from
external files. A different fire list was used for each of the 15
replicates. Fires were simulated within the submodel, and the
submodel then returned to the main Envision landscape model a
grid of flame lengths, which was used to update the IDU polygons
that burned based on vegetation information for each individual
polygon (from vegetation class lookup files). The wildfire
prediction system forecasted daily fire occurrence, location, and
size using empirically derived relationships between energy release
component (ERC), a measure of potential fire severity, and
historic fires. Thus, the wildfire submodel was stochastic, and its
effects emerged from the interactions of fire parameters and
vegetation conditions at IDU and landscape scales.  

The historical reference period for predicting fire occurrence was
1992–2009, a period characterized by relatively frequent, large
fires. The statistical relationships between ERC and fire
parameters were determined from 25 remote automatic weather
stations (RAWS) in the study area that incorporated a range of
historical values and fire sizes. Fire weather and fuel moistures
were modeled independently from fire probabilities using data
from the Lava Butte RAWS for the years 1987–2011. Wind
direction was randomly sampled based on day of year. Wind speed
was sampled from a probability distribution of maximum gust
speed generated from the same Lava Butte data but restricted to
days when fires exceeded 500 ha. Fuel moistures were averaged
across historical ERCs by fuel size class (i.e., 1, 10, 100, and 1000
h; woody, herbaceous).

Management submodel
Four actor groups were represented in our model: federal, tribal,
corporate (i.e., private industrial), and family (i.e., nonindustrial
private; Fig. 1). A fifth actor group representing homeowners who
can treat their homesites to reduce fire hazard is also possible
(Olsen et al. 2017) but was not included in the analysis described
here because those decisions do not affect fire behavior in the
model. The effects of homeowner decisions on fire risk will be
examined in subsequent work. Oregon State lands, which consist
of relatively young forests, were not managed in our scenarios,
but succession and wildfire could occur there. Actors can modify
forest vegetation by commercial timber harvests, tree thinning for
fuels reduction, mechanical surface-fuel treatments, and
prescribed fire, all of which can alter forest structure and fuel
models (Appendix 4).  

Management decisions for family forest owners were based on
econometric models derived from surveys collected in the study

area (Appendix 5). The decisions of family forest owners to
implement fuels treatments are influenced by stand density,
experience of wildfire near property, and presence of a structure
on the property. The specific type of fuels treatment (e.g.,
thinning, mowing and grinding, prescribed burning) is
determined from a probabilistic distribution of fuels treatments
developed from rates identified from surveys of family owners
within the study area.  

For large landowners (federal, tribal, corporate), decisions were
made based on a timber volume or treatment area target. The
targets were based on interviews with public and private
landowners (Charnley et al. 2017; Kline et al. unpublished
manuscript). The target approach allows for implementation of
actions (e.g., different types of fuels treatments or different types
of harvests) that may be subject to a budget constraint or an
implementation target. For example, federal managers have a
fixed target for timber harvest volume, regardless of whether it
comes from salvage logging after wildfire or planned timber
harvests. When volume from a salvage harvest after a wildfire is
available to federal managers, that salvage volume may be used
to meet annual timber targets instead of planned timber harvests.
The target approach has four components: (1) the “target” (either
timber volume or area treated), (2) “constraints” that determine
where on the landscape an action can occur based on biophysical
or management criteria, (3) “preferences” that determine which
IDUs have the highest likelihood for action during a given year,
and (4) an “expand” function that spreads actions from an initial
IDU to build logical treatment units that meet historical unit size
distributions and constraints (Appendix 6). Examples of
constraints include rules that disallow mechanical fuels treatment
in Wilderness and designated roadless areas, areas with low
canopy cover, or IDUs that had prior treatment within the last
14 years. Examples of preferences include giving more weight to
treatment of IDUs in ponderosa pine vegetation types (where
federal managers prioritize fuel treatments because of greater
probability of fire than in other vegetation types) and near the
WUI, and giving less weight to treatment of IDUs in moist mixed-
conifer types or with lower basal area. IDUs with low preference
scores for an action may still be selected if  they meet the
constraints and are adjacent to an IDU with a higher preference
score. See Appendix 6 for details of targets, constraints, and
preferences used in the scenarios.

Evaluative metrics
We developed several evaluative metrics that describe landscape
fire characteristics and ecosystem services, including
merchantable wood, carbon storage, and other landscape outputs
during each time step of the model (Tables 1 and 2). Some of
these metrics (e.g., stand structure, fire occurrence, and
management activity) act as landscape feedbacks. For example,
fire can affect the pattern and amount of timber removal and fuel
treatments by actors, and vice versa. Initial and simulated
conditions for these metrics are linked to the vegetation states,
with some provision for historical effects (e.g., in the case of dead
wood and some wildlife species whose habitat is dependent on
time since wildfire; Appendix 7 and 8). Evaluative metrics
associated with live forest structure (e.g., live-tree basal area, wood
volume, carbon, etc.) were estimated with regression models built
from forest inventory data for each combination of PVT group
(groups of similar PVTs) and vegetation class (Appendix 9). Most
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Table 1. Characteristics of evaluative metrics and potential influence on model components.
 
Evaluative model Description and units Method of calculation Influence in model
Wood production Volume (m³/ha) of merchantable

timber (diameter > 25 cm)
Regression models from inventory
plots applied to structure classes

Total volume produced is the target for large
landowner groups and influences pattern and

rate of management
Carbon Mass of live and dead

aboveground carbon (Mg)
Regression models from inventory
plots applied to structure classes

None: output only

Dwelling density Number of structures in the
wildland-urban interface

From population model calibrated
from SILVIS†

Defines the wildland-urban interface;
influences location of fuel treatments

Fire experience Number of structures within 1 km
of fire events

Fire submodel output and
development layer

Influences firewise

Fire occurrence and size Area of fire at different fire
severities (ha)

From fire submodel (dynamic
component)

Influences likelihood of family forest fuel
treatments and firewise; affects forest structure

composition
Fire potential (hazard) Area of potential fire burning at

high severity (ha)
From fire submodel, static

(Flammap) component
None: output only

Forest structure, resilient
vegetation

Area of cover-size layering and
species types (ha)

From state and transition models Influences where vegetation and fuel
treatments occur and fire and actor behavior

†Radeloff  et al. (2005).

of these combinations were represented by tens to hundreds of
inventory plots, although for some, the sample size was > 2000
plots. For the three PVT group–cover-type combinations with
inadequate sample sizes (< 15 plots), we used the predictive
equation for a comparable cover type. Finally, the density of
juniper trees (Juniperus spp.) and cover of bitterbrush (Purshia
tridentata) were estimated from published data for arid lands in
the region (Stebleton and Bunting 2009).  

Fire-related metrics included burned area (ha), fire hazard
(potential; ha) and “resilient structure” (ha; Table 1). Fire
occurrence was based on simulated fire spread boundaries in the
model. Hazard is potential high-severity fire based on flame-
length thresholds and fire submodel outputs that replicate
FlamMap (Finney 2006) “static” fire behavior calculations and
were performed for weather associated with 97th percentile
conditions (ERC = 60, wind azimuth = 220°, wind speed = 29
km/h). Homesites, the number of homes on an IDU, are
determined by Envision’s development function, which is based
on a fixed ratio of population to houses, existing land-use zoning,
and population projections developed by the State of Oregon.
Resilient forest structure was defined for fire-frequent PVTs as
the area of larger trees with open canopies (tree size ≥ 50 cm and
canopy cover 10–40%; or tree size ≥ 38 cm, moderate canopy cover
of 40–60%, and single canopy layer). This structure was
considered resilient to fire effects and representative of the
predominant historical structure of fire-frequent forests of the
ponderosa pine, dry mixed, and moist mixed-conifer PVTs
(Halofsky et al. 2014, Merschel et al. 2014).  

Wildlife and plant habitat suitability models were developed using
a combination of expert opinion and empirically derived models
(Table 2). For most species, we used habitat models developed by
Morzillo et al. (2014) for eastern Oregon. That approach relied
on scientific literature and expert opinion to assign habitat quality
scores to selected forest species based on environment (potential
vegetation type) and species, cover, size, and layering of forest
structure (Appendix 8 and 10). For the northern spotted owl, we
developed a simple habitat suitability model based on vegetation
type, canopy cover, and tree size characteristics from central

Oregon northern spotted owl occurrence data (Appendix 11). For
cheatgrass (Bromus tectorum), an invasive species, we used the
habitat equations from Lovtang and Riegel (2012).

Model evaluation
Evaluating the performance of simulation models, including
agent-based models, can take different forms (e.g., verification
and validation) and have different objectives (Rykiel 1996). Many
models only become validated over time as different users apply
them and gain confidence in them. Our wildfire submodel and
vegetation succession models have been tested and evaluated by
Ager et al. (unpublished manuscript). For example, Ager et al.
(unpublished manuscript) found that the simulated relationship of
ERC and fire size and frequency captured the distribution of the
historical data from 1992–2009. Barros et al. (2017) doubled and
tripled the rate of management to see how that affected model
behavior. They found that that at higher rates of treatment,
management targets could not be met because of lack of suitable
forests to treat, which makes sense ecologically given the condition
of the landscape and the rules we used to identify priorities and
preferences for treatment. We evaluated the integration of these
models with our management submodels primarily through
verification exercises. First, we verified that the integrated model
was working as intended through an exhaustive series of
debugging tests that examined how well volume and area targets
of large landowners were being met under the current
management scenario. We found that the model could meet both
volume targets and area targets that were identified by managers.
However, in the case of volume targets for federal owners, the
area required to reach those targets was approximately 25% larger
than the area that the managers indicated they harvested to meet
their volume targets. This suggests that the factor we use to
compute volume removed by thinning from below (20% of stand
volume) was conservative. We tested the model to make sure that
timber volume production from planned harvest competed with
timber volume from salvage following wildfire according to the
ownership-specific rules. We examined individual IDUs subject
to management and fire events to make sure that transitions in
vegetation and fuel model states matched those expected from
model logic.  
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Table 2. Characteristics of habitat and conservation status of species of animals and plants used in the model. See Appendices 8, 10,
and 11 for details. Expert opinion models were based on those developed for this region by Morzillo et al. (2014).
 
Species (model description) Habitat Significance
Northern spotted owl (Strix occidentalis) nesting and
roosting habitat (Appendix 11)

Dense multilayered forests Federally listed under Endangered
Species Act

Pacific marten (Martes caurina; Appendix 8) Older closed canopy forests with downed wood Population is declining
Black-backed woodpecker (Picoides arcticus; Appendix 8) Lodgepole pine (Pinus contorta) and ponderosa

pine (Pinus ponderosa) forests with lots of dead
trees, post disturbance stands

Populations are declining

White-headed woodpecker (Picoides albolarvatus; 
Appendix 8)

Open ponderosa pine forests with large trees Population is declining

Pileated Woodpecker (Dryocopus pileatus; Appendix 8) Older forests with larger dead trees −
Northern goshawk (Accipter gentilis) nesting habitat
(Appendix 8)

Older dense forests Population may be declining

Western bluebird (Siala mexicana; Appendix 8) Open, early successional, postfire forest;
agricultural lands; juniper woodlands nest holes in
dead trees or nest boxes

−

Mule deer (Odocoileus hemionus; Appendix 10) Wide ranging, early successional and open forests Socially important game species
Cheatgrass (Bromus tectorum; Lovtang and Riegel 2012) Arid lands, open forests, postfire and logging

environments
Invasive species

Comparison of models against independent data is considered
the ultimate step in validation, but there are many reasons why
this cannot be done (and is often not done) for large, complex,
stochastic models (Baker and Mladenoff 1999). Hindcasting can
be used, but, in our case, the historical management targets, rules,
and treatment types were not the same as those being used today,
and historical vegetation and fuel model layers were not available
to parameterize a hindcasting model. Some people argue that
validation is never possible given the variety of scenarios and
extent of time periods (Rykiel 1996). For stochastic spatial
models, strict spatial agreement of events or succession with real
landscapes should not be expected (Urban et al. 1999, Brown et
al. 2005). In these cases, it may be more realistic to compare the
distributional statistics of model outputs and those from real
landscapes. However, this depends on having spatially or
temporally independent data (e.g., harvest unit sizes), which may
not be available for a large multiownership landscape. Remote-
sensing-based estimates of forest disturbance (management and
fire) are available for this area (Kennedy et al. 2010); however, we
are unsure how well these spectral change data can be calibrated
correctly with different types of management activities (Hall
2015), especially subcanopy activities such as thinning from
below, which may not result in major changes in canopy
reflectance. Nevertheless, we compared the simulated size
distributions of management units by owner to remote sensing
for the period 2006–2012 when the model was “spun-up” from
initial conditions. The size distributions of remote sensing and
simulated management activity patches (thinning from below,
heavy partial harvest, clear cutting) were similar for federal lands,
which occupy approximately 40% of the forest lands (Appendix
12). For other owners, the sizes of the simulated patches were
smaller than those recorded by remote sensing, suggesting that
the rules governing management unit size for nonfederal owners
need further development. The challenges of model validation
with independent data mean that the findings of our study should
be viewed with caution and that the focus should be on the relative
differences between scenarios, which are less subject to errors in
model assumptions and parameterization.

Scenarios
We developed three plausible management scenarios for 50-yr
model runs based on discussions with managers, workshops with
stakeholders, and information contained in planning and
management documents (Table 3). We focused scenarios on
changes in federal management that, in turn, would likely change
the management actions of corporate owners. The fire simulation
and landscape analysis applied to all landowners. Current
management is what landowners are doing now. The accelerated
federal management scenario (“accelerated management”)
reflects the desire of policy makers and stakeholders for increasing
the pace and scale of treatments on federal lands to reduce high-
severity fire hazard (e.g., North et al. 2012). The no federal
management scenario (“no management”) is plausible if  funds
or capacity for forest management disappear on federal and
corporate lands. A no fire and no federal management scenario
(“no disturbance”) was used as a theoretical reference against
which to evaluate the effects of fire and forest management on
ecosystem services. Because our models contained probabilistic
elements related to fire, vegetative dynamics, and decision-making
processes, we used Envision’s capability for Monte-Carlo
simulation to make 15 50-yr runs for each scenario to develop
probabilistic descriptions of landscape outcomes and
performance metrics (all scenarios used the same 15 fire lists; see
Barros et al. 2017). The no-disturbance scenario was a single run
because most of the stochasticity derives from the fire submodel.
Each 50-yr simulation required ~4 h of time on a 32-GB computer
system running a quad core i7-6820HQ processor with a 500-GB
solid state drive.

RESULTS

Fire occurrence and exposure
The mean annual proportion of the forested landscape burned
with high-severity (stand replacing) fire over 50 yr (15
replications) varied from < 0.01 to 1.0%, representing an area of
100–10,000 ha (Fig. 3) across all scenarios. The median annual
amount of high-severity fire for all years for fire-frequent
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Table 3. Description of scenarios by actor category.
 

Actor
Scenario Federal Corporate Tribal Family
Current management (CM) Current volume targets Current volume targets Current volume targets Current practices for forest

management
No federal management
(NM)

No active management as a
result of policy or budgetary

or market forces

Current target for 15 yr, then
no management as a result

of mill closure due to lack of
timber supply from federal

lands

Same as CM; not affected by
federal management because

they have their own mill

Same as CM

Accelerated federal
management

Double volume target for
first 25 yr, then return to

current target

Double volume target for
first 25 yr, then return to

current target

Same as CM Same as CM

No fire, no federal
management

No fire, same as NM No fire, same as NM No fire, same as CM No fire, same as CM

environments (where most of the federal restoration is targeted)
was similar for the three scenarios, although the no-management
scenario had a slightly higher median (0.05%) than the other
scenarios (Fig. 4A). The maximum annual area burned in any
year, across all years and replications (N = 750), was highest for
the no-management and lowest for the accelerated-restoration
scenarios. Taking into account only the highest 10% of annual
area of high-severity fire in a year, accelerated restoration had the
lowest median amount (0.5%), and no management had the
highest median amount (0.7%) of high-severity fire in a year (Fig.
4B).

Fig. 3. Mean annual area (%) of high-severity fire for current
management, no federal treatment, and accelerated restoration
scenarios over time across all forested potential vegetation types
and ownerships. Broken lines indicate corresponding 95%
confidence intervals; based on 15 replicates.

Fig. 4. Box and whisker plots of area of high-severity fire (%)
for different management scenarios. Annual areal proportion of
stand-replacing wildfire in all fire years for fire-prone potential
vegetation types and all ownerships (A), and the top 10% of
fire years (N = 75 of 750 replication years) in terms of area (B).
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The median number of homes annually exposed to high severity
fire (within 1 km of a fire) differed little among the three scenarios.
However, the maximum number of homes exposed to a high-
severity fire in any given year was largest for the no-management
scenario (10,370 homes) compared to the other two scenarios,
which had maximums that were approximately 20% lower (Fig.
5A). When only the top 10% of area of stand-replacing fire in a
year was considered, the median annual number of homes
exposed was highest for the no-management (1226 homes) and
lowest for the accelerated-restoration (1065 homes) scenarios
(Fig. 5B).

Fig. 5. Box and whisker plots of number of dwellings exposed
to high-severity fire for different management scenarios.
Annual number of dwellings in all fire years (A), and the top
10% of fire years (N = 75 of 750 replication years) in terms of
area (B).

Fire hazard, wood, carbon, and forest structure
At time 0 (initial conditions), 53% of the landscape had potential
for high-severity fire. Under current management, that
proportion declined over the 50-yr model run to 46%, whereas it
increased to 62% under the no-management scenario (Fig. 6).

Treatments under the accelerated-restoration scenario initially
reduced the potential for high-severity fire more than current
management in the first 30 years of model runs. However, the two
scenarios resulted in approximately the same level of high-severity
fire potential after year 30.

Fig. 6. Mean annual area (%) of potential high-severity fire
(hazard) for current management, no federal treatment, and
accelerated restoration scenarios over time across all forested
potential vegetation types and ownerships. Broken lines
indicate corresponding 95% confidence intervals.

Under current management, harvest of merchantable wood
volume was approximately 430,000 m³ annually for ~35 years
before declining (Fig. 7A). The accelerated-restoration scenario
produced more wood volume in the first 15 years than current
management but then produced less than current management
(and less than targeted) for the remainder of the simulation,
although the differences between two scenarios were not large. Of
course, no management (federal with lagged effects on corporate
landowners) produced less wood than either of the two scenarios
with federal management. The dynamics in timber volume could
be explained in part by ownership (Fig. 8). The strong decline in
years 15–20 resulted from declines on federal lands and somewhat
later on corporate lands (Fig. 8A and C); declines around year 40
resulted from declines on tribal lands (Fig. 8B). Family forest
lands had small levels of timber production with noticeable
fluctuations from year to year, especially for the no-disturbance
scenario, which also produced more timber for that ownership.
Without wildfire (no disturbance), the tribal lands were able to
sustain target levels of timber production for a few additional
years (Fig. 8B) than when wildfire was present.
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Fig. 7. Mean merchantable volume (A) and
aboveground carbon (B) for all owners over time for
different management scenarios. Broken lines indicate
corresponding 95% confidence intervals for 15
replications.

Trends in the amount of aboveground live and dead carbon
differed among scenarios (Fig. 7B). The highest amounts and
strongest increase occurred, not surprisingly, under the
theoretical no-disturbance scenario. The next highest increase was
for the no-management scenario, in which carbon increased on
the landscape despite the occurrence of wildfire. Under current
management and accelerated restoration, the amount of carbon
initially declined and then increased nearly back to initial
conditions by year 50.  

The area of forest structure classes differed by scenario for all
forest environments (Fig. 9). The proportion of early successional
habitat increased slightly in all scenarios with fire, but declined in
the absence of fire. The proportion of large and giant trees
increased in all scenarios, whereas the proportion of pole and
small- and medium-diameter forests declined. Presence of
wildfire decreased all of the moderate and closed canopy forested
vegetation classes. Although the area of large and giant forest
conditions increased under all scenarios, the increase was slightly
larger for the active management scenarios (current management
and accelerated restoration) than the no-management scenario.

Fig. 8. Mean merchantable volume for the U.S. Forest
Service (A), Warm Springs Tribe (B), corporate owners
(C), and family forest owners (D) over time for different
management scenarios. Broken lines indicate
corresponding 95% confidence intervals for 15
replications.

Fig. 9. Mean area of forest structural states over time for
different management scenarios. Early successional = grasses,
shrubs, and trees < 12 cm diameter at breast height (dbh); pole
and small = trees 12–37 cm dbh; medium = trees 37–50 cm dbh;
large and giant = trees > 50 cm dbh; open canopy = trees > 25
cm dbh and cover < 40%; closed canopy = trees > 12 cm dbh
and canopy > 60% cover. Broken lines indicate corresponding
95% confidence intervals for 15 replications.
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The amount of high-resilience, older forest structure in fire-
frequent environments increased over time under current
management and accelerated restoration, whereas the proportion
of low-resilience, older forest structure was unchanged under
those scenarios (Fig. 10). Under the no-management and no-
disturbance scenarios, the proportion of resilient older forests
declined by nearly one-half  as a result of succession, which
increased canopy cover and layering.

Fig. 10. Mean area of high- and low-resilience older forest
structure for fire-prone potential vegetation types for different
management scenarios. Broken lines indicate corresponding
95% confidence intervals for 15 replications.

Wildlife habitat
Trends in the proportion of wildlife and plant habitat varied
among species and scenarios (Fig. 11). Under current
management, the proportion of the landscape providing nesting
habitat for northern spotted owl and northern goshawk (Accipiter
gentilis), and habitat for black-backed woodpecker (Picoides
arcticus), western bluebird (Sialia mexicana), mule deer
(Odocoileus hemionus), and cheatgrass increased slightly or were
unchanged. The proportion of habitat for Pacific marten (Martes
caurina) and white-headed woodpecker (Leuconotopicus
albolarvatus) declined moderately. The general direction of trends
in habitat for accelerated restoration were similar to current
management for most species. Under no management, habitat
increased for northern spotted owl, northern goshawk, and
Pacific marten, whereas the proportion of habitat declined for the
woodpeckers and remained unchanged for western bluebird and
cheatgrass.  

Comparing scenarios, no management resulted in more habitat
than active management scenarios by the end of 50 years for
northern spotted owl, Pacific marten, northern goshawk (nesting
habitat), and pileated woodpecker (Dryocopus pileatus), species
associated with dense, multistoried forests with trees > 25 cm in
diameter (Fig. 11). In contrast, no management resulted in less
habitat than the other scenarios for white-headed woodpecker,
western bluebird, and mule deer. Compared with current
management, accelerated restoration resulted in more habitat for
white-headed woodpecker and western bluebird, species
associated with open forests, and early successional vegetation

and meadows, respectively. A comparison of the no-disturbance
scenario and the scenarios with wildfire indicates that relatively
large amounts of owl habitat and pileated woodpecker habitat
were lost to wildfire, whereas scenarios with wildfire created some
habitat for western bluebird, mule deer, and cheatgrass relative to
the no-disturbance scenario.

Fig. 11. Mean area of habitat for eight species of vertebrates
and one plant of interest over time for different management
scenarios. Broken lines indicate corresponding 95% confidence
intervals for 15 replications.

DISCUSSION
Treatment of forest fuels to reduce the potential for high-severity
fire, a common goal of many landowners, may or may not be
compatible with goals for forest restoration, wildlife habitat, or
carbon storage (Reinhardt et al. 2008, Ager et al. 2010b). Our
study examines how alternative landscape management scenarios
could influence future fire area and severity, high-severity fire
potential, wood, carbon, and wildlife habitat. By integrating
forest succession, wildfire, and forest management in a spatially
explicit model, we were able to reveal interactions and trade-offs
that the separate submodels could not reveal. Our projections
indicated that current management of federal lands by thinning
and surface fuel treatments can reduce both the amount of high-
severity fire, overall fire hazard (potential), and exposure of
dwellings to fire, although effects were small across all fire years
compared to the no-management scenario. However, when years
with extreme area of fire are considered, the effects of current
management and accelerated restoration were larger compared
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to no management on federal lands. Years with extremely high
fire area would have more fire-fuel treatment encounters than in
years with less fire, making higher fuel treatment scenarios more
effective during those years (Rhodes and Baker 2008, Syphard et
al. 2011, Barros et al. 2017). Considering only extreme fire years,
the variation in amount of high-severity fire among the scenarios
was quite large, and distributions of high-severity fire overlapped
among the scenarios.  

The relatively modest effects of current management and
accelerated restoration may be a result of the small area treated.
The current management scenario, which is based on volume
targets, converts to approximately 6500 ha of thinning and surface
fuel treatments per year on federal lands and another 1000 ha on
tribal and corporate lands, which are the other two major
landowners. Those rates translate to treatment rates of
approximately 12% per decade for the fire-frequent forest
environments and approximately 9% per decade for all forest
lands, including higher elevation forest types (e.g., mountain
hemlock) that have inherently longer fire return intervals and
higher fire severities. Assuming the effectiveness of fuel treatments
is approximately 10–20 yr, this means that at any one time, 12–
24% of the fire-frequent landscape has reduced fuels from
treatments. The actual proportion of low fuel conditions would
be higher than this because of the presence of recent postwildfire
areas and unburnable sites such as rocky soils and roads. Other
studies have shown that optimized fuel treatments that cover at
least 20% of the landscape will significantly reduce fire spread
rates (Finney et al. 2011) and reduce risk to large, fire-resistant
trees (Ager et al. 2010b). Given that the spatial distribution of
treatments was not optimized in our simulations, it seems likely
that alternative spatial designs and treating additional area would
have a greater effect on the amount of high-severity fire and the
amount of fire-resilient vegetation. See Barros et al. (2017) and
Ager et al. (unpublished manuscript) for further analysis of these
topics.  

Federal forest treatments to reduce the potential for high-severity
fire are prioritized for the WUI (as defined by federal managers)
over the less human-settled parts of the landscape (Appendix 7).
The federally defined WUI extends many kilometers away from
homes and does not appear to place a strong spatial constraint
on federal management, leading to dispersion of fuel treatments.
Defining the WUI in a more restricted way (e.g., Silvis WUI;
Radeloff  et al. 2005) would concentrate treatments nearer to
homes. Our results suggest that current management activities
(based on federal WUI) reduce exposure of homes to high-
severity fire (within 1 km) by almost 15% for the years with the
most fire. However, exposure of homes to flames and fire brands
is only one part of the risk framework for loss of homes to wildfire
and may not be as important as susceptibility of the home to
ignition (e.g., Calkin et al. 2014). Home ignition is a function of
the live and dead fuel on and surrounding the home site as well
as home building materials, especially flammability of the roof
(Cohen 2000). Consequently, a more complete risk analysis
should include homes’ susceptibility to ignition. We did not report
the results of actions by homeowners to adopt defensible space
behaviors that reduce risk at the homesite scale. Olsen et al. (2017)
found that almost 80% of the homes in the study area adopted
some component of defensible space practices, and that these
actions were more likely in locations characterized by heighted

fire hazard, suggesting that a high level of risk mitigation occurs
across the population of homes. Our results suggest that land
management actions in this area can reduce the potential for
losses.  

Much of the federal restoration activity in the study area includes
federal timber sales that contribute to reaching the federal harvest
volume target. Our simulations suggest that efforts to increase the
area of restoration (the accelerated restoration scenario) could
be limited by availability of stands with suitable ecological and
topographical conditions. For example, the accelerated
restoration scenario, which scheduled a doubling of the volume
target for the first 25 years before returning to the current
management volume target level, was not able to sustain the
doubling beyond 18 yr and was not able to reach the current
management volume target after that given lack of treatable area.
This finding suggests that efforts to increase harvesting on federal
lands might not be successful in the long run without expanding
the vegetation types and land allocations that can be treated, with
or without harvesting. For example, we limited thinning
treatments to stands dominated by trees > 25 cm diameter at
breast height (dbh), canopies with > 60% cover, and multistory
structure. Sensitivity analyses (not shown) indicate that
accelerated restoration might be sustainable for ≥ 50 yr if
treatments were allowed in less dense stands or other areas of the
landscape where we assumed that treatments would not occur (see
Barros et al. 2017).  

Although timber production from federal lands has direct
economic benefits in the jobs and business activity it generates
for local communities, there are also important indirect
connections between current timber production and the future
capacity for businesses to do ecological restoration (Kelly and
Bliss 2009). Timber from federal lands can help to maintain the
forestry infrastructure and mill capacity necessary to conduct
merchantable harvest-based restoration treatments (Charnley
2014). The trends we observed, however, suggest that as the
densest and highest volume forests are thinned and then treated
with prescribed fire, the levels of timber production will decline
as management activities focus more on using prescribed fire or
mechanical methods to reduce surface fuels. Barros et al. (2017)
indicate that the area suitable for prescribed fire will dramatically
increase under active management strategies because current area
targets for prescribed fire are relatively small and fixed compared
to those for thinning. Increases in prescribed fire targets may be
needed to keep up with the increasing areas that have had the first
installment of restoration treatments. As future timber volume
may be less able to offset the costs of restoration treatments, other
restoration funding mechanisms may be needed. Economics may
not be the only barrier to increasing the area of prescribed fire;
air quality standards and public concerns about smoke and fire
escape also can occur (Charnley et al. 2015) and will require
special efforts on the part of managers to build trust for this
important restoration action (McCaffrey 2006). We have a smoke
production model and plan to present the results in a future paper.  

An eventual shortfall in harvest volume production (and area
treated) was also projected for tribal lands at approximately 35
yr, when the model could not find enough stands that met the
treatment criteria. This appeared to result from future lack of
older stands (> 70 yr) for clearcutting, which is practiced in some
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forest types on tribal lands. The Envision model does not optimize
harvest schedules. If  the current management plan for tribal lands
were put into a harvest scheduling model built to select optimally
which stands to harvest while also meeting the annual timber
target between now and 2050, a schedule might be found to meet
the timber target in all years. Without wildfire, the volume
production for tribal lands was steady and could be met for a few
more years than with wildfire. The effects of wildfire on timber
production have been observed (Armstrong 2004), but typically,
stochastic natural disturbance agents that remove existing
merchantable timber volume or shift age class distributions are
not factored into forest management planning.  

Carbon storage was sensitive to management scenarios. More
carbon was stored in aboveground live and dead biomass under
no federal management and no fire (no management and no
disturbance) scenarios. Landscape-level treatments to reduce fire
effects and increase restoration through thinning and surface fuel
treatments reduced stored forest carbon relative to no
management and no disturbance, but the relative differences were
small (~5–10%) depending on year and scenario; by the end of
50 yr, the amount of stored carbon in the active management
scenarios was slightly less than at the start of the simulation.
Others have also found that active management in fire-prone
forest landscapes can reduce carbon storage by ~5–25% (Ager et
al. 2010a, Loudermilk et al. 2013) relative to no management
depending on timing and intensity of management and
assumptions about future wildfire. These results occur because
treatments always reduce carbon stored in forests, and although
they typically reduce carbon losses to high-severity fire at stand
levels, at landscape scales many treatments do not experience fires
and do not realize carbon losses associated with such fires.
However, the effect of fuel treatments in reducing landscape fire
spread and intensity can confer carbon sequestration benefits
outside of treated areas. However, our results and those of others
(Ager et al. 2010a) indicate that the magnitude of benefits outside
of treated areas does not make up for carbon removed by
harvesting and prescribed fire. Accounting for the carbon stored
in wood products manufactured from timber harvested in the
course of fuels treatments would increase the total carbon stored
under the treatment scenarios (Bergman et al. 2014), potentially
altering the carbon accounting results.  

Our projections suggest that the area of larger sized trees will
increase and the area of small and mid-size trees will decrease
across all ownerships (though not necessarily for all individual
ownerships; Charnley et al. 2017) under current management
constraints and despite wildfires. This happens despite a
significant area of large trees being killed by high-severity wildfire
and an increase in the area of early successional forests because
of wildfire and clearcutting on tribal lands. Similar trends in
medium and larger diameter forest were observed in another
modeling study for a landscape in this region (Halofsky et al.
2014). The net increase in mature and older forests is likely a result
of ingrowth from large areas of cutover lands, timber plantations,
and areas of insect outbreaks and wildfire during the 20th and
early 21st centuries in ponderosa pine and dry mixed-conifer
forests on public and private lands that are now maturing
(Hessburg and Agee 2003). This highlights the importance of
landscape legacies and age class distributions in controlling future
landscape development (Wallin et al. 1994). These past land-use

effects are especially important in low-productivity forest
environments, where recovery from stand replacement
disturbances can be slow.  

Our metric for resilient older forest structure (i.e., low canopy
cover forests with larger trees in fire-frequent PVTs) increased
under the two active management scenarios. This metric reflects
the fact that the need for forest restoration varies by environment
as a function of historical fire regime and logging history
(Merschel et al. 2014). In this landscape, the environments with
the highest fire frequencies (and therefore potentially the greatest
departures from historical regimes under fire suppression policy)
are ponderosa pine, dry mixed-conifer, and moist mixed-conifer.
The first two types are generally known to have fire return
intervals of < 20–25 yr (Agee 1993). At present, these types have
much higher densities and many fewer large fire-tolerant species
such as ponderosa pine as a result of fire exclusion and logging,
which both selectively removed large pine or created clearcuts that
are now occupied by younger stands of pine. The history of the
moist mixed-conifer type is less well understood, but recent
studies in the area (Hagmann et al. 2014, Merschel et al. 2014)
indicate that these environments had similar low density, large-
tree structure and species composition to the dry mixed-conifer,
implying a similar relatively high frequency of fire that kept grand
fir and other shade-tolerant tree densities low. Baker (2012)
suggests that forests in these environments were historically
denser than indicated by these other studies, but his estimated
historical densities are still considerably lower than current
densities (Merschel et al. 2014).  

Despite the increase in area of forests with highly resilient forest
structure, such forests only accounted for approximately 19% of
the landscape by the end of 50 yr (and less in the no-management
scenarios). It is unclear what the proportion of this type of
structure would have been under the historical disturbance
regime. However, it probably was quite high, e.g., > 75%, given
the recent historical work of Hagmann et al. (2014) and Merschel
et al. (2014) and that of Baker (2015), who found that > 76% of
the forests of all levels of canopy cover contained trees > 53 cm
dbh in central Oregon. An earlier simulation study by Kennedy
and Wimberly (2009) estimated that under historical regimes, 35%
of all forest types on the Deschutes River, Oregon was covered
by old forest structure, of which approximately 25% was in closed
canopy conditions. The relatively low estimate of old-forest
structure by Kennedy and Wimberly (2009) may result from their
use of a relatively high diameter threshold (53 cm rather than 50
cm) and their assumption that historical fires had more stand
replacement (high severity) patches in them than recent historical
analysis indicate. If  we assume that > 75% of the frequent-fire
environments had large and giant trees (> 50 cm) with any canopy
cover, then our analysis suggests that 50 yr and current practices
will not be enough to get back to that level; we estimated that
large and giant trees, regardless of canopy cover and layering
(both resilient and nonresilient vegetation), increased from 28 to
32%. Without any human or natural disturbance on federal lands
(no disturbance), this class is projected to compose approximately
35% of the landscape at 50 yr. The results indicate that given the
management history, current age and size distributions (~48% of
the area has tree size < 37 cm), relatively low site productivity,
and diversity of management goals, it will take much longer than
50 yr to recover a larger portion of the original forest structure.  
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The management scenarios affected wildlife habitat in different
ways. Habitat of species associated with relatively dense,
multilayered, older forests (e.g., northern spotted owl, Pacific
marten, and pileated woodpecker) was reduced by treatments to
decrease stand density. For example, we found that nesting habitat
for the northern spotted owl was less under the active management
scenarios compared with no management. However, wildfire
removed many times more owl habitat than was lost through
management.  

Of the species associated with dense, multilayered forests, the
northern spotted owl is of particular importance because it is
listed under the U.S. Endangered Species Act and is often used as
a surrogate for threatened old-growth forest ecosystems. We
emphasize the northern spotted owl here because it is both an
ecological and social issue that drives federal forest management
and reflects changing social values related to timber vs.
biodiversity values of forests (Lee 2009). The primacy of
conserving northern spotted owl habitat in federal forest
management goals means that other social and ecological values
(e.g., thinning to support local timber-based economies or
managing for more open, fire-resilient, older forests) are
constrained by concerns over providing habitat for the owl.  

Only a few other modeling studies have explored questions related
to owl habitat, management, and fire. Ager et al. (2007) found
that fuel treatments would reduce expected loss of northern
spotted owl habitat when the treatment area reached at least 20%
of the landscape. The reduction in expected loss of owl habitat in
that study went from approximately 2.4 to 1.3% between 0%
treated and 20% of landscape treated. Ager et al.’s (2007) analysis
did not allow treatment in areas that were defined as owl habitat
and did not assume that succession or stand development would
occur (static vegetation). The relatively lower amount of owl
habitat in our study under the active management scenarios
compared with no management may occur because of thinning
in younger forests that reduced the potential for development of
owl habitat in the future. Thus, thinning, although it was not
allowed in existing habitat, reduced recruitment of future owl
nesting habitat in addition to what was lost to wildfire. Wildfire
was the dominant cause of habitat loss, although habitat increased
under all scenarios, suggesting that it may be possible to both
increase restoration and increase habitat for northern spotted owl
in this landscape. Roloff  et al. (2005) modeled active management
and no management in fire-prone landscapes in southwestern
Oregon and found that active management in owl foraging areas
reduced owl habitat compared with no management (only losses
to wildfire). However, in a second analysis, Roloff  et al. (2012)
found that active management “was more favorable to spotted
owl conservation...than no management.” They used FlamMap
to estimate crown fire potential and assumed that if  50% of the
owl territory had crown fire potential, then all of the territory
would be lost to a fire. This assumption may overestimate the loss
of habitat to fire. Odion et al. (2014) also found that thinning
treatments in fire-prone landscapes reduced owl habitat more than
did wildfire.  

These studies, along with ours, suggest that the question of how
to sustain northern spotted owl habitat in fire-prone landscapes
is complex and needs further evaluation (Lehmkuhl et al. 2015).
While stand-replacing fire has been observed to reduce owl

occupancy (Clark et al. 2013), patchy fires may not have
detrimental effects on northern spotted owl as long as patterns
are heterogeneous and adequate amounts of nesting and roosting
habitat remain. It is clear that some fuel treatment designs
intended to reduce loss of owl habitat to high-severity fire will
result in reduced owl habitat compared to a no-treatment option.
However, several key questions remain unanswered, including:
How do the rates and patterns of fuel treatment affect high-
severity fire in landscapes with different initial conditions of forest
structure and age? How do the amounts and landscape patterns
of fuel treatments inside and outside existing and potential owl
habitat affect dynamics of owl habitat, owl prey, and owl
populations? And how do different landscape management
strategies affect owl habitat outcomes under different future fire
scenarios?  

The results from other species also demonstrate the variability in
effects of treatment and wildfire on species with different habitat
needs. Habitat for the white-headed woodpecker declined under
all scenarios, though the decline was lowest for the accelerated
restoration scenario. The habitat for this species is in relatively
open (< 40% canopy cover) ponderosa pine forests; however, our
thinning prescription typically did not produce this low level of
canopy cover because it focused on stands with high canopy cover
(> 60%) and reduced it to medium canopy cover (40 to 60%).
Changing the thinning prescription to promote open conditions
would probably produce more habitat for this species.  

Like all modeling studies, the results of our study are a product
of the assumptions and limitations of the models used. Our fire
submodel has been evaluated, and simulations show reasonable
correspondence to historical frequencies and spatial patterns
(Barros et al. 2017; Ager et al. unpublished manuscript). However,
an area of uncertainty is the relative amounts of different fire
severities, which needs further evaluation. We did not evaluate a
climate change scenario. Halofsky et al. (2014) and Case, Kerns,
Kim, et al. (unpublished manuscript) found that projected changes
in area of forested PVTs in central Oregon under climate change
scenarios do not differ much from current conditions until at least
40–60 years from present, so some of our 50-yr findings might
not be that different for climate change scenarios. However,
increasing frequencies of fire may come much sooner than 50 yr
under climate change and could alter our findings and
conclusions. For example, our finding that treatments are more
effective in high-fire years (see also Barros et al. 2017) suggests
that with increasing fire under climate change, management
actions could be more effective, although the opposite could be
the case for severe weather events that may cause fuel treatments
to be less effective (Fernandes and Botelho 2003). In addition,
using different scenarios in terms of stand treatments, landscape
allocation, and rate, and using different habitat models could
produce different results. We also did not report on how
treatments on one ownership affect fire behavior and habitat on
other ownerships (Ager et al. 2014), which is an important
question for policies such as the National Cohesive Wildland Fire
Management Strategy (Wildland Fire Leadership Council 2014)
that seek to coordinate fire and fuels management across
multiownership landscapes. We plan to report the cross-
ownership effects of fire and fuels management in a future paper
focused on all-lands management and landscape-level planning.  
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The structure of this agent-based model enabled us to explore
some of the interactions between social and ecological
components of this fire-prone system, but we have not fully
exploited its capabilities. For example, we learned that efforts to
reduce the occurrence of high-severity fire, which affects both
social and ecological values, show the greatest effectiveness in
years with the most fire. This indicates that for restoration actions
to be most effective at landscape scales, the number of encounters
between managed areas and fires must increase, either through
more fire, more management, or both. We also learned that other
management goals (e.g., wilderness provision, roadless areas
designation, habitat conservation for northern spotted owl) could
constrain the area available for thinning and restoration and may
limit the potential to reach restoration goals for the entire
landscape that has been affected by past management practices
and fire exclusion. Although agents in this model do not “learn”
in the sense of changing their management goals or rules as a result
of feedbacks from the environment, their management actions do
respond to how the landscape changes from the cumulative effects
of their management, vegetation succession, and wildfire. For
example, federal managers may not be able to reach their treatment
and timber production goals if  wildfire occurs in stands that are
suitable for treatment, or if  the cumulative effects of thinning and
wildfire reduce the area of forest that is suitable for timber harvest.
The model also indicates that trade-offs will occur among fire,
timber, carbon storage, and wildlife habitat. More thinning will
reduce fire occurrence and increase timber production and the
areas for white-headed woodpeckers and other species favoring
more open forests, but will also reduce habitat for northern spotted
owl and carbon sequestration. How these potential trade-offs can
be dealt with in management and policy is a question that federal
managers are wrestling with, but they lack analytical frameworks
and tools that can help reveal the spatial and temporal patterns
and scales of the interactions. We plan to use the model and its
results with stakeholder groups in collaborative landscape projects
in the study area to determine if  and how stakeholders can learn
from our model and if  this process changes the nature of the
discussions and debates around forest landscape restoration.  

We have also not yet fully exploited the capabilities of this model
to examine social-ecological interactions. For example, the model
could be used to examine more thoroughly how management and
fire on one ownership affect ecological and social outcomes on
adjacent ownerships. Such cross-boundary effects are a major
concern among some private landowners, who view federal forests
that abut or surround their lands as the major source of fire risk
(Charnley et al. 2017). The model also could be used to focus on
homeowners and family forest owners to examine how changing
forest structure and fire occurrence influences their behaviors. In
the current analysis, the dynamics of these agents remained
unresolved given the broad focus on the entire landscape
dominated by large landowners.  

Few other landscape models have the range of capabilities that
Envision does to represent wildfire, succession, multiowner forest
management, and homeowner fire mitigation across large
landscapes. Many landscape fire models exist, but few have the
potential to represent human decision making in great detail. The
closest example may be Landis (Scheller et al. 2007), which has
many of the same capabilities as Envision, although with
somewhat different submodel processes, especially for succession

and forest management. Envision has multiple ways to represent
agent-based behavior, include policies that guide agents based on
value-to-action rules and potential for learning, and target-based
approaches to decisions. We used both approaches in this effort,
e.g., policies for family forest owners and homeowners and a target
(subject to constraints and preferences) approach similar to that
used in Landis.  

The agent-based model we have developed fits within the broad
set of agent-based model applications. Central features of agent-
based models include large numbers of “active objects” that
interact with their environment and with each other (Borshchev
and Filippov 2004). Although the objects are typically people or
households, they may be animals, business units, vehicles, or even
spatial units (Box 2002). In our model, people occur in nested
spatial structures from large ownership blocks to smaller
individual landowner parcels. They interact with their
environment through vegetation manipulations based on global
goals and rules. They interact with each other largely through how
management on their lands might affect fire spread and
occurrence on other ownerships. In reality, they also interact with
each other through social networks (Fischer and Jasny 2017) and
indirectly through timber production as it might affect timber mill
capacity and timber markets; these other relationships are not
currently in the model.  

The agents in our landscape are relatively few and the system we
studied is relatively slow and noninteracting compared to many
systems modeled with agent-based models (e.g., cities or
agricultural landscapes). For example, our landscape has a low
number of human agents, least in terms of the dominant area of
the landscape (e.g., 80% is controlled by six agents). Also, large
landowners have historically shifted behaviors slowly because of
institutional factors (Steen-Adams, Charnley, and Adams
unpublished manuscript). Another distinctive feature of this
landscape is the slowness of change and infrequency of wildfire
and management events. Vegetation can stay in some states for
decades without change, and frequency of wildfire and
management have low probabilities at an IDU level (e.g., 0.05
annual probability for some kinds of management to 0.003 for
occurrence of wildfire). The real complexity and heterogeneity of
this system lies in the interactions of hundreds of thousands of
spatial units of vegetation, fire, managed actions of a handful of
human agents, and time lags that occur over decades to centuries.
The scale, elements, and interactions of our model seem
appropriate to this system given that there are great expectations
and concerns about how individual vegetation treatments scale
up to affect behavior of fire, restoration, and outputs of
ecosystems services across multiownership landscapes.

CONCLUSIONS
Using a spatial agent-based model, we were able to examine
interactions between human and natural systems across spatial
and temporal scales in a fire-prone landscape. We gained several
insights that would have been very difficult to achieve without
this type of model. Overall, our study reveals that alternative
approaches to vegetation management can affect fire area, fire
outcomes, exposure of homes to fire, wood production, carbon
storage, vegetation conditions, and wildlife habitat. More
specifically, we found that current practices can reduce fire
severity compared to no management, but the magnitude of fire
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effects is very small for average fire years. Management to reduce
fuel loads appears to have greatest effects in extreme fire years, i.
e., years with large areas burned by fire. We found that current
timber targets and restoration programs may be at the limit of
what is sustainable under the stand structure and land allocation
constraints we assumed. Reducing the area of high-severity fire
and creating more resilient forest structures through current and
accelerated restoration programs will result in trade-offs for
carbon and wildlife habitat for some species, including the
northern spotted owl, a species of critical concern in the region.
Finally, our study demonstrates the importance of legacies of past
disturbances, expressed in current forest structure and age, on the
pattern and dynamics of future forest characteristics. Ultimately,
managers and the public will need to decide what the most socially,
economically, and ecologically viable strategies for landscape-
scale management are in this and other fire-prone landscapes. We
hope the model and our initial application can contribute to that
social process and provide a way for stakeholders to understand
better the landscape-scale and longer term implications of forest
management decisions.

Responses to this article can be read online at: 
http://www.ecologyandsociety.org/issues/responses.
php/8841
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