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Abstract: The implementation of US federal forest restoration programs on national forests is a
complex process that requires balancing diverse socioecological goals with project economics. Despite
both the large geographic scope and substantial investments in restoration projects, a quantitative
decision support framework to locate optimal project areas and examine tradeoffs among alternative
restoration strategies is lacking. We developed and demonstrated a new prioritization approach
for restoration projects using optimization and the framework of production possibility frontiers.
The study area was a 914,657 ha national forest in eastern Oregon, US that was identified as a
national priority for restoration with the goal of increasing fire resiliency and sustaining ecosystem
services. The results illustrated sharp tradeoffs among the various restoration goals due to weak
spatial correlation of forest stressors and provisional ecosystem services. The sharpest tradeoffs
were found in simulated projects that addressed either wildfire risk to the urban interface or wildfire
hazard, highlighting the challenges associated with meeting both economic and fire protection goals.
Understanding the nature of tradeoffs between restoration objectives and communicating them to
forest stakeholders will allow forest managers to more effectively design and implement economically
feasible restoration projects.

Keywords: production possibility frontiers; restoration prioritization; ecosystem services;
restoration tradeoffs

1. Introduction

Forest management practices over the past century or more have altered natural fire regimes,
leaving large areas of national forests in the western United States (US) susceptible to both high-severity
wildfire events [1] and large-scale insect disturbances [2]. Frequent, large-scale disturbances have
deleterious impacts on the production of ecosystem services [3] and threaten both life and property.
Additionally, the scale and frequency of these disturbances are predicted to increase with a warming
climate [4,5], further jeopardizing the sustainability of forests and their associated ecosystem
services [6]. In order to address these issues, public land managers in the US and elsewhere have
initiated accelerated restoration programs [7,8] to restore forest stand composition and structure in
order to create fire resilient forests. Restoration goals also include the production of provisional
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ecosystem services in the form of wood products to provide economic benefits to rural communities [7].
Forest restoration activities include thinning, mastication and site removal of surface fuels, broadcast
burning and a range of other techniques [9].

Implementing forest restoration programs requires identification of priority landscapes to ensure
efficient use of finite financial resources. Prioritization of public forest restoration projects is a complex
undertaking given the multi-use mandate of forests and the expectation of meeting a broad mix of
socioeconomic and ecological goals [10]. Despite this complexity, quantitative decision support tools to
assist in identifying priority landscapes and examine tradeoffs among alternative restoration strategies
are lacking. Previous efforts have leveraged decision support methods such as fuzzy logic [11] and
simulated annealing [12] but have not found widespread application due to complex technical and data
requirements. Application of decision support tools that utilize the large array of optimization methods
available for prioritization [13,14] within a management context requires improvements in model
accessibility. Optimization methods, although complex, can be used to identify the opportunity cost of
alternative treatment strategies and inform managers of areas where greater restoration or economic
gains may be attained, improving the long-term chance of successful restoration programs [15].

Tradeoffs between restoration objectives and subsequent opportunity costs of management
decisions can be analyzed through a production possibility frontier (PPF) framework. Theoretical PPFs
are graphical representations depicting the tradeoffs between two inputs in pursuit of a desired output
level (Figure 1). In the context of this study, PPF relationships can be used to help understand how
the distributions of both forest stressors and ecosystem services define restoration options across the
landscape. This approach has also been used in both forested [16–18] and aquatic systems [19–21] to
analyze tradeoffs between economic returns and conservation values.Forests 2015, 6 3 
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restoration strategies [22]. While forest restoration goals can be compatible, choosing one particular 
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high-priority planning areas to target restoration efforts with respect to the attainment of multiple 

objectives; (2) what tradeoffs exist between prioritizing restoration of forest stressors and producing 

provisional ecosystem services (e.g., timber); and (3) to what extent do production possibility frontiers 

vary among planning areas? We discuss the results in the context of applying our methods to help 

forest managers understand how the spatial distribution of restoration priorities and the nature of 

tradeoffs can inform restoration programs that maintain the sustainable production of ecosystem services. 

  

Figure 1. This hypothetical production possibility frontier (PPF) compares the tradeoff between the
attainment of forest restoration objectives and production of timber harvest volume. All points located
along the PPF curve (point A, for example) represent the most efficient combination of inputs possible
(area treated). In other words, for each point occurring along the curve more of one restoration objective
cannot be attained without sacrificing the other. Point C represents a project that is suboptimal relative
to point A, in part because it is inefficient (i.e., efforts could be reallocated to either restoration objective
in order to get more of each).

Little work has been done to understand the tradeoffs between potentially competing forest
restoration strategies [22]. While forest restoration goals can be compatible, choosing one particular
emphasis leads to inherent management tradeoffs due to a scarcity of lands that meet all restoration
objectives. In this paper, we used optimization methods to analyze priorities and tradeoffs among a
range of socioecological objectives affecting ecosystem services on a large fire-prone national forest
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in eastern Oregon, US. This study area has been targeted as a national priority for restoration with
the goal of improving fire resiliency and sustaining ecosystem services. We used a relatively simple
optimization model to prioritize 42 planning areas and analyze tradeoffs among restoration objectives
within each area. Specifically, we examined the following questions: (1) are there clearly identifiable
high-priority planning areas to target restoration efforts with respect to the attainment of multiple
objectives; (2) what tradeoffs exist between prioritizing restoration of forest stressors and producing
provisional ecosystem services (e.g., timber); and (3) to what extent do production possibility frontiers
vary among planning areas? We discuss the results in the context of applying our methods to help forest
managers understand how the spatial distribution of restoration priorities and the nature of tradeoffs
can inform restoration programs that maintain the sustainable production of ecosystem services.

2. Methods

2.1. Study Area

The study area is the Wallowa-Whitman National Forest (henceforth “Forest”) located in the
Blue Mountain ecoregion of eastern Oregon (914,657 ha, Figure 2). Elevations vary greatly across
the Forest from 267 m in the Hells Canyon National Recreation Area to 3001 m in the Eagle Cap
Wilderness. The Forest is dominated by ponderosa pine (Pinus ponderosa Lawson & C. Lawson) dry
forest in the lower elevations and by dry mixed conifer (Abies grandis (Douglas ex D. Don) Lindl. and
Pseudotsuga menziesii (Mirb.) Franco) and moist conifer forests at the higher elevations. Homogenous
lodgepole pine (Pinus contorta Douglas ex Loudon) stands dominate the area at mid to high elevations
representing cold, dry forest. The pre-settlement conditions in the lower elevations consisted primarily
of open ponderosa pine stands with a relatively low density of mature trees.
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Figure 2. Map of the planning areas within the Wallowa-Whitman National Forest. Planning
areas ranged in size from 1569 to 10,377 ha and only include stands that are available for active
forest management.

The Forest has been clear cut and selectively logged since the 1920s, resulting in a mosaic of stand
ages, density, and species composition. Wildfires and insect outbreaks are common disturbances across
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the Forest and have impacted stand structure and composition over vast areas [23,24]. Currently, 71%
of the non-reserved forest area is in a moderately departed condition and 8% is in a highly departed
condition as compared to the historical rage of variability. Wildfire is a frequent disturbance agent
with an average of 121 ignitions per year across this landscape. These fires were predominantly
lighting caused (78%) and burned an average of 11,352 ha per year with an average fire size of 94 ha
(0.01–32,030 ha) [25]. In addition to the current ecological departure and disturbances by wildfires,
insects present a significant management issue across the Forest. Major insect epidemics have been
observed for spruce budworm, bark beetles, and tussock moth in the last 30 years. Currently, 267,172 ha
or 45% of the manageable area on the Forest is at risk of at least a 25% basal area loss within the
next 15 years due to insect infestation. To address these and other forest management issues, the
Forest implements restoration treatments on an average of 3647 ha per year generating approximately
125,400 m3 of timber annually. Current prioritization of restoration treatments is not standardized and
employs ad hoc methods based on a synthesis of field observations and inventory data.

2.2. Modeled Restoration Objectives

After reviewing planning documents and meeting with Forest planning staff we selected five
treatment objectives for analyses: vegetation departure, insect risk, timber volume, wildfire risk to the
wildland urban interface (WUI), and potential wildfire hazard. These management objectives mirror
the priorities on many other national forests in the western US [7]. Each of these objective variables
was attributed to a forest polygon layer (n = 55,886) obtained from USDA Forest Service corporate data.
The stand polygon layer was originally created in the early 1980s from aerial photo delineation and
is continually updated by the Forest for disturbance and management activities. Additionally, each
polygon stand was attributed with the land management designation from the Forest Plan. Protected
areas (wilderness, roadless, special interest areas, and research natural areas) were removed from
consideration for restoration treatments. The remaining data consisted of 46,293 polygons (forest
stands) ranging in size from 0.4 ha to 401 ha with an average size of 12.7 ha, and covered 589,336 ha of
the Forest (64.4% of total land area).

2.3. Vegetation Departure from Reference Conditions

Vegetation departure from historical reference conditions is a metric widely used by the Forest
Service to quantify restoration need. To quantify vegetation departure in the study area, we obtained a
30 m resolution national-scale map of vegetation departure created by the LANDFIRE project [26] using
methods described by Hann et al. [27], with modifications described by Rollins et al. [28]. The Vegetation
Departure (VDEP) data layer categorizes and scores departure between simulated current vegetation
conditions and historical vegetation conditions. The departure score ranges from 0 to 100 representing
the percentage departure from historical conditions. High values of vegetation departure on the Forest
indicate increases in stand density and changes in species composition. Fire-tolerant species (e.g.,
ponderosa pine) are generally replaced by more fire-intolerant species (e.g., grand fir). The data were
averaged for each planning area polygon (Figure 3A) and the average value was used to calculate a
stand-level metric which represented the total number of hectares in a departed condition.
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Figure 3. Spatial distribution of restoration objective values within the Wallowa-Whitman National
Forest for (A) vegetation departure; (B) insect risk; (C) total merchantable timber volume generated
from restoration treatments; (D) wildland urban interface (WUI) risk based on the number of structures
lost per year from wildfires ignited on national forest land; and (E) wildfire hazard calculated as
potential flame length.

2.4. Insect Risk

Insect epidemics influence management objectives and restoration treatment opportunities due to
forest health concerns. Insect risk data were obtained from Jennings [29]. Spatial data for mountain
pine beetle (Dendroctonus ponderosae Hopkins) risk in both lodgepole pine and ponderosa pine, and
western pine beetle (Dendroctonus brevicomis LeConte) risk in ponderosa pine were combined to show
at a landscape scale the levels of risk for tree mortality from pine beetle. Each insect risk data layer
represents an index of the relative risk of at least 25% basal area mortality attributed to pine beetle; the
index values were summed and attributed to the management stand layer (Figure 3B).

2.5. Timber Harvest Volume

The timber volume harvested off the Forest provides an important ecosystem service for the
region, as well as providing economic benefit to rural communities, and is thus a focus of management
efforts. Potential harvest volume data were obtained from the Landscape, Ecology, Modeling, Mapping
and Analysis project (LEMMA, [30]) using imputed Forest Inventory Data (FIA) plot data for each
30 m ˆ 30 m pixel in the study area. The statistical imputation uses a gradient nearest neighbor
(GNN) imputation procedure [30] to assign coarse-scale FIA plot data based on associations of satellite,
topographic, and other data. The GNN grid of inventory plots was intersected with the stand polygon
layer and the population of 30 m pixels that represented each plot was identified. The Blue Mountains
variant of the Forest Vegetation Simulator (FVS) [31] was used to simulate a restoration thinning in
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each stand using prescriptions adopted from operational practices by Forest silviculturists developed
in previous studies [32,33]. The thinning is based on stand density index (SDI) [34] targets established
in the Blue Mountains for each target tree species and plant association [35–37]. Stands where the
SDI exceeded 65% of the maximum were thinned with the tree removal ordered from smallest to
largest, thus reducing ladder fuels that contribute to crown fire. Stands were thinned to 35% of the
maximum SDI for the stand. We used an FVS thinning efficiency [31] of 90%, so that 10% of the trees
in each thinned size class were retained for crop trees. In mixed species stands, prescriptions targeted
thinning of late-seral, fire-intolerant species (e.g., grand fir) and retention of fire-tolerant early seral
species (e.g., ponderosa pine). The species preferences differed by plant association group [36] as
described in Ager et al. [32]. We averaged the total merchantable thin volume as defined and reported
by FVS [38] for each stand (Figure 3C) and then estimated a total volume from the thinning treatment
by multiplying by the stand area.

2.6. Wildfire Risk to the WUI

The wildland urban interface (WUI) continues to be an important consideration for appropriate
management action. We measured the wildfire risk transmission to the WUI adjacent to the Forest
using SILVIS WUI data [39] for the study area. We removed SILVIS polygons that were: (1) classified as
uninhabited; (2) classified as water; (3) less than 0.1 ha in size; or (4) more than 10 km from the national
forest boundary following the methods of Ager et al. [40]. We maintained polygons with even low
population or structure densities to reflect fire suppression efforts targeting single, individual structures
in wildland areas during management operations. There were a total of 52,202 WUI polygons covering
an area of over 1.6 million ha across the Forest.

Wildfire simulation outputs generated from the 2014 version of the large fire simulator model,
FSim [41], were then used to quantify WUI area burned by wildfires ignited on the adjacent Forest.
FSim has been extensively described elsewhere [41], but in general the model simulates wildfire
ignitions and perimeters for a large number (e.g., ě20,000) of hypothetical wildfire seasons based
on historical relationships between Energy Release Component (ERC) and large fire occurrence data
(1992–2011). Daily probability of an ignition is modeled based on logistic regression of historical fire
occurrence and ERC. Hypothetical wildfire seasons were simulated with annual weather scenarios
based on ERC, daily and seasonal trends and variability in ERC based on time-series analysis and wind
speed and direction distributions from Western Regional Climate Center [42] surface weather records.

Simulation outputs used in this study were generated as part of the Fire Program Analysis
project [43] with surface and canopy fuels and topography data obtained from the most updated
LANDFIRE data (2010 Refresh) available at the time of simulations. Random ignition locations were
assumed, and fires were simulated at a 270 m ˆ 270 m pixel resolution with random ignitions [41].
A total of 37,286 simulated ignitions and associated perimeters representing 20,000 fire season replicates
were included in the current study.

Fire perimeters associated with ignitions occurring within the Forest boundary were intersected
with WUI boundaries to determine the WUI area burned annually by each ignition. The number of
structures burned by each ignition point was calculated as the product of the housing units in the
polygon and the proportion of the polygon burned. To generate a 0.5 km smoothed raster surface of
WUI risk (structure loss) for the Forest, we applied an inverse distance weighting model to the point
data using a 5 km fixed search radius for the entire study area. WUI risk (structure loss) (Figure 3D)
and stand-level structure loss (average WUI risk multiplied by the stand area) were attributed to each
stand polygon.

2.7. Potential Wildfire Hazard

In addition to assessing the WUI risk posed by wildfire, a variable representing the potential
wildfire hazard on the landscape was also derived. We used the FlamMap wildfire simulation program
(USDA Forest Service, Rocky Mountain Research Station, Fort Collins, CO, US) [44] to estimate flame
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length (m) at 90 m ˆ 90 m resolution within the study area using the “basic fire behavior” subsystem
in FlamMap, calculating fire behavior by independently burning each pixel on the landscape. Wildfire
simulation parameters were used from a previous study in the area and represented 97th percentile
weather conditions for the central Blue Mountains (see Table 1 in [32]). Surface and canopy fuels
along with topography were also obtained from the national LANDFIRE dataset [45,46] and included
elevation (m), slope (degrees), aspect (azimuth), fuel model [47], canopy cover (percent), canopy base
height (m), canopy height (m), and canopy bulk density (kg¨m´3). These simulation methods are
similar to those used by other national forests to identify high fire hazard stands for treatment. We then
calculated the average flame length (m) for each stand (Figure 3E) as well as the stand level total flame
length, the product of the average flame length and the stand area, representing the total fire intensity
released if the polygon burned.

2.8. Prioritizing Project Areas

We used the Landscape Treatment Designer (LTD) (USDA Forest Service, Pacific Northwest
Research Station, Portland, OR, US) [48] to determine priority planning areas for each restoration
objective. We modeled a scenario where a maximum of 1619 ha were selected for treatment within
each planning area, which represents the average treated area per project within the study area over
the past five years. We assumed that treatments would address each of the restoration objectives
(i.e., vegetation departure, insect risk, WUI risk, and wildfire hazard), consistent with assumptions
made during National Forest System operational project planning and prioritization [49]. A stand
selected for treatment would contribute to the total objective value attainment within a planning area.
To remove potential bias from polygon size, the area weighted average stand level objective value
was used. This value was calculated for an objective as the average stand level value divided by the
maximum value within the study area for that objective. This method standardized the weighting
of objectives that are not equally scaled. To standardize reporting between restoration metrics, the
overall optimality of the project was based on the sum of the stand level objective attainment for the
project represented as a percentage of the total objective value for all stands within the manageable
landscape. We refer to this value as the percent contribution to the problem. It is the objective value of
an individual stand divided by the sum of all values within the landscape. Each of the five restoration
objectives were maximized within each planning area, resulting in an optimized sequence of projects
and associated restoration outputs.

2.9. Examining Tradeoffs

We examined tradeoffs between combinations of different restoration objectives described above
by iteratively changing the relative objective weights between combinations of objectives and rerunning
LTD. Specifically, we examined the impact of thinning volume (provisional ecosystem service) with
increased weighting of the coefficients for other restoration objectives. We focused the analysis on this
tradeoff relationship because the economics of restoration projects are critical to scaling up the pace and
extent of treatments and meeting the goal of providing economic benefit to rural communities. For each
pairwise comparison, we varied the weights for the two objectives between 0 and 5 in increments of 1.
The outputs were used to generate PPF relationships between harvest volume and each restoration
objective (e.g., vegetation departure).

3. Results

3.1. Priority Planning Areas

The location of priority restoration areas and the ability to treat the landscape-level problem
varied widely both across the study area and between objectives (Figure 4). Project attainment is a
measure of the degree to which an individual project addressed the total landscape level restoration
problem. LTD reports project attainment as the sum of the objective contribution of all treated stands.
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The contribution of an individual stand is calculated by dividing the stand objective value by the sum
of the stand objective values for all stands within the study area. For example, the total landscape level
problem for WUI risk is calculated by summing the total number of hectares that contribute to the
loss of structures from wildfire transmission into the WUI. The percentage of these hectares that are
treated by a 1619 ha project is the project level attainment (% reduction of total landscape problem) for
WUI risk reduction. For timber volume, this refers simply to the amount of merchantable timber (m3)
generated from a project. The ability of individual projects to address the total landscape level problem
varied greatly between restoration objectives (Figure 4). WUI risk had the greatest range from the
most to least optimal planning areas (0.01%–6.10%) due to the majority of restoration problem areas
being clustered in planning areas within close proximity to rural-urban centers. Vegetation departure
had the smallest range of attainment (0.27%–0.45%) of all considered objectives due to the generally
ubiquitous nature of vegetation departure across the landscape.

Priority restoration areas were determined by ranking each planning area 1–42 based on the
project level attainment of each objective variable. No planning area was ranked as the highest priority
for all restoration objectives (Figure 5). It should be noted that planning area priorities were based
on a project that was optimized for a particular restoration objective and the joint production of
multiple restoration objectives may not be possible within a planning area. Only a single planning
area was ranked highest for two objective variables: insect risk and timber volume and was second
priority for vegetation departure. Only two planning areas were ranked in the top ten for four of the
restoration objectives, and six planning areas were in the top ten for three restoration objectives. Thus
opportunities to increase restoration treatment effectiveness were limited to targeting and prioritizing
higher ranking planning areas.
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Figure 4. Simulated attainment (percent of landscape total or total timber volume) of restoration
objectives from one 1619 hectare restoration project per planning area on the Wallowa-Whitman
National Forest using the Landscape Treatment Designer.
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The Forest has initiated projects within 11 planning areas since 2012. Projects are currently
at various stages of development and are shown in Table 1. Projects tended to match modeled
high-priority planning areas (e.g., East Face and Little Jim), however, projects were also located in
planning areas that our results indicated were a low priority for restoration (e.g., Snow Basin and Cold
Canal). These projects may have been developed to address specific stand level management issues
that are beyond the scope of this work or could be viewed as an example of how the utilization of
quantitative prioritization tools may have resulted in different project priorities during planning.Forests 2015, 6 11 
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Figure 5. Project planning area priorities within the Wallowa-Whitman National Forest for
(A) vegetation departure; (B) insect risk; (C) total merchantable timber volume generated from
restoration treatments; (D) wildland urban interface (WUI) risk based on the number of structures lost
per year from wildfires ignited on national forest land; and (E) wildfire hazard calculated as potential
flame length. Planning areas were ranked based on outputs from the Landscape Treatment Designer.
The area labeled “1” represents the highest priority planning area for the given restoration objective.

Table 1. Ranking of active forest restoration planning areas on the Wallow-Whitman National Forest
since 2012 of the 42 simulated using the Landscape Treatment Designer for each of five restoration
scenarios optimized independently.

Planning Area Vegetation Departure Insect Risk Timber Volume WUI Risk Wildfire Hazard

Five Points Creek 31 18 22 10 12
Limber Jim 3 2 5 30 26
East Face 2 1 1 27 14

Little Dean/Union Miners 12 24 23 11 9
Rail 4 9 7 21 24

Puderbaugh 20 23 20 28 1
Morgan-Nesbit 21 13 11 35 4

Cold Canal 16 42 24 12 40
Cove 32 14 4 8 16

Sandbox 6 8 2 15 7
Snow Basin 11 27 19 13 30
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3.2. Restoration Tradeoffs

Prioritization of a single planning area based on one of our restoration objectives may lead to
attainment of other objectives within a planning area, but not likely within the same forest stand.
Filtering the forest stand data to 10% of the landscape (60,703 ha) that achieved the highest restoration
potential for each of the restoration objectives, showed no overlap among stands for all five metrics
(Figure 6A). Of the 60,703 ha in each of the four objectives (potential of 242,811 hectares if there is no
overlap), 39,798 ha contained two or more highly objective valued stands. This overlap was further
reduced if restoration projects required treatments to generate sufficient timber volume to offset the
cost of the treatment (filter all stands that generated less than 14 m3¨ha´1); only 2753 ha contained high
restoration potential for two or more objectives (Figure 6B). The limited overlap of high-priority stands
(scarcity), especially those with economically viable treatment options, created tradeoff scenarios for
any planned restoration project.
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Figure 6. (A) Total area (ha), and (B) total area (ha) with sufficient timber volume to offset the cost of
the treatment (14 m3¨ ha´1), and potential overlap of forest stands with the highest restoration potential
for each of the five restoration objectives for 10% of the manageable landscape (60,703 ha). Overlapping
areas represent opportunities to achieve more than one restoration objective within the same hectare.
Each ellipse represents an equal number of hectares and overlaps between objectives are not drawn
to scale.

3.3. Production Possibility Frontiers

In general the PPFs exhibited concave curves, indicating tradeoffs were present for each of
the restoration objectives. In addition, projects that emphasized timber production always led to a
tradeoff in the production of the other paired restoration objective. This tradeoff was steeper in some
planning areas than others, and steeper for some restoration objectives relative to others (Figures 7–10).
A steeper tradeoff indicates a lack of co-location of restoration objectives and timber harvest volume.
The PPFs also highlight planning areas that represent poor choices for achieving either restoration
objective, as well as identifying those that represent the greatest opportunity for joint production of
the restoration objectives.
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Figure 7. Production possibility frontier between total merchantable timber volume and treatment
of the total landscape level vegetation departure restoration problem on the Wallowa-Whitman
National Forest.

Comparison of the attainment of timber volume and the reduction in vegetation departure showed
a large number of planning areas with opportunities for joint production of both objectives (Figure 7).
A steep tradeoff relationship was seen in the Imnaha (PA29) planning area where a significant loss of
vegetation departure restoration would be necessitated in order to increase timber production. The
marginal opportunity cost of increasing timber production in Imnaha was greater than in Limber Jim
(PA6) or East Face (PA8) where there are opportunities to increase timber production without significant
tradeoffs in the reduction of vegetation departure. Gradual slopes of the PPF relationship also provide
opportunities to prioritize stands for additional highly valued resources, such as threatened and
endangered species or riparian areas.Forests 2015, 6 14 
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Figure 8. Production possibility frontier between total merchantable timber volume and treatment of
the total landscape level insect risk restoration problem on the Wallowa-Whitman National Forest.
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Figure 10. Production possibility frontier curve of WUI risk vs total merchantable timber volume
for the Elkhorn Face planning area (PA13). Mapped treatment stands illustrate how stand selection
changes as timber production is emphasized over WUI risk reduction (A–D).

The PPFs depicting the relationship between insect risk and timber harvest volume (Figure 8)
demonstrated much greater tradeoffs than were found with vegetation departure. The planning area
with the highest potential attainment for both objectives came at a high opportunity cost for one or the
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other (e.g., East Face, PA8). Planning areas such as Sage (PA34) where there was little tradeoff present,
demonstrate the general collocation of objective variables and little variability between forest stands.

The steepest tradeoffs were seen in PPFs comparing WUI risk to timber harvest volume (Figure 9).
Efforts to mitigate WUI risk from planning areas with the highest possible attainment came at a steep
tradeoff with timber production and therefore would require significant subsidies to offset the cost of
treatments. The lack of timber volume in close proximity to the urban areas where WUI wildfire risk
is greatest could explain this steep tradeoff relationship. A large number of planning areas had little
potential to address any WUI risk and therefore the PPFs had little slope.

Very steep tradeoffs relationships such as in the PPFs comparing WUI risk to timber harvest
volume highlight the need to prioritize stand selection within planning areas in order to balance project
economics with joint attainment of restoration goals. Individual stand selection as seen in Figure 10
illustrates how restoration priorities define stand selection and overall project attainment. Each point
on the graph represents a unique combination of stands selected for treatment and their contribution
towards meeting desired objectives.

Finally, the PPFs analyzing wildfire hazard and timber harvest volume (Figure 11) also showed
steep tradeoffs although for a larger number of planning areas than WUI risk. Treatment of the majority
of stands had the potential to greatly reduce wildfire hazard on the landscape but increased production
of timber volume resulted in a steep tradeoff of wildfire hazard reduction. These tradeoffs area a result
of flame length calculations within the simulation. Stands that have experienced infilling of grand-fir
would have higher relative fire hazard (crown fire) due to the presence of ladder fuels but would also
have less available merchantable timber volume due to the small average diameter of trees present.
The PPFs also illustrate planning areas that could be considered a low restoration priority such as
Sundry (PA15) where there were very few choices in regards to both timber production and wildfire
hazard reduction.
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Figure 11. Production possibility frontier between total merchantable timber volume and treatment of
the total landscape level wildfire hazard restoration problem on the Wallowa-Whitman National Forest.

4. Discussion

Large-scale insect and wildfire disturbances and changing climatic patterns pose growing
challenges to land managers tasked with managing ecosystem services in temperate forests.
Implementation of landscape level forest restoration treatments is a key component in reducing human
and ecological losses from these disturbances. Restoration programs rely on provisional ecosystem
services in the form of raw wood materials as a mechanism for offsetting treatment costs. Utilizing
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spatial planning tools to identify restoration priorities and analyze tradeoffs between attainment of
restoration goals and timber volume production can leverage limited management budgets to improve
the effectiveness of restoration programs [15].

The application of the LTD model to prioritize planning areas represents a new approach for
identifying high-priority landscapes and improving efficiency of restoration programs. The location of
high-priority restoration areas varied widely across the study area and between management objectives,
illustrating the spatial complexity associated with multi-objective restoration programs. While many
high-priority planning areas identified in our analyses were consistent with recent restoration projects
on the Forest, several recent projects were located in low-priority areas. These projects highlight
opportunities where utilizing decision support tools can help improve restoration planning efficiencies
(Table 1).

Balancing competing objectives in restoration programs (e.g., vegetation departure, WUI risk) is
an important step in the prioritization process for achieving long-term restoration goals. Current US
federal forest policy assumes strong spatial correlation among various restoration goals [50]. However,
we found limited opportunities to concurrently achieve multiple management objectives at the stand
level due to a scarcity of lands meeting multiple objectives (Figure 6). This inability to address multiple
restoration objectives at the stand level led to steep tradeoffs within planning areas based on stand
treatment selection. Additionally, we found some restoration objectives had greater utility as a priority
metric at the planning area scale thus indicating that objectives must be carefully selected to match
the spatial distribution of forest stressors. Prioritization of scarce restoration objectives can allow for
the joint production of widely available forest stressors (vegetation departure, insect risk) at the stand
scale once planning area priorities have been established.

In addition to meeting identified restoration objectives, forest restoration projects have the
potential to offset treatment cost through production of timber revenues. The development of
economically viable projects that meet restoration objectives was complicated by planning areas
exhibiting steep tradeoffs between multiple objectives. The steepest restoration tradeoffs were found
in modeled projects addressing WUI risk or wildfire hazard, where developing projects that meet
both economic and fire protection goals will be challenging. These tradeoffs resulted from a lack of
colocation of restoration objectives and provisional ecosystem services at the stand level and emphasize
the importance of prioritizing stand selection in order to meet restoration goals.

Fostering public support for forest management actions that include the use of mechanical
treatments to produce wood products can be difficult [51,52]. Mapping landscape priorities using the
framework presented provides a quantitative and transparent process for prioritization, enhancing
understanding and accessibility of planning activities at the national forest scale. Additionally,
visualizing project options with PPFs can illustrate inherent management tradeoffs across alternative
and potentially competing restoration strategies, as well as highlight landscapes where joint attainment
of goals may be possible. New ways to clearly articulate and quantify management options can help
facilitate interaction with stakeholder and collaborative planning groups fulfilling an important role in
restoration programs [53].

Despite the benefits of quantitative decision support tools for locating optimal project areas,
examining tradeoffs, and as a communication framework to improve management transparency, these
tools are not widely used within US land management agencies. For instance, the USDA Forest Service
has previously used linear programming models including FORPLAN [54] and Spectrum [55], and
state and transition models [56] for forest planning to meet the requirements of federal legislation [57].
However, prioritization of projects within Forests relies on ad hoc analyses that use field observations
with GIS and inventory data. Tools such as Marxan with Zones [12], and Ecosystem Management
Decision Support (EMDS, [58]) could be applied to support planning efforts, but these tools have not
been widely adopted in the field due to their user support requirements. PPFs provide transparency
to managers compared to multi-criteria decision making tools where impacts of individual variables
are potentially diluted within the models. Since relatively few variables drive restoration planning
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decisions, leveraging more complex models to handle large numbers of variables does not offer clear
advantages. Efforts to bridge the current gap between technological advancements in quantitative
decision-support science and the tangible needs of forest managers need to focus on model accessibility
and improved on-the-ground applicability.

This work builds on earlier applications of the LTD [48] by using the model to prioritize
pre-existing planning areas through optimizing treatments of individual stands within each area.
We also show how PPFs for each planning area can be collectively examined to understand tradeoffs
within and among planning areas on the Forest. Our results provide an exploratory analysis in
leveraging economic principles to improve restoration planning effectiveness. Modeling restoration
programs poses many challenges and a number of assumptions were made to complete the current
study. For instance, we assumed modeled restoration treatments would address each of the
identified restoration objectives (i.e., vegetation departure, insect risk, WUI risk, and wildfire hazard)
concurrently with an appropriate silvicultural treatment. Additionally, we assumed treatments would
be operationally feasible despite potential on-the-ground challenges (e.g., steep slopes, lack of road
access). These assumptions, however, are not inconsistent with assumptions made during National
Forest System operational project planning and prioritization [49].

Historically, restoration efforts have often been piecemeal, emphasizing one or only a few forest
stressors that garner public attention, yet fail to address the complex suite of stressors and their
potential spatial interactions [59]. Cumulative stress on forest ecosystems is driven by multiple
disturbances and their inherent relationships with one another, and future work should expand on
these efforts to understand tradeoffs between multiple restoration objectives being simultaneously
prioritized [60]. Additional work is also needed to expand the evaluation ability of current project
efficiencies compared to modeled optimal benchmarks, as well as to analyze the nature of restoration
tradeoffs at larger spatial scales. Prioritization work is currently being expanded to include the
82 national forests in the western US as well as to compare optimally generated project boundaries
using the LTD model with those currently being used by land managers. Finally, while this paper
has focused on dry forest restoration in the western US, the planning framework and results are
applicable to terrestrial restoration programs worldwide. The ability to identify restoration priorities
and understand tradeoffs between competing objectives will improve restoration program efficiency
as well as management communication, thus potentially resulting in greater public trust and future
programmatic success in maintaining ecosystem services.
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