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Abstract Forest road decommissioning is a pro-active
mechanism for preventing future habitat degradation and
for increasing the likelihood of endangered salmonid
survival in the western U.S. High implementation costs
however preclude many desirable projects from being
undertaken, especially on federally owned land. Previous
research and real-world applications have demonstrated the
cost savings potential of reusing aggregate recovered from
forest roads during decommissioning. These cost savings
can effectively subsidize decommissioning projects, sug-
gesting an economic benefit associated with improving
environmental benefit. We present a mixed integer, multiple
objective formulation to identify the efficient trade-off
surface between conflicting economic and environmental
criteria, where environmental benefit is defined as the
hazard weighted length of roads decommissioned. We
compare nondominated frontiers identified with and with-
out the opportunity to recycle aggregate. Our results
suggest that aggregate recycling promotes a synergistic
relationship between cost savings (subsidy) and environ-
mental performance, where subsidies generally increase
with increasing environmental performance. Effective sub-
sidy values can reach 31% of total expenditure, at the
maximum level of environmental benefit. Transportation
managers are therefore able to recover and reuse a
nonrenewable resource, while at the same time promoting
economic and environmental efficiency.
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1 Introduction

Maintenance of high quality, unobstructed habitat is crucial
to successful conservation of threatened and endangered
salmonids in the Pacific Northwest [7]. Federal lands in this
region managed under the Northwest Forest Plan implement
the Aquatic Conservation Strategy (ACS), the intent of
which is to restore habitat and prevent further degradation
across landscapes [12]. A major component of the ACS is
strategic restoration of entire watersheds [6]. As defined by
the ACS, watershed restoration is designed to restore critical
ecological processes and to recover degraded habitat [26].

Watershed restoration planning should prioritize reducing
human-caused habitat degradation and loss [34]. This entails
restoring isolated habitats and improving or decommissioning
roads, among other treatments [33]. The ACS cites prevent-
ing road-related runoff and sediment production as two
important components of its watershed restoration program
[26, 41]. Monitoring of ACS implementation indicates that
the most improved watersheds had relatively extensive road
removal programs [6]. These road removal programs
generally focused on removing roads from riparian areas and
areas with high landslide hazard [26]. As of 2002, a majority
of restoration funding had been allocated for road-related
treatments [12].

Watershed restoration focuses on forest roads because their
presence can substantially and detrimentally alter natural
hillslope hydrologic and geomorphic processes. Forest roads
intercept rainfall and subsurface flow, concentrate flow on the
surface or adjacent ditches, and divert or reroute water from
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natural flow paths [9]. They also accelerate chronic and
episodic erosion processes, alter channel structure and
geometry, alter surface flow paths, and cause interactions
of water, sediment, and woody debris at engineered stream
crossings [9]. In areas with steep slopes, landslides and other
mass movements are responsible for the majority of episodic
road-related erosion [5]. Chronic inputs from road surface
erosion can also be a significant source of sediment-related
input to streams [9, 27].

Forest roads therefore contribute to accelerated sediment
delivery to streams [14], which can negatively affect
salmonids through mortality, reduced growth rates, disruption
of egg and larvae development, and reduction in available
food [13, 21]. Poorly located or designed stream-crossing
culverts on forest roads create barriers to fish passage, which
can reduce salmon productivity [20]. Road decommissioning
is a proactive mechanism for preventing future habitat
degradation and for increasing the likelihood of endangered
salmonid survival [11]. In this context, the goal of decom-
missioning is to restore natural hydrologic and geomorphic
processes. A decommissioned road is thought to have minimal
long-term environmental impacts because the risk of episodic
and chronic erosion is significantly reduced [16, 17, 37, 40].
Decommissioning may also entail the removal of culverts or
other structures acting as a barrier to fish passage.

The emphasis on removing forest roads in the ACS is, in
part, a reflection of the poor state of many of the
transportation networks on federally owned lands. Though
the US Department of Agriculture (USDA) Forest Service's
Road Management Policy [43] states the goal of reversing
adverse ecological impacts associated with roads, the
unfortunate reality is that most roads in the national forest
system are chronically undermaintained, with a backlog of
necessary improvement and removal needs [35, 44]. As of
2002, less than 20% of the roads in the national forest
system were maintained to the desired standard [43]. On
national forestland in Oregon and Washington, there are
estimated to be almost 5,000 culverts blocking fish passage
at a cost of over $330 million to repair [7]. A report by the
Pinchot Institute for Conservation recommended that
national forests analyze their road systems to identify
surplus roads that can be decommissioned [35].

The high cost of decommissioning can preclude adoption
of many desirable restoration-oriented projects. Reduced road
maintenance budgets due to reduced harvest levels on national
forests exacerbate this resource-constrained decision-making
environment. Strategic watershed restoration planning on
federal lands involves identification of a suite of road
treatments that best achieve conflicting economic and
environmental criteria. Other ownerships, both public and
private, also face trade-offs when evaluating alternate road
management regimes. Thus, research has been directed
toward development of appropriate decision support tools

to help prioritize watersheds for restoration (e.g., [2, 23]), to
help identify which roads should be removed (e.g., [1, 8]),
and to help identify cost-effective allocations of removal
treatments (e.g., [18, 38]). Facilitating identification of
efficient resource allocations relating to forest road
management thus remains an important avenue of research.

Previous research has demonstrated that reusing aggre-
gate recovered from forest roads during decommissioning
may be a low cost alternative to procuring aggregate from
other sources [36, 38]. Demand for aggregate stems from
road construction and upgrading as well as periodic
reapplication due to road surface degradation associated
with repeated traffic and weathering. Where recovered
aggregate is to be used as a base layer or as a surface layer
on roads reserved for timber haul, it may require only
screening and/or washing to remove silt, clay, and other
debris. Processing (crushing) may be required where the
aggregate is to be used as a surface layer on roads serving
public traffic. More commonly, quarries are the source for
higher quality aggregate for surfacing, whereas local
borrow pits, if available, can provide aggregate for a base
layer. Reusing recovered aggregate within the forest
transportation network can significantly reduce transport
distance, which in turn can significantly reduce overall
costs associated with aggregate procurement and delivery.

The degree to which recycled aggregate will provide
utility is a function of both the quantity and quality of the
aggregate available to be recovered. The amount available
to be recovered is, of course, site specific and may be
limited in certain circumstances, although many roads
under consideration for decommissioning in the Pacific
Northwest generally have 15–30 cm of available aggregate
(Mark Truebe, Assistant Forest Engineer, Willamette
National Forest, personal communication). Foltz and
Truebe [4] examined the environmental performance1 of a
variety of aggregates, including alluvial surfacing material
recovered from roads in the Willamette National Forest in
Oregon. The recovered aggregate's performance was within
the range of variability of the 18 aggregate types tested,
which suggests that aggregate recovered from forest roads
could be put to beneficial use. In practice, this has proven
to be the case. Thompson and Sessions [38] describe
applications of aggregate recycling by the Washington
Department of Natural Resources and by the Umpqua
National Forest, and Sessions et al. [36] describe successful
operations by the Oregon Department of Forestry.

Thompson and Sessions [38] demonstrated that aggregate
recycling presents an opportunity to offset decommissioning
costs, wherein the recovered aggregate can provide a lower

1 Foltz and Truebe [4] considered runoff volume and sediment
production in response to simulated rainfall, and rut depth in response
to simulated log truck traffic.
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cost alternative for road construction or maintenance projects.
The authors presented mixed integer formulations to identify
optimal road deactivation levels (close/decommission) and
aggregate recycling policies so as to either minimize total cost
or maximize total environmental benefit, measured as the
hazard-weighted length of roads decommissioned. Reusing
aggregate can effectively subsidize decommissioning
projects, meaning landowners could perform more restoration
projects at a particular budget, in theory decommissioning
additional roads and improving aquatic habitat. Alternatively,
cost-minimizing landowners might find that the optimal
solution actually schedules additional roads for decommis-
sioning, and thereby provides synergistic benefits.

In this manuscript, we expand upon previous work,
employing a multiobjective optimization framework, display-
ing the efficient frontier to inform tradeoff analysis, using a
knowledge base to calculate hazard scores, and formalizing
mathematically the notion of an effective subsidy. In contrast
to previous work, here we seek to identify the entire realm of
efficient solutions rather than just the boundary (minimal cost,
maximal benefit) solutions. This approach recognizes that
there is likely a gradient of possible solutions and that the
decision maker's preferences may not best be satisfied with
either boundary solution. We seek to better understand the
trade-offs between economic and environmental criteria, and
in particular, to understand what role aggregate recycling
may play in improving the efficiency of road restoration
activities. To do so, we employ a multiobjective mixed
integer formulation and generate solutions using the epsilon-
constraint method [10]. This constitutes an a posteriori
optimization approach, wherein the frontier of nondominated
solutions is presented to the decision maker prior to rendering
an opinion on what constitutes an ideal compromise between
competing objectives [45]. This multiobjective paradigm is
considered appropriate for natural resource management, in
that it does not require prior articulation of preferences nor
the identification of methods to appropriately scale and
weight noncommensurate objectives, and should ultimately
lead to informed compromise [15].

2 Formulating Optimal Aggregate Recycling and Road
Removal Policies

To prioritize treatments and to assess how well environmental
objectives are met as a result of treatment, environmental
performance measures for forest roads are required [19].
Common metrics include estimates of sediment production
and/or delivery, road roughness, rut depth, road density
within sensitive areas, and length of roads treated. Another
approach is to assign road segments a hazard score based upon
some defined set of criteria and attributes (e.g., [1, 18, 22]).
Girvetz and Shilling [8] employed this method to analyze the

Tahoe National Forest road system for potential environ-
mental impacts according to the USDA Forest Service's
“Roads Analysis” guidance document [42]. Roads with
greater potential to cause environmental damage were
assigned higher scores, and these scores were used to
negatively weight roads for a least-cost network analysis.
The authors found that over 50% of the total road length and
40% of aggregate-surfaced road length could be removed
while ensuring access to critical points in the road network.
Relevant characteristics of the road network included in the
analysis were the number of stream crossings, distance from
the road to a stream, position of the road on a slope, and
slope steepness.

Federal land management agencies in the Pacific
Northwest adopted a similar approach, using the Ecosystem
Management Decision Support (EMDS2) system to charac-
terize the ecological condition and help prioritize restoration
of watersheds and aquatic ecosystems on public land [26].
EMDS employs fuzzy logic and knowledge-based reasoning
integrated into a geographic information system (GIS)
to provide decision support for ecological assessment
[28]. EMDS assesses ecological condition according to a
hierarchical, multicriteria framework. At the bottom of
the hierarchy are data observations, or attributes, that are
evaluated according to predefined criteria and assigned
scores on a (−1, +1) scale. An assigned score reflects
the degree to which a premise is true, where +1 indicates the
premise is completely true and −1 completely false. The
Aquatic and Riparian Effectiveness Monitoring Program, for
instance, evaluates the premise that a watershed is in a
“good” condition, defined as a state wherein the physical
attributes are adequate to maintain or improve biological
integrity, in particular for native and desired fish species
[25]. Drilling down into the model, scores are assigned to
attributes such as road/stream crossing frequency and
riparian road density [2]. Attribute scores are aggregated to
assign an overall ecological condition score. Aggregation
proceeds through the hierarchy according to user-defined
rules such as “AND” and “OR” operands. The “AND”
relationship combines scores for a set of attributes or
subassertions θ according to Eq. 1, offering a conservative
estimate of the truth. This is analogous to a minimum
operator, which indicates the presence of a limiting factor
[2]. The “OR” relationship to the contrary is effectively a
maximum operand, assigned the value of the most true
subassertion, and is used where the truth value of the
assertion could be based on any of the subassertions [8].

AND qð Þ ¼ min qð Þ þ average qð Þ �min qð Þ½ �
� min qð Þ þ 1½ �=2 ð1Þ

2 http://www.institute.redlands.edu/emds/
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The use of fuzzy, or approximate, logic is thought to
extend the ability to reason with the imprecise or qualitative
information common to natural resource management [30].
EMDS has been employed for a variety of purposes,
including watershed assessment in the Chewaucan Basin
[31], assessment of habitat and basin-wide health in the
Rogue River drainage [23], sediment total maximum daily
load monitoring in a northern California watershed [3], and
landscape evaluation of the eastern Washington Cascades
[29]. Here, we propose an adoption of a knowledge base to
assign road segments a hazard weight based upon likely
negative aquatic impact, similar to the approach presented in
Girvetz and Shilling [8]. We then use hazard-weighted length
of roads decommissioned as a proxy for environmental
benefit stemming from road-decommissioning treatments.

Consider a road network with a subset of segments
scheduled for removal. Removal can consist of either
closure or decommissioning, with the expectation that
decommissioning provides significantly greater environ-
mental benefits. In this formulation, environmental benefits
are defined as the degree to which risk is further reduced
beyond the baseline of closing all roads slated for removal.
That is, benefits of decommissioning are considered
additive, and measured in terms of hazard-weighted meters.
The set of roads scheduled for removal is assumed to have
been identified by an experienced professional, perhaps as
the result of a watershed analysis using methods outlined
above. If a road is scheduled to be decommissioned,
aggregate can be recovered and used for other scheduled
maintenance and construction projects.

The multiobjective mixed integer formulation is presented
below. Firstly, we present the formal definitions of the model's
parameters and variables:

I set of road segments scheduled for removal, indexed by i
J set of road segmented requiring aggregate for

construction or maintenance, indexed by j
K set of road removal treatments, indexed by k
S set of aggregate sources, indexed by s
T set of time periods in the planning horizon, indexed

by t
pt present net value factor for period t
αi hazard rating for road segment i, (0, 1)
li length of road segment i, cubic meter
Ait aggregate available for recovery from road i in period

t, cubic meter
Djt aggregate required for road j in period t, cubic meter
cijt cost to recover aggregate from road i and deliver to

road j in period t, $ per cubic meter
gsjt cost to procure aggregate from source s and deliver to

road j in period t, $ per cubic meter
hikt cost to remove road i at treatment level k in period t, $
rfikt aggregate recovery factor for road i removed at

treatment level k in period t, cubic meter per cubic
meter

Xijt aggregate recovered from road i and delivered to road
j in period t, cubic meter

Ysjt aggregate taken from source s (pit or quarry) and
delivered to road j in period t, cubic meter

βikt binary variable indicating whether road i is removed
at treatment level k in period t

Minimize:

Zecon ¼
X

i2I

X

j2J

X

t2T
ptcijtXijt þ

X

s2S

X

j2J

X

t2T
ptgsjtYsjt þ

X

i2I

X

k2K

X

t2T
pthiktbikt

ð2Þ
Maximize:

Zenv ¼
X

i2I

X

k2K

X

t2T
ailibikt ð3Þ

Subject to:
P
i2I

Xijt þ
P
s2S

Ysjt ¼ Djt 8 j 2 J ; t 2 T ð4Þ

P
j2J

Xijt � P
k2K

rfiktAitbikt 8 i 2 I ; t 2 T ð5Þ

P
k2K

bikt ¼ 1 8 i 2 I ; t 2 T ð6Þ

bikt 2 0; 1f g 8 i 2 I ; k 2 K; t 2 T ð7Þ

Our formulation seeks solutions that are nondominated
with respect to economic and environmental criteria. The
economic criterion (Eq. 2) seeks to minimize the total cost
of aggregate procurement and delivery plus road removal
costs. The environmental criterion (Eq. 3) seeks to
maximize the hazard-weighted length of roads decommis-
sioned, where the hazard score is identified as described
above. In this context, nondominated (or efficient) solutions
are those for which it is impossible to improve one
objective (e.g., decrease cost) without degrading the other
objective (e.g., decrease hazard-weighted length of roads
decommissioned). Nondominated solutions are formally
defined as follows: let a and b be feasible decision vectors;
a is said to dominate b a � bð Þ if and only if:

8 i 2 1; 2; :::; nf g : fiðaÞ � fiðbÞ \
9 j 2 1; 2; :::; nf g : fjðaÞfjðbÞ

ð8Þ

Equation 4 ensures that all aggregate demand (stemming
from construction and maintenance projects) is fully met by
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some combination of recycled aggregate and aggregate
procured from a local pit or quarry. Equation 5 limits the
total aggregate available to be recovered from a road segment
to the total volume of rock available, multiplied by a recovery
factor. Sessions et al. [36] relate from experience recovery
rates as high as 90%. Here, we conservatively estimate a
recovery rate of 70%. Higher recovery rates can be enabled
by the use of geotextiles on new construction. Equation 6
ensures each segment is assigned at most one treatment, and
Eq. 7 requires removal treatment decisions remain binary.

Earlier cost savings associated with aggregate recycling
were presented as an effective subsidy. Here, we formalize
that notion mathematically. Let p indicate a particular level of
environmental performance (measured here by hazard-
weighted length of roads decommissioned, meter). Consider
a nondominated tuple in the objective space defined by
(Zecon(p), p), where Zecon(p) is the total (minimized) cost
associated with environmental performance level p. Now
define ZNR_econ (p) as the total (minimized) cost associated
with environmental performance level p, but under a
scenario with no aggregate recycling. The effective subsidy
(ES) associated with recycling aggregate for a particular
environmental performance level p can be calculated as
shown in Eq. 9.

ES pð Þ ¼ Zecon pð Þ � ZNR econ pð Þ ð9Þ

This formulation is useful for interpreting the differences
between aggregate utilization policies. Our hypothesis is
that the effective subsidy increases with increasing levels of
environmental performance. That is, the marginal cost
savings due to aggregate recycling increase as more roads
are decommissioned. This suggests a synergistic benefit
between reducing costs and improving overall environmental
performance.

3 Example Application

To test our hypothesis of aggregate recycling providing
increasing marginal environmental benefit, we now turn to
an example application. The input data for our example was
originally presented in Thompson and Sessions [38]. We
now employ a multiobjective mathematical programming
technique to identify the nondominated frontier. Specifically,
we employ a modified version of the epsilon-constraint
method [10], wherein an algorithm iteratively optimizes for
a single objective subject to constraints representing other
objectives. Because our example problem is sufficiently
small, we use exact mixed integer programming techniques
to generate known optimal solutions for all iterations of the
algorithm. Solutions are generated using GAMS version
22.7 with the CPLEX solver. The modification involves an

inserted step to ensure that output solutions are in fact
nondominated [39]. A cost-minimizing solution subject to
environmental performance level p is not necessarily
nondominated, because it may be possible to identify a
solution for which environmental performance can be
improved while maintaining the same low cost solution
output from the previous iteration. Thus, for each iteration of
the algorithm, two single-objective problems are solved to
optimality. Per iteration the epsilon value, representing the
constraint level for one objective, is updated. In this
example, we iterate over environmental performance metrics,
with epsilon set to 1 hazard-weighted meter. The algorithm
proceeds from one boundary solution to the other, along the
way defining the efficient frontier of nondominated solutions.

Here, we model a two-period planning example, using
the road network of the South Zone of the McDonald–
Dunn Research Forest, managed by the College of Forestry,
Oregon State University. Figure 1 displays the road
network under consideration. We assume seven road
segments have been slated for removal, five for construction,
and two for maintenance, where maintenance here is defined
as reapplication of aggregate. Roads requiring maintenance
are mainlines serving public traffic, meaning any recycled
aggregate must first be processed prior to use as a surface
layer. Newly constructed segments are to serve timber traffic
only, meaning no processing besides screening is necessary.
As an alternative to recovered aggregate from decommis-
sioned roads, a quarry located ∼18 km north of the forest can
provide aggregate. There are no working borrow pits within
the forest because of perceived low aggregate quality (Dave
Young, Roads, and Trails Specialist, OSU College Forests,
personal communication, 2007). Road operations are
assumed to be scheduled under suitable weather conditions
in the dry season (summer).

Road removal costs are estimated from Weaver and
Hagans [46]. Here, we assume closure is defined as filling
ditches and outsloping the road surface for an average cost of
$7,500/km. Decommissioning treatments vary and may
include removing culverts under significant fills, ripping the
roadbed, recontouring hillslopes, planting, or seeding the road
surface. The expectation is that a decommissioned road is not
passable and requires no future maintenance. We consider a
range of decommissioning costs, from $10,000 to $25,000/
km. Because it is largely the relative cost difference between
closure and decommissioning treatments that drives the
decision to opt for one approach over another, we opted to
only consider a range of decommissioning costs.

Table 1 presents information on quantity of aggregate
demanded (Djt) for maintenance and construction projects.
Recall that maintenance projects require higher quality
aggregate to be applied as a surface layer. Table 2 presents
removal costs (hikt) and quantity of aggregate available (Ait)
from spur roads slated for removal. Note that different
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segments of Road 660 are slated for different treatments
(removal and maintenance). Removal costs presented in the
table were estimated at $7,500/km for road closure and
$20,000/km for decommissioning. Table 3 presents unit costs
($ per cubic meter) for aggregate procurement, processing,
and delivery from various possible sources (cijt and gsjt).

Recovered aggregate to be used for maintenance projects has
higher total costs due to processing requirements. Larger gsjt
values for quarry-supplied aggregate reflect both the
purchase cost as well as significantly higher transportation
costs. Data in Tables 1, 2, and 3 was originally presented in
Thompson and Sessions [38].

Fig. 1 Road plan for the South
Zone of the McDonald–Dunn
Research Forest, with project
types labeled. This figure was
originally published in
Thompson and
Sessions [38]

Project type Road Length (m) Period Aggregate demanded (m3)

Maintenance 600 3,189 1, 2 2,520

660 747 1 518

Construction 650 2,343 2 743

761 902 1 939

800 628 2 654

811 205 2 213

6,021 280 1 292

Totals 6,666 5,879

Table 1 Aggregate demanded
(Djt) for maintenance and
construction projects (cubic
meter), by period for the South
Zone example

Maintenance projects require
higher quality surfacing rock
whereas construction projects
require base layer quality. Data
originally presented in Thompson
and Sessions [38]

M.P. Thompson, J. Sessions



Figure 2 presents the knowledge-based model used to
assign hazard scores to each segment. We use an abbreviated
version3 of the model presented initially by Girvetz and
Shilling [8], wherein we evaluate the degree of support for the
assertion, “the road segment has a high potential for causing
environmental damage.” Truth value scores are used to assign
a hazard weight to each road segment under consideration for
decommissioning. In this hazard assessment model, truth
value scores are limited to the range (0, 1), reflecting the
conservative assumption that, at best, we can only be
indeterminate about a road's likelihood of negatively impact-
ing the environment (as opposed to being certain about the
lack of risk). Scores are assigned linearly based upon
predetermined lower and upper bounds for each criterion.
Table 4 presents the segment-level information passed into
the simulated knowledge base to assign hazard scores to
each road segment; these values were identified using GIS
tools. We assign hazard scores according to the same
parameter values employed by Girvetz and Shilling [8].

The potential for each segment to detrimentally impact
the aquatic environment depends on the degree to which the
segment impacts either stream channel integrity or presents
a high erosion risk (Fig. 2). Due to use of the “OR” operator,
a segment's overall likelihood of causing damage is assigned
based upon the higher score between stream channel
integrity and erosion risk. Indicators of stream channel
integrity include the number stream crossings per kilometer
of road and the distance of the road to the stream. More
crossings per kilometer is less desirable (lower bound=0.0
crossing/km, upper bound=5.0 crossings/km), as is lower
distance to the stream; distances greater than 100 m are
assumed not to contribute to stream channel degradation.

Erosion risk is estimated as a function of hillslope position
and road slope steepness. Midslope roads are considered to
constitute the highest risk (TV=1), followed by ridge-top
roads (TV=0.5) and then streamside roads (TV=0). The
steeper a slope is, the greater the associated erosion risk
(upper bound=15%).

Table 5 presents each road segment's score for each
criterion, as well as the aggregated truth value score. Again,
segments with values closer to 1 are assumed to present a
greater risk of causing environmental damage. Based upon
this model, we expect segment 630 to present the greatest
risk per unit length, attributable largely to the segment's
steep slope. Segment 762 is also thought to present a
relatively high erosion risk because of slope steepness.
Segment 720, with the third highest score, is instead
considered hazardous because its proximity to stream may
threaten the stream channel integrity. Readers are referred
to Girvetz and Shilling [8] for more details on this model.

A common policy among public managers in the western
United States is to treat the greatest length of road possible
at a given budget [18]. A drawback to this approach is the
lack of differentiation between other risk factors beyond
segment length. Based upon length alone, the ordered
priority list for decommissioning roads would be 720 →
681 → 762 → 771 → 620 → 660 → 630 (see Table 2 for
segment lengths). Based upon the hazard-weighted length,
however, the ordered priority list becomes 720 → 762 →
681 → 630 → 771 → 660 → 620. Again, the hazard-
weighted score considers attributes beyond length thought
to influence risk (Table 4). The road decommissioning
priority list is based upon calculated hazard scores as
presented in Table 5. Segment 720 is by far the longest
segment, and therefore, remains prioritized first according
to either metric. Segments 762 and 630, however, identified
above as having high hazard scores, move up in the priority
list when hazard-weighted length becomes the metric. Road
620, which has the lowest hazard score, moves to the
bottom of the priority list.

Table 2 Removal costs (hikt) and aggregate available (Ait) from spurs slated for removal (cubic meter); South Zone example

Road Removal Period Length (m) Aggregate Available (m3) Closure Cost ($) Decommissioning Cost ($)

620 1 393.61 410 $2,952 $7,872

630 1 213.23 222 $1,599 $4,265

660 1 346.27 360 $2,597 $6,925

681 2 835.06 869 $6,263 $16,701

720 2 2,417.22 2,515 $18,129 $48,344

762 2 732.97 763 $5,497 $14,659

771 2 588.47 612 $4,413 $11,769

Totals 5,526.80 5,751 $41,451 $110,536

Costs presented were calculated using $7,500/km for closure and $20,000/km for decommissioning. Data originally presented in Thompson and
Sessions [38]

3 Attributes removed from our abbreviated model include information
on precipitation, road surface type, a soil erodibility factor, and
metrics on the biological condition of aquatic habitat. Since the intent
is to describe the relative risk of each road segment, attributes that
would be identical for all segments were removed from the model.
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4 Results

Figure 3 presents identified nondominated frontiers across a
range of decommissioning costs, assuming aggregate
recycling is permitted. Because we are solving a minimize
cost (x-axis), maximize benefit (y-axis) problem, we can
expect frontiers to have a positive slope in the objective
space. That is, we expect cost to increase with benefit. The
maximum benefit possible across all scenarios is 2,248.6
hazard-weighted meters decommissioned (5,526.81 total
meters). The minimum cost varies with decommissioning
cost. At $10,000/km, the cost-minimizing solution is the

benefit-maximizing solution, meaning the frontier consists
of a single point in the objective space. Here, the relatively
low cost of decommissioning paired with potential cost
savings from recycling combine to yield a solution frontier
without trade-offs. We anticipate that this situation is
uncommon.

As the relative cost of decommissioning increases, the
frontiers expand downward toward lower cost solutions, with
associated reductions in decommissioning and recycling. For
decommission costs ≥$20,000/km, the low cost solution is to
decommission no roads, despite the cost savings relative to
purchasing rock from the quarry. This figure allows decision
makers to better understand the trade-offs associated with
economic and environmental criteria. The frontier for the
decommissioning cost (DC)=$15,000/km is nearly vertical,
suggesting a high benefit/cost ratio associatedwith incremental
increases in expenditure. As DC increases, however, the slopes
of the frontiers decline, suggesting a lower cost/benefit ratio.

To demonstrate the utility of recycling, we compare
frontiers generated with and without adoption of aggregate
recycling. Figure 4 displays these frontiers for a decom-

Fig. 2 Knowledge based used to evaluate the potential aquatic
environmental impact of each road segment slated for decommission-
ing. Rectangles represent assertions (e.g., “the road has a high
potential for causing damage to the aquatic environment”), circles
the segment-level data used to evaluate these assertions, and diamonds
the AND/OR fuzzy logic relationships. Here, the overall truth value
score is the score of the most true subassertion (i.e., OR is a maximum
operand). Model adapted from Girvetz and Shilling [8]

Aggregate sources Segments demanding aggregate

Maintenance Construction

Decommissioned roads 600 660 650 761 800 811 6,021

620 $5.97 $8.00 $4.43 $7.12 $5.41 $5.17 $8.26

630 $5.85 $7.71 $4.14 $7.29 $5.49 $5.25 $7.86

660 $6.46 $5.94 $3.41 $9.15 $7.37 $7.12 $7.13

681 $8.23 $8.23 $5.18 $5.70 $9.04 $8.79 $5.61

720 $7.74 $10.48 $6.91 $5.58 $4.76 $4.52 $10.79

762 $9.45 $12.19 $8.62 $4.07 $6.54 $6.30 $9.71

771 $9.24 $9.76 $6.19 $5.31 $7.35 $7.11 $7.17

Quarry $18.10 $20.32 $20.32 $21.60 $19.84 $19.59 $24.04

Table 3 Unit costs ($ per cubic
meter) for procurement,
processing, and delivery (gsjt)
of aggregate from sources
(abandoned roads and quarry) to
other road segments in need of
aggregate

Maintenance projects have
higher processing costs if the
source is recovered aggregate.
Data originally presented in
Thompson and Sessions [38]

Table 4 Road segment information passed into knowledge base to
evaluate each road segment's relative effect on the aquatic
environment

Road
segment

Stream
crossings

Distance to
stream

Hillslope
position

Slope

620 0/km >100 m Ridge 0%

630 0/km >100 m Ridge 14%

660 0/km >100 m Ridge 1%

681 0/km 71 m Ridge 0%

720 1.70/km 50 m Streamside 6%

762 0/km >100 m Ridge 8%

771 0/km >100 m Ridge 1%

Columns, from left to right, present information on number of stream
crossing per kilometer, distance from the road segment to a stream,
and the road segment's position on hillslope

M.P. Thompson, J. Sessions



missioning cost of $10,000/km. Recall that, here, the
“frontier” with recycling is actually a single point in the
objective space. There simply is no lower cost alternative
without recycling, and to achieve identical levels of environ-
mental performance requires an additional expenditure of
$49,818.47, or 30.76%. At DC=$15,000/km, 26.50% of

additional expenditure is required to achieve the maximum
environmental benefit.

Figure 5 compares nondominated frontiers solved
with and without the opportunity to recycle aggregate
from decommissioned roads (DC=$20,000/km). As the
environmental benefit from treatment increases, so does
the ES due to recycling. ES is displayed on the figure
as the horizontal distance between the two frontiers, i.e.,
the difference in total expenditure between scenarios
with and without aggregate recycling. The figure also
demonstrates increasing marginal cost savings associated
with reuse of recovered aggregate as the level of
environmental performance increases. Alternatively, this
trade-off analysis could be framed as demonstrating the
opportunity costs of not recycling aggregate where the
opportunity exists.

Figure 6 supplements the information presented in
Fig. 5. ES values are graphed, as they vary with environ-
mental performance levels (DC=$20,000/km). As the level of
environmental performance increases, the effective subsidy
associated with aggregate recycling generally increases. The
rationale here is intuitive: as more roads are decommissioned,
more local (low cost) aggregate becomes available for reuse
elsewhere in the road network. Marginal cost savings
associated with aggregate recycling in this scenario range
from 0% to 23.12%. At DC=$25,000/km, maximum cost
savings reach 20.57%, achievable at the maximum level of
environmental benefit.

Table 5 Calculated truth value scores representing the degree of truth
of the assertion, “the road has a high potential for causing damage to
the aquatic environment”

Road
segment

Potential environmental impact Truth
value
scoreStream channel

integrity
Erosion risk

Stream
crossings

Distance
to stream

Hillslope
position

Slope

620 0.00 0.00 0.50 0.00 0.13

630 0.00 0.00 0.50 0.93 0.66

660 0.00 0.00 0.50 0.07 0.18

681 0.00 0.29 0.50 0.00 0.29

720 0.34 0.50 0.00 0.40 0.50

762 0.00 0.00 0.50 0.53 0.51

771 0.00 0.00 0.50 0.07 0.18

These hazard scores were used to weight the length of each road to
arrive at a proxy for environmental performance, hazard-weighted
length of roads decommissioned

Fig. 3 Comparison of nondo-
minated frontiers identified
using various decommissioning
costs ($ per kilometer), with
aggregate recycling permitted.
At the upper left hand corner of
the figure, the nondominated
frontier consists of a single point
(DC=$10,000/km). That is, the
cost-minimizing solution is also
the benefit-maximizing solution.
As the cost of decommissioning
increases, the frontiers expand
downward toward lower cost
solutions, with associated
reductions in decommissioning
and recycling. For decommis-
sion costs ≥$20,000/km, the low
cost solution is to decommission
no roads, despite the cost
savings relative to purchasing
rock from the quarry

Exploring environmental and economic trade-offs associated with aggregate recycling from decommissioned forest roads



Fig. 4 Comparison of
nondominated frontiers, solved
with and without the opportunity
to recycle aggregate from
decommissioned roads. Frontiers
displayed below were calculated
using a DC of $10,000/km. Here,
the “frontier” with recycling is
actually a single point in the
objective space, as denoted by
the multiplication sign in the
figure. There simply is no
lower cost alternative without
recycling, and to achieve
identical levels of environmental
performance requires an
additional expenditure of
$49,818.47, or 30.76% of total
expenditures under the
recycling scenario

Fig. 5 Comparison of nondo-
minated frontiers, solved with
and without the opportunity to
recycle aggregate from decom-
missioned roads. Frontiers
displayed below were calculated
using a DC of $20,000/km. As
the environmental benefit from
treatment increases, so does the
effective subsidy due to
recycling aggregate. This figure
demonstrates increasing marginal
cost savings associated with reuse
of recovered aggregate as the
level of environmental
performance increases

M.P. Thompson, J. Sessions



Figure 7 compares nondominated frontiers identified
using various aggregate recovery rates. As described above,
here we generate solutions using a conservative estimate
of 70%. In reality, recovery rates may be much higher,
as alluded to earlier. Furthermore, construction using

geotextiles can increase recovery rates. The horizontal
distance between frontiers in Fig. 7 represents additional
costs savings possible by installing geotextiles or imple-
menting other techniques to increase the recovery rate
(exclusive of installation or implementation costs). The

Fig. 7 Influence of the recovery
factor on nondominated frontiers,
calculated assuming a DC of
$20,000/km. The higher recovery
factor of 0.9 is assumed to reflect
a scenario in which geotextiles
were used during road construc-
tion, thereby facilitating recovery
during decommissioning. The
horizontal distance between
frontiers represents additional
cost savings made possible by
investing in geotextiles or other
techniques to increase recovery
rate. That the frontier generated
using a recovery factor of 90%
does not intersect the x-axis
indicates that the low cost
solution does involve decom-
missioning, in order to reap
cost savings associated with
recycling. The marginal gain in
aggregate from the higher
recovery rate makes additional
decommissioning attractive
relative to a recovery factor
of 70%

Fig. 6 ES, as it varies with
environmental performance
levels. This figure displays the
difference in total expenditure
between scenarios with and
without aggregate recycling,
calculated assuming a DC of
$20,000/km. As the level of
environmental performance
increases, the effective subsidy
associated with aggregate
recycling generally increases.
The rationale here is intuitive: as
more roads are decommissioned,
more local (low cost) aggregate
becomes available for
reuse elsewhere in the
road network

Exploring environmental and economic trade-offs associated with aggregate recycling from decommissioned forest roads



90% recovery rate frontier does not intersect the x-axis,
indicating that the low cost solution schedules at least some
roads for decommissioning.

Often, when evaluating trade-offs between competing
objectives, one expects to see a “bend of the knee” in the
curve, or the point where marginal benefits per dollar spent
begin to markedly decline. Decision makers may choose
not to adopt efficient solutions beyond this point, a rule of
thumb that can help decision makers tie management policy
formulation to output from the mathematical model. In the
efficient frontiers displayed in Figs. 3, 4, and 5, however,
no such point is readily apparent. In particular consider
Fig. 5: the slope of the frontier with recycling has a near
constant slope, which suggests the possibility of a syner-
gistic relationship between cost savings that accrue from
aggregate recycling, and environmental benefits associated
with decommissioning additional forest roads.

5 Concluding Remarks

This manuscript presented mixed integer, multiobjective
mathematical programming formulations to identify optimal
aggregate recycling and road removal policies. Previous
research and real-world application have demonstrated the
cost savings potential of recovering and reusing aggregate
from decommissioned forest roads. We extended previous
work by employing techniques to identify the efficient frontier
of nondominated solutions, and to include hazard factors to
differentially weight road segments scheduled for removal.
Identifying the frontier of nondominated solutions facilitates
trade-off analysis and the selection of compromise solutions.
Decision makers whose preferences are not best satisfied
with boundary (minimal cost, maximal benefit) solutions are
able to explore other efficient possibilities.

Furthermore, trade-off analysis lets us better understand
the role that aggregate recycling may play in effectively
subsidizing decommissioning projects. Our results suggest
a synergistic relationship between this subsidy and envi-
ronmental performance, where subsidies generally increase
with increasing environmental performance. Transportation
managers are therefore able to recover and reuse a
nonrenewable resource, while at the same time promoting
economic and environmental efficiency.

The type of analysis we present here should ultimately
facilitate watershed restoration planning on federal lands in
the Pacific Northwest. The utility of this approach is not,
however, limited to federal ownerships or to the specific
region discussed here. Our proposed approach should help
any class of landowners to manage their aggregate resources.
On private lands with high levels of timber harvest, land-
owners may now be more likely to construct new temporary
spurs with the intention of later recovering aggregate. This

may entail construction with geotextiles, which as we
demonstrate above may increase cost savings.

Our findings are not limited to the scenarios presented here
where recovered aggregate is to be used within the same
planning period. The recovered aggregate tested by Foltz and
Truebe [4], for instance, had been stockpiled for over 20 years.
Similarly, aggregate recovered from decommissioned forest
roads on the Umpqua National Forest was stockpiled for
future use (Michael Karr, Work Supervisor, RoadMaintenance
and Project Team, Umpqua National Forest, personal
communication, 2007). Forward thinking, managers may
therefore opt to incur aggregate recovery costs today in order
to reduce aggregate procurements costs in the future.

Future work could seek to manage aggregate resources
over a larger ownership, or to incorporate additional decision
variables such as aggregate stockpiling, road improvement
treatments, identification of which road segments to remove,
and identification of when to remove segments. Practitioners
could also employ more sophisticated and/or regionally
specific risk models. Here, we intentionally adopted a
decision support system that is also used by federal agencies
to prioritize watershed restoration treatments and that has
previously been used to prioritize road segments for removal.
Certainly, other approaches are valid, and may in fact be more
appropriate depending on circumstances. For instance, the
Aquatic and Riparian Effectiveness Monitoring Plan models
employed by the Forest Service to characterize watershed
condition over time did not include an indicator of road
condition, which resulted in no change to assessed
watershed condition scores despite implementation of road
improvements on nearly 5,000 km of road [26]. Other
approaches from the literature include discriminant analysis
[32], Bayesian decision analysis [1], and sediment produc-
tion estimation ([24]; [18]). Generally speaking, all meth-
ods have respective strengths and weaknesses, and
researchers should carefully consider which method to
employ.

We hope this research note stimulates additional interest
into aggregate recycling, and ultimately leads to improved
economic and environmental efficiency in the management
of forest transportation networks.
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