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(ABSTRACT)

This research project examined the ability to combine spatial data analysis and
mathematical programming techniques in developing a multiple-use land management
plan for a public forest in northeastern Virginia. Linear programming-based timber
management scheduling models were constructed utilizing the Model I formulation of
Johnson and Scheurman (1977). The models were formulated as mixed strata-based,
area-based models (Johnson and Stuart 1987) that maximized present net worth
subject to a fixed timberland base, an ending inventory requirement, workload control
restrictions, and harvest volume control restrictions. The linear programming-based
models which incorporated spatial data analysis capabilities were solved using mixed

integer programming.



The model was used to assess the costs of implementing spatial restrictions
designed to address forest resource management concerns, in particular, timber
production and reserve status acreage for wildlife habitat purposes. The impact of
imposing alternative spatial stand allocation requirements and different levels of
reserve status acreage was evaluated by measuring the cost in terms of reductions in
the present net value (PNV) of timber benefits and timber harvest volumes. The
results indicate that the optimal solution value is more sensitive to the level of reserve
status acreage imposed on the model than to the spatial restrictions for stand

allocations placed on the model.
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CHAPTER 1

INTRODUCTION

Background:

The Naval Surface Weapons Center Laboratory (NSWC) in Dahlgren, Virginia
has 2,450 forested acres, including 1,425 acres which are actively managed for timber
production and 150 acres which are actively managed as wildlife habitat. The timber
has been divided into three stand types for this analysis: pine, pine-hardwood, and
hardwood. Each stand type was further divided into three size classes:
seedling/sapling, poletimber, and sawtimber. The stand type/size class covering the
largest area is hardwood sawtimber, making up 24 percent of the area managed for
timber production. The predominant softwood species are loblolly pine (Pinus taeda)
and Virginia pine (Pinus virginiana). There are many hardwood species, including
red maple (acer rubrum), hickory (Carya spp.), sweetgum (Liquidambar styraciflua),
yellow-poplar (Liriodendron tulipifera), black cherry (Prunus serotina), and a great

variety of oaks (Quercus spp.).
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Problem Statement and Justification:

The NSWC is directed to follow U.S. Department of Defense policy which
requires military installations, as stewards of public lands, to manage their forestlands
on a multiple-use basis. They must take into account not only their military missions,
but also potential revenue generation and responsible environmental management.
The land management goals are numerous and often conflicting: produce timber;
provide outdoor recreation opportunities; maintain fish and wildlife habitat; protect
critical habitat zones, wétlands, streamside protection zones, and scenic areas; and
manage the forest resources efficiently and in accordance with the station’s military
mission (Perham 1978). The primary institutional constraint facing the natural
resources management on the NSWC is coordination with military interests, which
have top priority. Other restrictions include conservation laws, administrative

regulations and political considerations.

In order to address forest management objectives, multiple-use natural
resources management plans have been developed for the forestlands of the NSWC
(see Perham 1978). However, previous plans have failed to take into account the
spatial nature of multiple-use management in determining forest regulation, even
though the timber management scheduling problem for public lands is typically

characterized by the spatial considerations which are inherent in the provision of
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multiple-uses. The forest resources management situation of the NSWC, including
the particular spatial restrictions present in their forest management situation, is
conducive to the use of modern mathematical programming techniques. The primary
advantage of a mathematical programming-based formulation of the spatially-specific
timber management scheduling problem is that it allows the optimization of timber
management decisions, such as the timing of final harvests and commercial thinnings
for present and future stands, with consideration given to the spatial relationships
present in their forest management situation. With this in mind, a timber
management scheduling model was developed which can be applied to the

management of the timberlands of the NSWC.

Study Objectives:

The primary objective of this study is to examine the ability to combine spatial
data analysis and mathematical programming techniques in developing a multiple-use
land management plan. This objective will be addressed by developing a long-term,
spatially-specific linear programming-based timber management scheduling model that
optimally allocates timber stands among a variety of management regimes for the
stand types/size classes present over a 100-year planning horizon. The problem was

solved using mixed integer programming, so that stands can be allocated in their
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entirety, and thus the splitting of stands will not be allowed. Thus, linear
programming as a forest planning tool for incorporating spatial data analysis
capabilities will be examined. Specifically, the ability to quantify the trade-offs
between spatial restrictions designed to address management concerns and timber
benefits derived from the forest will be investigated. The impact of imposing spatial
constraints on the linear programming (LP) based model will be evaluated by
measuring the cost in terms of reductions in present net value (PNV) and timber

harvest volume.

Proposed Model:

A diversity of mathematical programming approaches have been used for
timber management scheduling. Linear programming (LP) frequently has been used
to address situations similar to that faced at the NSWC, perhaps most extensively by
the U.S. Forest Service in the development of management plans for each of its 123
administrative units. Because of its past application to multiple-use management
scheduling problems, and because of the wide availability of commercial software
capable of solving LP-based models, a LP-based model will be formulated for
application to the forest resource management problem of the NSWC. In addition,

LP has been chosen because of its ability to achieve an optimal solution, and because
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LP can handle the large number of decision variables and constraints which will be

necessary to formulate the model.

With regard to the forest resources managemenf objectives of the NSWC, the
model has been formulated to incorporate the spatial considerations which are present
in the allocation of timberland to timber production and wildlife habitat, and the
scheduling of timber management activities over a 100 year planning horizon. The
objective function is defined in terms of maximizing present net value (PNV) from
present and future stands over a 100-year planning horizon. The model is confined
by resource constraints on available acreage, the retention of unfragmented timber
stands, and constraints which represent management goals specifying minimum ending
inventory requirements. Thus, the model schedules timber harvests and thinnings in a
method responsive to the need for timber production and financial efficiency, while

satisfying the desire for quality wildlife habitat.

The model has been developed so that the optimal solution can be used as a
basis for the long-term strategic forest resources management plan, with a view to the
short-term tactical planning to be implemented on the ground. By using mixed
integer programming as the solution procedure, the model allocates stands in their
entirety to either wildlife reserve status or timber production. While not all viable

timber management prescriptions are included in the model, the prescriptions
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developed for existing and regenerated timber stands represent a broad range of
management regimes that are economically, physically, and biologically viable.
Limiting the number of prescriptions is a practical necessity due to the large number
of decision variables and constraints required in modeling timber management

scheduling problems.

Thesis Overview:

The following chapter (2) is a short survey of the literature concerning the
topics of timber management scheduling, spatial analysis capabilities of linear
programming, and geographic information systems in harvest scheduling. Chapter 3
details the methods used in developing the model. Chapter 4 examines the results
generated by the different scenarios that impose various management constraints on
the model developed for this study. The final chapter (5) summarizes the outcome of
the study in relation to the study objectives, and states the conclusions of the study.
The appendices contain an example source code file and an example output file for a

mixed integer programming model, in order to illustrate its structure.
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CHAPTER 2

LITERATURE REVIEW

Timber Management Scheduling:

Forest-level management and planning has as a primary process the scheduling
of timber management activities and the projecting of their consequences into the
future. Specifically, the timber harvest scheduling problem concerns the
determination of which management units within a forested property should be
harvested, the amount of harvest to be taken, the method of harvesting to be
implemented, and the timing for actions to occur (Barber and Brodie 1989). The
focus of the timber harvest scheduling analysis is the evaluation of timber
management options to ensure current and future productivity, and to ensure
compliance with long-term forest management goals (Bare and Mendoza 1988). The
purpose is to determine the "optimal" timber harvest schedule that satisfies current
management requirements and results in an acceptable future forest condition in

accordance with management goals.

The forest-wide timber harvest scheduling problem is used to determine the

allocation of land and other existing forest resources to various uses, and the
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scheduling of timber management activities, over a specified time horizon to optimize
an objective function. Typically, the objective function is based on the economic
return of physical production, while the constraints address a range of multiple-use
resource issues. Forest-wide timber harvest scheduling problems for both public and
private lands are generally formulated using mathematical programming techniques.
The general framework of a timber harvest scheduling model can be characterized as
containing a large number of decision variables and constraints which represent the
stand-level conditions and timber management options that are tied together by
relatively few forést—wide objectives and constraints (Rose et al. 1988). Thus, the
timber harvest scheduling model provides a connection between stand-level

prescriptions and forest-wide optimization.

The widespread use of mathematical programming models in solving complex
forest land management planning problems can be attributed to the ease and flexibility
of its application to a wide range of situations encountered in forest management
planning (Kluyver et al. 1980). These mathematical programming models are used to
help ensure a more effective and efficient utilization of forest resources. Public
officials have used mathematical programming techniques for planning timber
management and for modeling the forest land allocation problem, that is, finding

efficient allocations of the forest land resource among range, recreation, timber, and
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other multiple uses in accordance with specified objectives (Weintraub and Navon

1986).

Binary search, linear programming, and simulation are the three principal
mathematical programming methods which are used for long-term timber harvest
scheduling. Johnson and Tedder (1983) and Davis and Johnson (1987) remark that the
only mathematical programming techniques that are widely applied by forest
management organizations for the purpose of addressing the forest-level timber
harvest scheduling problem are binary search and linear programming. Other
approaches for determination of optimum timber management schedules include
Dantzig-Wolfe decomposition (Nazareth 1980), markov chains (Lembersky and
Johnson 1975), and dynamic programming (Amidon and Akin 1968). Johnson and
Scheurman (1977) review the linear programming-based approach to the optimization
of the timber harvest scheduling problem, while Tedder et al. (1980) review the
binary search approach to the timber harvest scheduling problem. For a practical

comparison of binary search and linear programming, see Johnson and Tedder (1983).

Factors which play a part in determining the optimum timber harvest schedule
for a forest property include the type of harvest volume flow constraints included in
the model (Armstrong et al. 1984), the planning horizon length (Barber 1985), the

underlying forest structure (Clements et al. 1990), and the solution technique which is
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used to determine the harvest schedule (Johnson and Tedder 1983). Regarding
solution technique, there are many factors to take into consideration when selecting an
approach to solving the timber harvest scheduling problem. Johnson and Tedder
(1983), in comparing binary search and linear programming, found that the choice of
optimization technique depends on the objectives of the analysis, the nature of the

timber harvest scheduling problem, and the available resources.

Among the mathematical programming techniques which have been applied to
forest management planning problems, and specifically the optimization of timber
harvest scheduling problems (Bare and Mendoza 1988), the most widely used solution
technique for complex decision-making problems that optimally allocates limited
forest resources to competing uses appears to be linear programming. Forestry
professionals have used LP widely because of its flexibility in representing many
forest management and planning situations, and because of the availability of
computerized algorithms for solving large problems. In fact, the existence of LP
matrix generators and report writers have made the formulation and interpretation of

LP models relatively simple.
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Linear Programming Based Models of Timber Management Scheduling:

Linear programming (LP) is a form of mathematical programming in which a
single, linear objective function is optimized while satisfying a set of linear equality
and/or inequality restrictions or constraints. The simplex algorithm, developed by
Dantzig (1951), has been the most noteworthy solution technique applied to solving
LP problems. In brief, the simplex algorithm comprises a procedure that progresses
from one basic feasible solution to another basic feasible solution, while guaranteeing
to provide a better basic feasible solution with each iteration of the simplex

procedure.

LP, as applied to multiple-use forestry problems, usually involves specifying
an objective function maximizing timber yield or timber value subject to a series of
linear resource constraints dealing with water, forage, wildlife, recreation, and other
products (Gregory 1987). The constraints may represent limitations on resources
present, or they may represent management objectives (Buongiorno and Gilless 1987).
Thus, the LP-based model indicates how to maximize one output or product while
satisfying various constraints and production targets. In other words, it is used to

solve the forest-wide constrained optimization problem.
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LP-based models have been the most frequently used way of evaluating long-
term, large-scale timber harvest scheduling problems due to their ability to optimize
the present net value of forest uses and outputs, subject to a diversity of constraints
(Nelson et al. 1988). In fact, LP-based models can be formulated to specifically
control whatever collection of management activities and forest outputs is wanted
through the inclusion of the necessary constraints. For example, environmental
requirements and other societal concerns can be taken into account by imbedding
numerous constraints into the model formulation, thus providing for the production of

nonmarket goods and services that are valuable to society (Paredes and Brodie 1989).

LP is the preferred optimization tool in situations where the user is interested
in handling a variety of management activities and forest outputs, because LP can
make trade-offs from among alternative stand-level actions which extend across
different planning periods in order to determine the optimal management scenario that
satisfies the particular forest-wide timber harvest scheduling objective function and
constraint set (Barber and Brodie 1989). For example, in a single model run, LP has
the ability to produce the optimal forest-wide timber harvest schedule that
simultaneously maximizes an objective function of timber volume production while
achieving nondeclining timber flow over the planning horizon. Thus, LP-based
models have the ability to solve the long-term forest planning problem and also

simultaneously optimize both stand treatments and forest-wide timber harvest level for
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all planning periods in the planning horizon (Barber and Brodie 1989). In addition,
LP-based models can take into consideration economic factors such as forest products
values and the time preference of money through the application of discount factors to
revenues and costs, and thus a timber harvest schedule which optimizes economic

return can be obtained.

LP is such a flexible analysis tool that it can be applied to a variety of forest
management problems, from timber harvest scheduling and multiple-use planning to
investment analysis. Curtis (1962) was one of the first to apply LP to forest
management, developing a LP-based model to specify the optimal level of harvest on
a forest property consisting of 22,000 acres. Nautiyal and Pearse (1967) developed a
dynamic timber harvest scheduling model which took into account the influence of the
regenerated forest on management criteria. Their LP-based model allowed for long
planning horizons (50+ years), and thus the model considered regenerated stands as
available to be harvested for timber production in the achievement of management

objectives during the specified planning horizon.

One of the earliest and most widely used LP-based models for forest-level
timber harvest scheduling was Timber RAM (Resource Allocation Model), developed
by Navon (1971). Timber RAM was a long-range forest management planning

method for commercial forest lands managed for multiple uses, and for the public
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forests in the western U.S. It utilized one of the first matrix generators developed for

automating the construction of timber harvest scheduling models, and it was the

computer model used to calculate timber management schedules on the National
Forests of the Pacific Northwest region during the 1970’s (Johnson 1985). Timber
RAM established the fundamental basis for many later developments of modeling
strategies that allowed for the inclusion of more inputs, outputs, and production

process features, thus providing a greater dimension of flexibility and descriptiveness.

Another widely used LP-based timber management scheduling model for
analyzing the timber harvest scheduling of even-aged industrial forests was
MAXMILLION (Ware and Clutter 1971). MAXMILLION addressed the utility
maximization of private forest owners, but focused mainly on clear-felling for
pulpwood. Thompson et al. (1973) constructed a timber harvest scheduling model
that incorporated both area- and volume-control constraints to achieve multiple-use

goals.

Probably the best known and most widely used LP-based modeling system for
forest resource scheduling is FORPLAN (FORest PLANning) Version 1 (Johnson and
Crim 1986) and Version 2 (Johnson et al. 1986; Johnson and Stuart 1987). This
multiple-use sustained-yield forest land management planning model, currently used

by the USDA Forest Service, is a direct descendant of the timber management
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scheduling models MUSYC (Johnson and Jones 1979) and Timber RAM (Navon
1971). During the 1980’s, FORPLAN was the computer model used nationwide to
calculate timber management schedules on National Forests. FORPLAN has proven
to be a very useful tool for use in developing forest plans due to its ability to
optimally allocate and schedule a variety of scarce forest resources to a diversity of
uses, such as timber production, outdoor recreation, and wildlife habitat, throughout
long planning horizons. By permitting the incorporation of a greater range of
multiple-use constraints typical of public forest management, it has the ability to
systematically compare multiple-use forest management options, thus aiding in the

development of effective plans and decisions.

Various LP-based model formulations for addressing the timber management
scheduling problem are described by Johnson and Scheurman (1977). They
categorize LP-based harvest scheduling models as generally falling into one of two
forms, either Model I or Model II. In Model I, every management prescription, for
each initial stand type, consists of a scheduled sequence of management actions
occurring from the present time period up until the planning horizon is reached.
Therefore, the decision variables preserve the physical identity of the initial harvesting
units throughout the planning horizon. In Model II, the management prescriptions are
also scheduled sequences of management actions. However, separate decision

variables identify management activities for the initial rotation and management
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