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Preface

Forest Management and Planning arose from our
desire to provide students in natural resource man-
agement programs a focused treatment of the topics
that are important for upper-level forest management
courses. This book presents an extensive overview of
the methodology one might use to develop forest
and natural resource management plans. A portion
of the book is devoted to the development of informa-
tion to support stand-level and forest-level manage-
ment planning processes. In this regard, we discuss
commonly used economic and ecological criteria for
assessing the value and relative differences between
plans of action at both the stand and forest levels.
At the forest level, we emphasize the development
of traditional commodity production forest plans as
well as the development of forest plans containing
wildlife goals. We also present alternative methods
for developing forest-level plans, such as those that
involve discrete yes or no management decisions.

Many of the topics included in upper-level univer-
sity natural resource management courses have
remained stable over the past 25 years. These topics
generally include economic and physiological assess-
ments of forest structure to determine whether pro-
posed courses of action can meet a landowner’s
needs. However, quantitative forest planning has
broadened and now includes complex wildlife goals,
spatial restrictions on forest management plans, and
other advanced issues. In addition, forest sustainabil-
ity and forest certification have become central issues
for land management organizations in the last
decade. We also anticipate that wood supply chain-
of-custody certification and management and carbon
certification will become important issues in forest
management planning in the near future. Therefore,
although this book begins with a discussion of meth-
ods for assessing and valuing fine-scale decisions (a
single project, for example), it builds up to discus-
sions of how we might use them to address broader-
scale issues for the management of natural resources.

Our various experiences in forest management
over the last 25 years have helped us to craft this
book. Each of the authors has taken and taught forest
management courses, and we also have acquired
valuable practical experience throughout North and
Central America, New Zealand, Asia, and Europe.
Although we currently work in academia, we have
worked for the forest industry, forestry consultants,
as well as state, federal, and international organiza-
tions. In addition, our extensive travels have allowed
us to experience and understand forest management
challenges in other parts of the world. Our goal was
to develop a book that avoided taking an advocacy
position on important topics such as sustainability
and forest certification, since many of these alterna-
tive management paradigms are valid in today’s nat-
ural resource management environment. In addition,
we attempted to provide impartial treatment of these
types of topics, since many are value-laden. As a
result, the book provides an overview of the issues
and discusses many of the challenges and opportu-
nities related to managing forests under alternative
philosophies.

The first part of Forest Management and Planning de-
scribes the management planning process (Chapter 1)
and the development of information necessary for val-
uing and characterizing forest conditions (Chapter 2).
Included in Chapter 2 are physical, economic, and eco-
logical methods for valuing and characterizing forest
conditions. The first part of the book also provides
an overview of geographic databases (Chapter 3)
and the methods used to estimate and project condi-
tions into the future (Chapter 4). We then turn our
attention to tree- and stand-level optimization tech-
niques (Chapter 5), graphical techniques for envision-
ing linear planning problems (Chapter 6), and linear
programming (Chapter 7), a commonly used mathe-
matical problem-solving technique. Chapter 8 focuses
on advanced forest planning techniques such as
mixed-integer programming, goal programming,

ix



and binary search, and heuristics. Forest-level
planning generally utilizes linear programming or
these advanced techniques, thus an understanding
of their similarities and differences is important for
natural resource managers. Starting with Chapter 9
(forest and natural resource sustainability), we begin
to tie the planning techniques to broader issues prev-
alent within the field of natural resource manage-
ment. Chapter 10 describes a number of models of
desired forest structure, and Chapter 11 discusses a
number of control techniques that one might use to
move forests to a desired structure. Here one will find
the classical concepts of area and volume control. Spa-
tial restrictions increasingly are being incorporated
into forest plans, therefore we provide a discussion
of several of these in Chapter 12. The remaining chap-
ters of the book cover broader issues in forest manage-
ment and planning, including the hierarchy of
planning processes typically found in organizations
(Chapter 13), the wood supply chain and its manage-
ment (Chapter 14), and forest certification and carbon
trading (Chapter 15).

Three appendices are provided in this book to
enhance the learning process. Appendix A provides
data that is used throughout the book in a number
of examples. One set of data involves a 100-year pro-
jection of a single western North American conifer
stand, using five-year time period increments. The
development of the stand in each time period is
described with a stand table and several summary
statistics. Two forests, composed of 80 or more

stands, are described in the Appendix as well. The
actual geographic information systems databases
related to these forests can be acquired from the
authors. Appendix B provides a description of the
Simplex Method, which is a process used within lin-
ear programming to locate optimal solutions to linear
planning problems. Appendix C provides a discus-
sion and helpful hints for writing memorandums
and reports.

Although the book contains a number of graphics
to help students visualize management problems,
we incorporated several photographs as well to tie
the concepts described back to the management of
the land. Most of the photographs provided in the
book were captured by Kelly A. Bettinger, a wildlife
biologist, through her extensive travels. The excep-
tion is the photograph of Hurricane Katrina storm
damage in Chapter 6, which was taken by Andrew
J. Londo, an associate professor at Mississippi State
University.

We hope that readers of this book will find it both
a useful learning tool as well as a valuable reference
in their future careers in natural resource manage-
ment. Our goal is to provide you with the tools to
become a confident and competent natural resource
manager.

PB
KB
JPS

DLG

DEDICATION

This book is dedicated to our wives, children, families, and students.
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C H A P T E R

1

Management of Forests and Other
Natural Resources

Quantitative and qualitative methods are necessary for helping land managers and landowners understand the choices they must make from

among many competing alternatives. The results of planning processes help guide the activities of land managers, and allow land managers and

landowners to understand how various alternatives maymeet their objectives. This book concerns the theory, methods, and issues related to forest
management and planning, and presents to its readers numerous methods for both assessing the current and future state of the resources, and for

determining the best management alternatives available. Some traditional quantitative planning methods are presented, such as linear program-

ming, that are still in use today by both public and private organizations. An overview of other more advanced methods are provided as well. This

book also provides coverage of conventional and contemporary issues in natural resource management that influence planning processes, such as
forest sustainability, forest certification, and wood supply chain management. In this introductory chapter, we present an overview of forest

planning, one of the most extensively studied and most complex issues in natural resource management. In describing the forest planning envi-

ronment, the basic types of group decision-making processes are presented along with a discussion of a few of the challenges facing forest manage-

ment and planning.

OBJECTIVES

As we enter the twenty-first century, and as the
human population expands in North America and
other parts of the world, the management of natural
resources is becoming one of maintaining the con-
sumptive needs of society while also caring for the
integrity and function of ecological systems. A large
number of natural resource managers today con-
tinue to manage for wood production objectives,
which in itself is a noble endeavor. A large number
of natural resource managers also research and
advise on the management of forests as it relates
to wildlife, fisheries, recreational, and other envi-
ronmental and social services. On many lands in
North America a balance must be struck between
commodity production and ecosystem goals. This
balance is explored through planning processes
performed at the national, regional, and local levels.
This introductory chapter covers issues related to

forest management and planning and the decision-
making environment within which we must oper-
ate. To be successful land and resource managers,
we must understand the system within which we
work, as well as the social system within which
we live and participate as professionals. Upon com-
pletion of this introductory chapter, you should be
able to:

1. Understand the basic forms of decision-making
processes, as viewed by the management
sciences.

2. Understand the steps in a general planning pro-
cess, and how they might vary from one natural
resource management organization to the next.

3. Understand the hierarchy of planning common
to natural resource management organizations.

4. Understand the challenges related to natural
resource planning.

5. Understand how information related to planning
efforts flows within an organization.

1Forest Management and Planning Copyright # 2009, Elsevier Inc. All rights reserved.



I. MANAGEMENT OF FORESTS AND
OTHER NATURAL RESOURCES

Forest management involves the integration of silvi-
cultural practices and business concepts (e.g., analyzing
economic alternatives) in such away as to best achieve a
landowner’s objectives. Management of forests requires
a plan (however developed), and an assessment of the
activities necessary to meet the objectives. In addition,
a recognition of the important ecological and social
concerns associated with a forest may influence the
character and depth of a plan. In a more general way,
forest management can involve the application of
silvicultural practices so that a forest remains healthy
and vigorous [1]. The range of forest management activ-
ities can include those focused on the economics of
forest businesses, or on the ecology of the ecosystem.
Activities can include tree planting, herbaceous weed
control, fertilization, precommercial thinning, com-
mercial thinning, final harvests, harvests for habitat
improvement, preservation, road construction, road
obliteration, and prescribed fire, among others. Each
may have a cost and a benefit, depending on the objec-
tives of the landowner. Choosing the timing and place-
ment of activities is the main task of forest planning.

Later in this book we discuss concepts related to
forest and natural resource sustainability. In Chapter
9 we discuss the sustainability of timber production,
multiple uses, and ecological systems. The term sus-
tainable forest management tends to favor the latter two
approaches, because those who use it suggest that it
involves management actions that are ecologically
sound, economically viable, and socially acceptable.
This approach to forest management is similar to, if
not consistent with, ecosystem-based forest manage-
ment approaches, where management plans are devel-
oped within a larger framework, take a big-picture
perspective, and involve a number of values derived
in and around the area being managed [2]. We attempt
to stay neutralwhen it comes to favoring any approach,
since each form of sustainability is used today
(depending on the landowner and the landowner’s
objectives). Thus our goal is to describe the approaches
used in practice, and provide some guidance for young
professionals on the methods that might be used
within each for developing a forest plan.

II. CHALLENGES RELATED TO THE
MANAGEMENT OF FORESTS

Forest management is a rewarding experience for
those who are drawn to the profession, yet it faces
challenges from a number of areas. As you may expect,

there are numerous economic challenges. For exam-
ple, there may be the need to make a profit, the need
to break even, the need to operate within a budget
(perhaps at the activity level), the need to generate
income, or the need to generate competitive financial
returns when compared to other investments. These
economic challenges usually are expressed in dollars
and cents, and involve discounting or compounding
monetary values if the need arises. There are a num-
ber of environmental challenges as well, including
those related to wildlife habitat maintenance and
development (Figure 1.1), water quality, soil quality,
air quality, biological diversity, and fish habitat con-
ditions. A number of these concerns are embedded
in laws and regulations, others are simply the desire
of landowners to protect or maintain certain values.
There are also a number of social challenges facing
forest management. For example, the use of pre-
scribed fire is becoming a severe social challenge,
because as people move out into the rural landscape,
air quality becomes more of an issue. However, pre-
scribed fire may be needed to restore and maintain
native ecosystems, which is an important social and
environmental concern.

Convincing the public that land is being managed
responsibly is another social issue that we address
in Chapter 15, with a discussion of forest certification.
Policy instruments (laws and regulations) guide the
management of public lands and influence the
management of private lands. The development of
additional policies to guide the management of
private forests is a contentious issue. Janota and
Broussard [3] found that absentee landowners and
landownerswho view their forests as long-term invest-
ments are more supportive of policies that encourage
sustainable management, whereas landowners who

FIGURE 1.1 Management of natural resources may involve a
balance between commodity production goals and goals related to
wildlife habitat maintenance and development.
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view the effects of their management actions as
isolated from the broader landscape were less favor-
able toward these types of policies. In addition to these
challenges to the management of forests, there is
also the social need to provide jobs to local commu-
nities, and the need to pay these employees a reason-
able wage.

There are a number of technological challenges
related to forest management as well, and we will
allude to some of these as we discuss the various
planning processes. Other forest management chal-
lenges, such as those related to silvicultural systems
or operational methods (harvesting, fuel reduction,
etc.), are perhaps best left to be described in other
texts. The long production period associated with
the growing of forests sets this type of management
apart from that incurred in agricultural operations,
and as a result the outcomes of management are sub-
ject to many more potential environmental and
human-caused risks. However, the development of
management plans for forested areas must be accom-
plished in light of these uncertainties, which can be
numerous for plans of action that cover large areas
and long periods of time.

III. PLANNING FOR THE
MANAGEMENT OF NATURAL

RESOURCES

Forest plans are specific descriptions of the activ-
ities that should be used to best meet the objectives
a landowner has for their property. Managing a forest
without a plan in mind may be guided by short-term
operational considerations, but this may in turn have
long-term, undesirable or unforeseen consequences
for the landowner [4]. As a result, the planning pro-
cess is an important aspect of forest management.
If a forest plan is not carefully and thoughtfully
prepared, the activities that are implemented may
not yield the result that is desired by the landowner.
Most of the larger natural resource management orga-
nizations in North America have developed a plan of
action for the land that they manage. More broadly
speaking, Siry et al. [5] indicate that management
plans have been developed for 43 percent of the
world’s forests. Whether planning occurs through a
traditional process that uses linear programming to
allocate activities to forest strata, a more elaborate
process that uses a heuristic to develop a spatially
explicit harvest schedule, or a seat-of-the-pants (back
of the envelope, scratch of the head) method to deter-
mine what to do next, some form of planning is gen-
erally used. In many cases, quantitative relationships

are employed to sort out the better plans from the
mediocre or poor plans.

Why do people develop natural resource manage-
ment plans? Organizations that undergo forest
planning generally are interested in plans that will
provide them guidance for (1) implementing activ-
ities, (2) predicting future harvest levels, (3) optimiz-
ing the use of limited resources, and (4) maintaining
or developing habitat areas, perhaps while simulta-
neously balancing several other concerns (budgets,
personnel, etc.). Today’s natural resource manage-
ment environment in the United States places as
much, if not more, emphasis on ecological and social
concerns than it does on economic or commodity
production interests. It is imperative that natural
resource managers efficiently use the resources at
their disposal to meet the goals they consider impor-
tant. To the displeasure of many college students,
quantitative methods typically are used to justify or
support decisions. These include economic, biometric,
and operations research techniques. To be an effective
natural resource manager, and to be able to consider
multiple objectives and constraints simultaneously,
it is necessary to use contemporary simulation and
optimization techniques. Therefore, although stu-
dents may not become an expert in these fields, they
must understand how to apply these methods and
interpret the results.

Periodically, we see natural resource management
issues make headlines in the news media, which
underscores one important responsibility entrusted
to us as natural resource managers. That is, if we
claim to manage land scientifically, and if our intent
is to meet our landowner’s objectives, then we need
to be able to confidently and competently assess the
conditions and outcomes of current and future for-
ests, range, and wildlife habitat. If this is not possible,
and if we cannot communicate well the trade-offs,
then it will be difficult for us to convince our clients
(the landowner, supervisor, stockholder, or the gen-
eral public) that their goals are (or will be) met. It will
also be difficult to convince the general public that we
(natural resource managers) know what we are
doing. To develop trust amongst various groups
interested in the management of natural resources,
land managers need to demonstrate that economic,
ecological, and social goals are all being considered
in the development of management plans. Planning
processes that proceed in a systematic, organized,
and quantitative fashion may help ensure that the
resulting plans can withstand rigorous scrutiny.
The content of this text should help you develop
some of these tools, or at the very least understand
the concepts that you might encounter in your career
as natural resource managers.

3III. PLANNING FOR THE MANAGEMENT OF NATURAL RESOURCES



Forest plans come in all shapes and sizes, from the
extensive, voluminous plans developed for United
States National Forests, to the shorter, briefer plans
developed by consultants for private landowners.
Some plans are even less formal, and are based on
what some may call “back of the envelope” or
“scratch of the head” processes. We will leave these
latter approaches for others to describe. In this book,
we present a number of measures that can be used
to quantitatively describe natural resource conditions,
and present methods and procedures we can use to
evaluate alternatives for a stand or a forest.

A forest plan begins with a statement of the goals
and objectives of the landowner. These must be ascer-
tained through an understanding of the landowner’s
desires. Effective communication with a landowner is
essential. Small, private landowners may require one-
on-one meetings and tours of their property. Other
larger landowners may require numerous meetings
with stakeholders and managers to effectively gauge
the goals and objectives. Next,maps, tables, and photo-
graphs of the property should be compiled to provide
context and data for the management plan. Maps and
tables that demonstrate how ecological, economic,
and social goals will be achieved over time help people
understand that these goals are being taken into con-
sideration. An understanding of the most current state
of the resource being managed is essential for building
a plan of action. If maps or photographs are several
years old, then they may need to be updated prior to
the development of a plan, especially if activities have
been implemented since their development (in the case
of maps) or capture (in the case of photographs).

Inventories of the resources that are under the
control of the landowner, and that may be affected
by the actions described in a management plan, must
then be collected or compiled. These inventories may
include forest conditions, water conditions, soil condi-
tions, wildlife populations or habitat conditions, and
recreational area and trail conditions. In addition to
understanding the current condition of a forest, pro-
jections for all alternatives to be considered are needed
to understand where the resources are headed under
different management regimes. Economic, ecological,
and social outcomes, where appropriate, then need
to be assessed to determine the value associated with
each alternative management regime. In addition, nat-
ural resources may be functionally connected, and
actions applied to one resource (e.g., the trees), may
affect another (e.g., wildlife habitat). Understanding
these functional relationships is essential in assessing
alternative plans of action.

Ultimately, a forest plan will provide a management
recommendation that describes how a plan of action

(as set of activities over time) will contribute to the goals
and objectives of the landowner, and how these activ-
ities may affect other natural resources of interest. In
addition, the forest plan should provide a comparison
of how the management recommendation differs from
some set of alternative management scenarios. This
comparison allows landowners to understand the
“what if” questions that theymight have contemplated.
Finally, a timeline describing the implementation of
the activities should be provided, suggesting how the
activities will interact economically, ecologically, and
socially, and how they will contribute to the overall
goals and objectives of the landowner (Table 1.1). Time-
lines are helpful to landowners, particularly for budget-
ing purposes. Notice in Table 1.1, for example, that the
revenues generated in 2010 and 2011 are less than the
costs associated with the scheduled activities. Manage-
ment plans should be designed to help landowners
understand the options available, and although they
provide guidance, it is ultimately up to the landowner
to determine the course of action to take.

IV. CHARACTERIZING DECISION-
MAKING PROCESSES

Decisions regardingmanagement plans are made in
natural resource management organizations usually
by a team of people with various educational and

TABLE 1.1 A Summary of Activities Related to the
Management of a Small Forest (several stands)

Year Activity Revenue Cost

2009 Site preparation $10,000

Final harvest $100,000

Commercial thinning 20,000

Fertilization 15,000

Road maintenance 4,000

2010 Site preparation 15,000

Planting 5,000

Commercial thinning 15,000

Prescribed burning 2,000

2011 Herbaceous weed control 5,000

Habitat improvement 3,000

2012 Final harvest 75,000

Road maintenance 4,000

2013 Site preparation 12,000

Commercial thinning 18,000
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cultural backgrounds, and various lengths of experi-
ence in professional settings. One main characteristic
of planning efforts is that the time frame for the tasks
performed by the team members usually is limited.
In addition, the tasks the team members must perform
may require a high degree of knowledge, judgment,
and expertise [6]. More often than not, people on these
teams have developed individualized sets of behav-
iors and decision-making styles based on previous
experiences, which makes group decision-making an
interesting and sometimes controversial event.

A. The View from the Management Sciences

The work that has been performed to explore how
groups make decisions is vast, and a number of the-
ories regarding how and why decisions are made
have been put forward [7, 8]. Generally speaking, in
the management sciences, there are three types of
decision-making processes: rational, irrational, and
something in-between called the “garbage can” pro-
cess. These models are more thoroughly discussed
in the management sciences literature, and our objec-
tive here is simply to provide a brief description of
each. In the rational model, a decision-making team
gathers all the data needed, analyzes all the possible
scenarios, and reaches the best solution based on this
complete set of information. Of course, this process is
used only when there is a sufficient amount of time
and resources [9], and may involve decisions that
are easily resolved by means of mathematical formu-
las [10]. However, this is rarely the case in natural
resource management. In fact, some may argue that
there never are enough resources available (such as
time, funding, or people) for this model to be used
in forest or natural resource planning. Further, the
rational model assumes that the planning team is
sufficiently involved to provide the appropriate
amount of attention to the attributes of the plan for
which they have expertise. Given the multiple
demands on a natural resource manager’s time, this
assumption may not hold true. And it will eventually
become obvious that decisions concerning the devel-
opment of a plan are inherently value-laden, even
though we may believe that we are objectively assess-
ing the management of a landscape. It is for these and
other reasons that the best solution to a problem may
not be the plan chosen by the land manager or the
landowner.

The irrational model of decision-making is the oppo-
site of the rational model: decisions are made based
on limited (or no) data, and few (or no) alternatives
are assessed. In this model of decision-making, deci-
sions are based on limited information. Although we

would hope that important natural resource manage-
ment decisions are made using a more conscientious
effort, we acknowledge that these types of decisions
often do occur. More commonly, a decision model
similar to this is used, one called the semi-rational
model (or bounded rationality) [11]. With this model,
decisions are based on the best available information
that can be collected during a limited time period,
thus planners recognize the uncertainties and short-
comings of the databases and models. When using
this decision-making model, we assume that incom-
plete information is the status quo, that a subset of
alternatives are considered due to a lack of informa-
tion or time, and that decision-makers will select a
management alternative that is good enough.

A third alternative model often used (but rarely
recognized) in decision-making efforts is known as
the garbage can model, which was coined by Cohen
et al. [12]. This model differs from the others in at
least one of these aspects: (1) the goals and objectives
are unclear, theymay be problematic, ormay be a loose
collection of ideas; (2) the technology for achieving
the goals and objectives is unclear, or the processes
required to develop results may be misunderstood by
the team members, or (3) team member involvement
in the decision-making effort varies, depending on
the amount of time and effort each member can devote
to the tasks in the decision-making process. Cohen et al.
[12] noted that these conditions are particularly con-
spicuous in public and educational group decision-
making efforts. This alternative model was designed
to explain situations where teams are confronted with
unclear criteria for decision-making, and where goals
are subjective and conflicting [10]. Without being for-
mally introduced or recognized, this model may be
more prevalent in natural resource management
decision-making situations than the rational or semi-
rational approaches.

Decision-making is the process of identifying and
selecting management alternatives, and is based on
the values and preferences of the decision-makers.
In making a decision, we usually assume that several
alternatives were considered, and the one selected
best fits our goals and objectives. However, this is
not universally the case. Risk is inherent in almost
every decision we make, and very few decisions are
made with absolute certainty about the outcomes
and impacts, because a complete understanding of
all the alternatives is almost impossible to obtain.
In situations where time constraints pressure the
planning process, the alternatives assessed may be
limited due to the effort necessary to gather informa-
tion. Plan developers must also guard against the use
of selective information. That is, in some cases
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planners choose to use a set of information containing
only those facts that support their preconceived posi-
tion. Consideration of alternative management sce-
narios or management pathways may help reduce
the risk of making poor decisions.

Throughout this book we emphasize the need to
optimize the use of a set of resources. Optimization
involves strategies for choosing the best possible solu-
tion to the problem given a limit on one or more
resources or given limits imposed by policies. Along
the way, the optimization process hopefully evaluates
as many alternatives as possible and suggests the
choice of the very best option given the problem at
hand. Many natural resource managers cringe at the
thought of implementing an optimal plan because
the human element largely has been ignored, and a
number of economic, ecological, and social concerns
may have not been incorporated into the problem-
solving process. One of the main features of decisions
related to the management of natural resources is that
they may have politically relevant side effects, and as
a result, decisions made using strict optimality cri-
teria might be viewed by some as inadequate [13].
In reality, as plans are implemented, some form of
satisficing occurs. In satisficing, plans are adjusted
marginally to take into account those factors that
were not recognized in the development of the plan.
However, throughout this book we suggest the need
to develop optimal decisions for managing natural
resources. Beginning with the most efficient decision
related to the management of resources allows you
to understand the trade-offs involved when satisfi-
cing is necessary.

B. A Broad View on Planning within Natural
Resource Management Organizations

Our description of a planning model is very gen-
eral in nature, since the actual process used within
each natural resource management organization will
vary. Most decision-making processes, particularly
those that involve the public or public land, include
the following steps:

1. Allow public participation and comment on
the management of an area.

2. Determine the goals for a management area.
3. Inventory the conditions necessary to evaluate

the goals.
4. Analyze trends in land use changes and

vegetative growth.
5. Formulate alternatives for the area.
6. Assess the alternatives for the area.

7. Select an alternative and develop a
management plan.

8. Implement the management plan.
9. Monitor the management plan.

10. Update the management plan.

The steps may be rearranged, depending on the
planning model used by various natural resource
management organization. For example, the public
participation step may occur later in the process, as
alternatives are being formulated for the landscape.
Alternatively, some steps may be omitted from
planning models. In this case, planning processes
associated with private landowners may forgo or
minimize the use of the public participation step.
However, there are a number of decision-making pro-
cess consistencies among natural resource manage-
ment organizations, such the statement of goals, the
assessment of alternatives, and the selection and
implementation of the plan.

One major difference in the planning processes for
public and private land is that planning processes
may be mandated for public land, and only suggested
for private land. For example, United States National
Forest planning efforts are required by the Forest and
Rangeland Renewable Resources Planning Act of
1974. Several themes permeate the National Forest
planning process and differentiate it from private
land planning processes. First, it should take an inter-
disciplinary approach, and a team composed of pro-
fessionals from several disciplines is used to
integrate their knowledge and experience into the
planning process. Second, the public is encouraged
to participate throughout the planning process. Third,
the plan being developed must be coordinated with
other planning efforts of other federal, state, or local
governments as well as Indian tribes. And finally,
the public has the ability to appeal the decision made
regarding the final forest plan. These themes make
the National Forest planning process distinctly differ-
ent than, say, the process used by a timber company,
where public participation, coordination, and appeals
may be limited. As overarching guidelines for United
States National Forest planning processes, the
National Forest Management Act [14], Part 219.1(a)
states that:

The resulting plans shall provide for multiple use and
sustained yield of goods and services from the National For-
est System in a way that maximizes long term net public
benefits in an environmentally sound manner.

The importance of planning is emphasized as well,
as Part 219.1(b) states that:
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Plans guide all natural resource management activities
and establish management standards and guidelines for the
National Forest System. They determine resource manage-
ment practices, levels of resource production and manage-
ment, and the availability and suitability of lands for
resource management.

As an example of a specific United States National
Forest planning process, the Humboldt-Toiyabe
National Forest (Nevada) recently embarked on a
planning process for a portion of the forest (Middle
Kyle Canyon). The process began with the develop-
ment of data from which all future work would be
based. A number of maps were generated, and pre-
sented at various scales, to help people understand
the issues that affect the analysis area. The National
Forest then held meetings with community and gov-
ernment representatives in an effort to understand
their needs, their expectations, and any other relevant
information regarding the planning effort. The infor-
mation obtained from the meetings was then synthe-
sized, and a set of goals for the analysis area were
developed. Three management options for the analy-
sis area were proposed, each in an effort to address,
in different ways, the goals. The options represented
different approaches to public use, facility develop-
ment, vegetation management, and so on. The
options then were analyzed to determine the impacts
on economic, ecological, and social objectives, and
subsequently a second round of public participation
was employed. One of the options will eventually be
chosen by the planning team [15].

State forest planning processes are similar to fed-
eral forest planning processes. For example, in devel-
oping the recent Elliott State Forest plan (Oregon), a
core team of interdisciplinary professionals was
organized, and while guided by a steering committee,
they were directly responsible for managing all tech-
nical elements of the planning process [16]. The tech-
nical elements included developing current and
future descriptions of the resources, developing the
goals of the plan, developing strategies for reaching
each goal, and finding a way to balance the compet-
ing goals through a modeling process that examined
multiple alternatives. The public was involved in the
process as well, through meetings, field tours, and
newsletters.

Example

The managers of the Brule River State Forest
(Wisconsin) developed broad goals for the forest with
an emphasis on restoring, enhancing, or maintaining
ecosystems. In addition, the managers of the forest
constructed objectives for providing angling, hunting,

canoeing, kayaking, camping, and cross-country
skiing opportunities [17]. The steps that the forest
used in the planning process included:

• Conduct research and gather data on the
property (step 3 earlier)

• Identify key issues (step 2 earlier)
• Draft vision statement and property goals (step

2 earlier)
• Develop and evaluate a range of reasonable

alternatives (steps 5 and 6 earlier)
• Develop and evaluate a preferred alternative

(step 7 earlier)
• Develop the draft plan and Environmental

Impact Statement (EIS)
• Distribute the draft plan and EIS for public and

governing body review (step 1 earlier)
• Receive written comment
• Hold public hearings (step 1 earlier)
• Submit the draft plan, EIS, and comments to the

Natural Resources Board for review
• Receive decision from Natural Resources Board
• Implement the plan (step 8 earlier)

In addition to broad vision and goal statements,
the Brule River State Forest plan includes specific
forestwide goals for recreation use (in the form of vis-
itor days), watersheds (protect and maintain stream
conditions), and land management (annual targets
for thinning, clearcutting, prescribed burning), as
well as specific objectives for areas within the forest.

Some counties and cities in the United States also
have developed plans for the management of their
natural resources. For example, Erie County (New
York) developed a plan that has the intent of creat-
ing educational and economic opportunities, utilizing
an educational center, conducting research, reduc-
ing taxes through timber sales, providing clean water,
enhancing wildlife habitat, and encouraging recrea-
tional use [18]. The county developed “guiding
principles” to ensure that the forest management
practices suggested will build public confidence and
ensure acceptance of the plan. Their strategy for
achieving success is to frequently communicate the
benefits of the plan to the residents of the county.

What distinguishes public land management from
private land management is that usually Step 1 is lim-
ited when developing a plan for private land, and
used extensively when developing a plan for public
land. In addition, whereas the goals for private land-
owners may focus on economic values or commodity
production, the goals on public land are generally
broader (recreation, wildlife, water, timber, etc.).
Finally, the planning process, particularly when
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performed by industrial landowners, is repeated
every year or two, whereas on public land the process
may be repeated at much longer intervals (5 or 10
years).

Example

Molpus Timberlands Management, LLC, based in
Hattiesburg, Mississippi, is a private timberland
investment organization that is active in acquiring
and managing forested properties. For each of their
properties they implement a planning process to
determine the management approach given the goals
and objectives of their investors. The steps that they
use in their planning process include:

• Collect pre-planning data about the forested
property (step 3 earlier)

• Develop the forest planning team
• Assess local conditions, markets, and other

limitations (step 3 earlier)
• Get field foresters to take ownership in

developing the management plan (step 1 earlier)
• Identify the main objective and all relevant

constraints for the forestedproperty (step2 earlier)
• Conduct stratification of inventory (step 4 earlier)
• Develop management regimes (step 5 earlier)
• Calibrate and test growth and yield models and

expected silvicultural responses to allow for the
development and evaluation of alternatives

• Select harvest scheduling tools and methods
• Formulate a plan (step 5 earlier)
• Initialize and solve unconstrained planning

model (step 5 earlier)
• Review and provide feedback of the forest plan

by the forest planning team (step 6 earlier)
• Improve models and conduct subsequent

opportunities for review and feedback as
deemed necessary (step 6 earlier)

• Select final planning model (step 7 earlier)
• Report results to the forest planning team for

evaluation of strategic and tactical concerns
• Construct “what if” scenarios and track results

(step 6 earlier)
• Implement the plan (step 8 earlier)
• Update and improve the plan over time (steps 9

and 10 earlier)

One distinct feature of this process is that it incor-
porates constant feedback and exchange between the
field staff and the planning office. In general, Timber
Investment Management Organizations (TIMOs)
commonly try to maximize the net present value of
their clients’ timberland investments through com-
modity production activities. Some common con-
straints that they face involve the state of the ending

inventory (standing volume at the end of the time
horizon associated with the plan) and involve the
product and harvest volume stipulations contained
within wood supply agreements.

C. A Hierarchy of Planning within Natural
Resource Management Organizations

Planning, at a small or large scale, can be viewed as
a hierarchy (Figure 1.2). At the highest level in the
hierarchy are strategic planning processes, which
focus on the long-term achievement of management
goals. Here, goals such as the development of wild-
life habitat or the production of timber harvest vol-
ume usually are modeled over long time frames and
large areas and are general in nature. Spatial aspects
of management plans generally are ignored here,
although with recent advances in computer technol-
ogy and software, there are fewer reasons to avoid
these issues in strategic planning. At lower levels of
the planning hierarchy spatial relationships usually
are recognized. For example, in tactical planning pro-
cesses, issues such as the location of management
activities over space and time are acknowledged.
Plans that involve spatial habitat models are tactical
plans, because the locational relationships between
habitat units (usually timber stands) are recognized.
This level of planning identifies site-specific actions
that contribute to the larger purpose of the plan, but
the technical details of implementing the actions are
limited.

At the lowest level in the hierarchy is operational
planning. This is the day-to-day, weekly, monthly,
or annual planning that is required to actually

Strategic
forest
plans

Tactical
forest
plans

Operational
forest
plans

Performed annually, or every 2–15 years
Considers 40–100 years into the future

Performed annually, or every 2–3 years
Considers 10–20 years into the future

Performed weekly, monthly, or annually
Considers 1 week to 1 year into the future

FIGURE 1.2 A hierarchy of natural resource planning pro-
cesses.
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implement a management action. Some examples of
this type of planning include scheduling seedlings
for the planting season, loggers for harvest areas,
equipment for stream improvement projects, or fire
crews for prescribed burning efforts. Operational
plans (weekly, monthly, annually) are guided by tac-
tical plans (annually, biannually), which are guided
by strategic plans (longer term). The level of detail
increases as we move from strategic to operational
planning. Conversely, the number of people involved
increases from operational to strategic planning.
Although many natural resource management orga-
nizations develop and use management plans, they
may not use all three types. Most, in fact, have devel-
oped a strategic plan and use various forms of opera-
tional plans. Each level of planning has been
enhanced with the expanded use of geographic infor-
mation systems, which give us the ability to view
resource conditions and management scenarios
quickly, and let us recognize spatial relationships
among resources at lower levels of planning.

As a recreation or range manager, forester, wildlife
biologist, soils scientist, or hydrologist, sometime in
your career (perhaps immediately) you will be
involved in decision-making and planning processes.
At a minimum, you may be placed in a position to
manage summer students or interns, and subse-
quently manage the budget required to pay their
salaries. It is not uncommon, however, for an entry-
level forester to be placed in charge of a planting or
site preparation program, or for a biologist to man-
age a budget related to habitat improvements. How
you decide to allocate the budget to the alternatives
at your disposal requires quantitative analysis and
decision-making techniques. Further, at some point
in your career, you will likely be asked to provide
input to one or more of the three general types of
planning processes. This description of the different
types of planning processes was admittedly brief,
however Chapter 13 is devoted to a more extensive
treatment of the hierarchical system.

D. Community or Cooperative Planning
of Forests

Collaborative forest management, or community
forestry, is a system where communities and govern-
mental agencies work together to collectively develop
a plan for managing natural resources, and each share
responsibilities associated with the plan. The idea of a
community-driven forest management and planning
process is not new. Brown [19] discussed the concept
over seventy years ago, and noted some requirements
for community forests in North America:

To initiate a community forest, one would require cheap
land, large areas of forests near towns or cities, markets that
are nearby.

Improvements in forest protection and ecological
values often are noted as some of the benefits of these
types of forest management programs. However, in
developing countries, community interest in these
programs generally is based on basic needs for fuel,
timber, food, and other nontimber forest products,
and when these are marginally available the interest
in collaborative planning and management may wane
[20]. Aspects of successful collaborative planning
programs include measurable benefits (financial and
others) from which the community can gain, local
organizational control over the natural resources, and
an absence of governmental control [21]. These types
of management and planning systems require that
groups reach consensus on contentious forest-related
issues, and find agreement on the use of communal
forest resources. The planning process may be lengthy
and challenging, particularly when environmental and
economic objectives are both important [22].

Admittedly, much of the discussion and analysis
within this book assumes that planning processes
occur within a single property and involve a single
landowner. However, cross-ownership planning, or
cooperative management, has been suggested as a
way in which the effects of forest fragmentation can
be mitigated, and as a way to improve the economics
associated with small-scale decisions. Stevens et al.
[23] suggested from a survey of nonindustrial land-
owners in the northeastern United States that over half
would either be interested in sharing the costs asso-
ciated with recreation projects, or be interested in
adjusting the timing of management activities such
that they are concurrent with those of other land-
owners. There may be a spatial context associated with
this form of collaborative planning, since it may be
feasible only for landowners within some proximity
to others. In addition, some landowners may require
observation of such collaboration before choosing
to enter into agreements with their neighbors [24].

E. Adaptive Management and Planning
of Forests

Adaptivemanagement and planning involvesmany
of the same planning processes aswe have described in
this chapter, with one exception. When utilizing this
approach, a monitoring phase is specifically employed
to provide feedback to the planning stages, which
could allow the management plan of a property to bet-
ter recognize some of the uncertainties related to
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management activities.With this approach, the success
or failure of management actions to produce the
desired effects are evaluated both quantitatively and
qualitatively. The conditions under which manage-
ment activities fail to produce the desired outcomes
are considered, and revised management prescrip-
tions, constraints, or objectives are developed. An
updated plan is then developed using the adjusted,
and perhaps improved, management prescriptions,
goals, and objectives. Grumbine [25] suggests that
adaptive management is a learning process, where
the outcomes from previous management experiences
are evaluated and allow land managers to adapt to
uncertain situations. Adaptive management and
planning has been closely associated with ecosystem
management on some public lands in North America;
however, we could extend the notion of adaptive man-
agement to the short-term tactical plans developed by
many timber companies as well. Here, updated infor-
mation is collected annually in many cases, and plans
are adjusted given the changing circumstances of the
landscape, markets, and landowner objectives.

V. CHALLENGES RELATED TO
FOREST PLANNING

Planning and decision-making processes often are
hampered by a number of challenges internal to an
organization. These include technological limitations
(obsolete computer systems, inadequate software pro-
grams, and so on), personnel issues, lack of data, and
limited support from an organization’s management
team. For example, the state of the technology used
within natural resource organizations comes as a
mildly disappointing surprise, sometimes, to newly
hired young professionals. Technology may be so
obsolete that it becomes the bottleneck in the planning
process (e.g., an alternative may take hours to generate
and report). Overcoming this challenge to forest
planning may require planning itself. To correct this
situation, for example, we may need to develop an
estimate of the budget that would be required to
purchase new equipment (i.e., gather information),
then assess the alternatives (purchase system X or
system Y), and finally, make a decision.

Inmany forest planning processes, the development
of data can account for nearly half (or more) of the time
spent in the planning process. What we are referring
to here include geographic information system (GIS)
databases, growth and yield data for each manage-
ment prescription, prices, costs, measures of potential
habitat quality, and levels of constraints that will
be applied. Collecting, managing, correcting, and

formatting this data generally is performed by several
people in a natural resource organization, and is,
unfortunately, one of the most underappreciated tasks
by upper-level management. People’s motivation to
assist with the planning process is also a challenge,
perhaps hinting that the semi-rational or garbage can
approach is being used. One of the frequent reasons
for this attitude among people is the perception that
the success of an organization does not depend on the
timely development of a new plan. We have men-
tioned only a few of the challenges, but the suite of
setbacks that could occur is broad, and few planning
processes can avoid them entirely. However, many
of the challenges to planning that are internal to a
natural resource management organization can be
overcome, if they are recognized and acknowledged.

VI. INFORMATION MOVEMENT
WITHIN A TYPICAL NATURAL
RESOURCES MANAGEMENT

ORGANIZATION

During a typical planning cycle of a medium-sized
natural resource management organization, field-level
managers are implementing natural resource manage-
ment plans and collecting data about the resources to
the best of their ability. Within this period of time,
numerous treatments may be prescribed, natural dis-
asters may occur, and land may change owners. Near
the end of the cycle, data related to changes in the
resources are compiled by the field managers and sent
to a central office, where the “corporate” databases are
updated and new plans are designed and selected
(Figure 1.3). The cycle occurs on a yearly basis in some
industrial forestry organizations, and occurs over a
longer period of time in some public landmanagement
agencies. However, what should be of interest to
young natural resource professionals beginning their
careers as field managers are three thoughts: (1) the
quality of the resulting management plan depends on
the data provided to the planners by yourself and your
colleagues, (2) the plan itself is developed through a
process that you should understand, because you
will be implementing the plan, and you should know
how it was developed (the general quantitative meth-
ods used to generate outcomes for each alternative)
and how it was selected (the type of planning process
that was used), and (3) the operational details of your
daily activities are related to both the tactical and the
strategic goals of the organization.

With the movement to field-level use of geographic
information systems and the notion that recent gradu-
ates should be more computer literate than their
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predecessors, more responsibility on data quality and
data development is being placed on field-level land
managers. Although central offices may still monitor
and control the data standards, young professionals
are being asked to enter jobs with these skills already
in hand. Hopefully, you will gain some of these
important skills as you work through this book.

VII. SUMMARY

Quantitative and qualitative planning methods
are meant to assist the human mind in determining
objectively rational courses of action. Planning

methods are employed to help us sort through and
understand the complexities inherent in our man-
agement alternatives. As economic and ecological
conditions change, and as society’s impression of
how the landscape should be managed change, we
need to address how our management of natural
resources should change. This requires a planning
process, which is facilitated by information, such as
field data, potential management prescriptions, and
forest plan alternatives. To be able to use quantita-
tive methods, we may make simplifying assump-
tions so that problems are tractable (useable).
Therefore, the most we should expect from the
results is “guidance” for how natural resources
should be managed. As a natural resource manager,
you will also need to rely on your judgement in
making decisions.

This book covers some concepts that will be
important to your careers in natural resource man-
agement. These concepts include an overview of
measures of forest structure, forest growth dynam-
ics, economic evaluation methods, and planning
techniques. Although these subjects may seem
daunting or displeasurable, rest assured that there
are few positions in natural resource management
that avoid them entirely. Economics commonly is
used to help us objectively sort through the various
management choices available. Planning helps us
organize the alternatives for the land we manage,
and provides a framework for comparing and choos-
ing among these alternatives. Thus at some point in
your career you will be involved, for better or worse,
in forest and natural resource planning. The con-
cepts we cover in this book should not only be of
value in your career, but should also be of value in
your personal lives, particularly the subject of the
“time value of money.”

QUESTIONS

1. Assessment of a forest plan. Either through a search
of the Internet, or through an investigation of the
forest plans contained in your college’s library,
locate a federal, state, or county forest plan.
From the official documentation of the plan,
report the following two features:
a) What goals or objectives guided the develop-

ment of the plan?
b) What were the steps used in the planning

process?

2. Forest planning process. Assume you are
employed by a small natural resource consulting
firm (three people), and you needed to develop a
management plan for a private landowner in
central Pennsylvania. What types of internal (to
your consulting firm) organizational challenges
related to the development of the management
plan should you consider?

3. Types of forest planning processes. Assume you are
employed by a small forest products company in
northern Minnesota, and the owner of the com-
pany wants your team (several foresters, a biolo-
gist, an engineer and a few technical staff

Updated knowledge
and databases

about the natural
resources

Field office Central office

Assessment of the
databases and

information
provided

Integration into
corporate
databases

Plans of action
developed

Plans of action
selected

Plans of action
implemented

Management
activities

performed

End of the calendar year
(October − December)

Beginning of the
calendar year
(January)

FIGURE 1.3 Movement of information during a planning cycle.
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managing the inventory and geographic infor-
mation system) to develop a strategic forest plan
for the property that you manage. The owner has
suggested that they want a rational plan to be
developed, one that explores several alterna-
tives. Develop a one-page memorandum to the
landowner describing the three general types of
planning processes, and the advantages and dis-
advantages of each.

4. Cooperative planning and adaptive management.
Assume that you are a natural resource manage-
ment consultant in a small town in central New
York. As part of your nonprofessional life, you
serve on your town’s land planning committee.
The committee is actively involved in themanage-
ment of a small public forest within the town’s
limits, yet none of the other committee members
have your natural resource background. They

have mentioned at various points in time over
the last year the need for adaptive management
and cooperative planning. Develop a shortmemo-
randum for the committee that describes the two
approaches.

5. Public and private forest planning. Assume that
you are having dinner with some of your friends
and during the various conversations that arise,
you learn that one of them has a very negative
opinion of how management plans are devel-
oped for public lands. Further, they dislike
how private landowners seem to not do any
planning at all for the management of natural
resources. These are generalities, of course, so
to help clarify the matter, describe briefly the
similarities and differences between manage-
ment plans developed for public land and
private land.
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C H A P T E R

2

Valuing and Characterizing
Forest Conditions

When conducting management activities across a forest over a period of time, managers must understand and quantitatively and quali-

tatively measure what they expect the future forest to look like and tradeoffs they will experience when they choose one course of action over

another. There are a number of common methods for evaluating present and future conditions of a forest. Forest managers can use biological
measures, such as basal area, average diameter, average height, mean annual increment, trees per unit area, snags, and tree volume to evaluate

the physical structure of an existing or future forest. Forest managers can also use financial criteria such as benefit/cost ratios, equal annual

equivalent, net present value, and soil expectation value to evaluate the tradeoffs of different actions on a forest. In addition, changes in

societal values have placed emphasis on many natural resource managers to consider how their management activities affect wildlife habitat,
recreational opportunities, water resources, air quality, employment, and community stability. Incorporating many of these quantitative and

qualitative measures into an analysis associated with a forest plan will help forest managers evaluate their goal achievement and communicate

the impact of their forest management plans to private and public landowners.

OBJECTIVES

The need to evaluate the current and future state
of natural resources is a necessary step in the
assessment of alternatives for the management of
these resources. When we indicate that a resource
needs to be valued, we are suggesting that quantita-
tive measures or qualitative labels are applied to
the current and potential conditions of an area that
help you, as a natural resource manager, under-
stand the potential outcomes of your decisions.
These values may relate to the structural condition
of the resources, such as the basal area, wood vol-
ume, or tree density. They may also include eco-
nomic values, such as present and future values
related to the revenues and costs of management
activities. In this chapter, we describe a number of

structural, economic, and ecological values and
conditions that may be assessed to further put into
context the impact of management on natural
resources. After completing this chapter, you
should be able to:

1. Understand the plethora of biological measures
for evaluating the structural conditions of a for-
est before and after planned management
activities.

2. Understand the basic concepts of estimating
future and present values.

3. Understand the common financial criteria used
in forest resource management for making
decisions.

4. Develop an initial understanding of contemporary
societal issues that forest managers face when
managing either private or public forest lands.

15Forest Management and Planning Copyright # 2009, Elsevier Inc. All rights reserved.



I. THE NEED TO EVALUATE
RESOURCES FOR NATURAL

RESOURCE PLANNING

An evaluation of the resources that are located
within and around the forest that you manage is an
important first step in understanding the management
framework within which decisions can be made. Fur-
ther, an assessment of the outcomes, either economic,
ecological, or social, that arise as a result of implement-
ing management activities is necessary to determine
whether the course of action being suggested will meet
the expectations of the landowner. In 1905, Gifford
Pinchot [1] stated in his book A Primer of Forestry, that:

A forest working plan is intended to give all the informa-
tion needed to decide upon and carry out the best business
policy in handling and perpetuating a forest. It gives this
information in the form of a written statement. . . The work-
ing plan also predicts the future yield of the forest. . . Finally,
it estimates the future return in money, taking into account
taxes, interest. . . . In order to make this estimate entirely safe,
it is usually based on the present price of stumpage,
although its future value will certainly be much higher.

Although modern forest and natural resource man-
agement plans may have expanded their goals and
objectives beyond timber harvest levels (depending
on the organization), the basic point remains: to
develop a plan of action, some assessment of the cur-
rent and future state of the resource is necessary. In
addition, it is necessary to place as much of the assess-
ment as possible in monetary or economic terms. This
chapter therefore provides coverage of economic, eco-
logical, and social measures commonly used in natural
resource management for assessing the current and
future value of resources.

II. STRUCTURAL EVALUATION OF
NATURAL RESOURCES

The structural evaluation of a property and sur-
rounding area involve understanding the current state
of the resources that can bemanaged, and involve eval-
uating the future conditions of those resources after
management activities have been applied. This section
of the chapter provides a brief overview of many of the
structural metrics used in natural resource manage-
ment to describe forested conditions.

A. Trees per Unit Area

Perhaps the most basic structural evaluation of nat-
ural resources on a site is a determination of the

number of stems or trees per unit area. In the United
States this is most commonly referred to as trees per
acre (TPA), whereas in other parts of the world it
is referred to in terms of trees per hectare (TPH).
A stand table is simply a description of the number
of trees per acre by diameter class. It can be presented
either in tabular form (Table 2.1) or in graphical form
(Figure 2.1). The range of trees per acre that are
common with even-aged stands is 0 (for a recently
site prepared area) to about 1,500. Common planting
densities are around 726 trees per acre, if trees are
planted on a 10-foot by 6-foot spacing. The density
of trees could reach 10,000 to 20,000 per acre if a
significant amount of natural regeneration occurs
within gaps of even-aged or uneven-aged stands,
which could lead to a stand density management
issue if competition-related mortality does not reduce
the density sufficiently.

B. Average Diameter of Trees

One of the most common measures of the size of
live and dead trees is the diameter at breast height
(DBH). Breast height is considered to be 4.5 feet
(1.37 meters) above ground level. Since trees are not
necessarily uniform in size or shape, there are a num-
ber of standards that you should consider when mea-
suring the DBH of trees. Although covered in more
detail in forest measurements courses, these stan-
dards for measuring the DBH of trees include the
following:

1. DBH should always be measured on the uphill
side of a tree.

2. DBH should not be measured where it could
include limbs, vines, or other objects that are not
part of the main tree bole.

TABLE 2.1 A Stand Table for an Even-Aged Stand of
Loblolly Pine in Georgia

DBH class (in.) Trees per acre

6 1

7 7

8 17

9 42

10 58

11 61

12 22

13 9

14 2

Total 219
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3. If a tree leans, DBH should be measured
perpendicular to the lean.

4. If a tree forks below 4.5 feet, each fork is
considered a separate tree.

5. If a tree forks below, but near 4.5 feet, each fork
is considered a separate tree, and DBH should
be measured a foot or so above the fork.

6. If a tree forks above 4.5 feet, it is considered one
tree.

7. If a tree has an unusual bulge around 4.5 feet,
the DBH measurement should be made a foot or
so above the bulge.

8. If a tree has a bottleneck near 4.5 feet, such as
what you might find in a bald cypress tree
(Taxodium distichum), the DBH measurement
should be made a foot or so above the bottleneck.

The devices that you could use to measure a tree’s
DBH include a DBH tape, calipers, Relaskop, Bilt-
more stick, or a Bitterlich sector fork. The average
DBH of a stand provides the relative size of the sam-
ples that were obtained through field measurements.
This, in conjunction with other measures of structure,
can help you visualize the quality of the forest.
The average diameter is a requirement for habitat
suitability models as well.

Example

The average DBH of the initial condition of a
coastal Douglas-fir (Pseudotsuga menziesii) forest that
we describe in Appendix A is 4.2 inches at a stand
age of 15 years. Once the stand has projected to an
age of 35, we find that the average DBH has risen to
9.9 inches.

Through time, the average DBH rises as we would
expect in an even-aged stand, even though the trees
per acre may decline as a result of competition-
related mortality or thinning operations that remove
trees from the lower end of the diameter distribution.
In uneven-aged stands, the average DBH may remain
relatively constant where partial cutting activities target
trees of all diameter classes.

C. Diameter Distribution of Trees

When developing a diameter distribution we first
group all the individual trees (or tree records) into
diameter classes. Assuming we are using the English
system of measurement, the typical diameter classes
are 1 or 2 inches in size. If using the metric system, we
would group the trees into 1- or 2-cm (or greater) diam-
eter classes. A graph would then be constructed to
illustrate the number of trees per unit area by DBH
class. For an even-aged stand, the distribution should
be approximately normal (Figure 2.1). Uneven-aged
stands have more than one distinct age class, and usu-
ally consist of numerous small trees that fill in the gaps
in the canopy. As a result, when developing a diameter
distribution for uneven-aged stands, the distribution
should approximate a reverse J-shaped distribution
(Figure 2.2). We will explore further the intricacies of
uneven-aged diameter distributions in Chapter 4.

D. Basal Area

The basal area of a stand of trees is the sum of the
cross-sectional surface areas of each tree, measured at
DBH, and reported on a per-unit area basis. Basal area

FIGURE 2.1 Even-aged stand diameter distributions (stand tables).
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is a measure of tree density, and widely used in for-
estry, wildlife, and other natural resourcemanagement
professions. To calculate basal area, assume that a tree
is cut off at 4.5 feet above ground (DBH). Since the area
of a circle is pr2, and since we commonly measure
the diameter of a tree rather than the radius, we can
substitute (DBH/2) into the equation, which then
becomes:

Basal Area ðunits2Þ ¼ p
DBH

2

� �2
or p

DBH2

4

� �

Since DBH commonly is measured in inches in the
United States, and since we desire basal area
expressed in square feet per acre in the United States,
we simply divide everything by 144 (the number of
square inches in a square foot).

Basal Area ðfeet2Þ ¼
p DBH2

4

� �
144

0
@

1
A

The condensed version of the basal area equation
then becomes:

Basal Area ðfeet2Þ ¼ 0:005454 DBH2

We need to estimate the basal area in square feet per
acre because these are the units that commonly are
communicated among natural resource professionals
in the United States. In addition, they are the units
commonly used in a number of wildlife habitat suit-
ability models. In almost every other part of the
world, including Canada, basal area is expressed in
square meters per hectare, and uses diameters of trees
commonly measured in centimeters.

Example

The initial basal area of the western forest
described in Appendix A is 50.1 ft2 per acre. This
converts to 11.5 m2 per hectare ((50.1 ft2 per acre/
10.765 ft2 per m2) * 2.471 acres per hectare). When
the stand is projected to age 35, the basal area is
estimated to be 166.1 ft2 per acre, which converts to
38.1 m2 per hectare. Reasonable ranges of basal
area are 0–250 ft2 per acre in the eastern part of
North America, and 0–500 ft2 in the western part
of North America.

E. Quadratic Mean Diameter of Trees

The quadratic mean diameter of trees (QMD) is the
diameter of the tree represented by the average tree
basal area of the stand. For example, if the basal area
per acre of a stand of trees were 150 ft2 per acre, and
there were 217 trees per acre in the stand, the average
tree basal area would be (150 ft2 per acre/217 trees
per acre), or 0.69 ft2 per tree. The QMD is then the
diameter of a tree that would provide a basal area of
0.69 ft2. To arrive at this, you would use the following
equation:

QMD ðinchesÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Average basal area per tree

0:005454

r

Using the earlier example (150 ft2 per acre, 217
trees per acre), the QMD for this stand would be
11.26 inches. As a check on this work, the basal area
of a 11.26 inch tree is 0.69 ft2 (0.005454 � 11.262). If
there are 217 of these trees per acre, the stand’s basal
area is (217 � 0.69 ft2), or 150 ft2 per acre.

FIGURE 2.2 Uneven-aged stand reverse-J shaped diameter distribution.
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Example

The QMD of the western stand described in Appen-
dix A can be determined by first computing the aver-
age basal area per tree. This can be accomplished
by dividing the average basal area per acre (50.1 ft2)
by the number of trees per acre (465.5). Using the equa-
tion provided earlier, the QMD at age 15 is:

QMD ðinchesÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð50:1 ft2=465:5 TPAÞ

0:005454

r
¼ 4:4 inches

F. Average Height

The average height of trees in a stand lets us visua-
lize the size of the trees relative to other stands in the
nearby vicinity. The average height is also closely
related to the site index of the stand (described in
Section II.P). To arrive at the average height, estimates
(either from field measurements or through height
calculations) of all sizes of trees are necessary. Field
measurements of tree heights are the one of the
most expensive tasks in field inventories. As a result,
sometimes tree heights are estimated using equations
that are based on the diameter of each tree. Site index
computations utilize only the heights of the domi-
nant and codominant trees; therefore, the intermedi-
ate and suppressed tree heights would need to be
removed or ignored to facilitate site index estimation.
Field-measured heights provide a static metric of the
height of a stand. Projected heights for even-aged
stands should increase with age (Figure 2.3), even as
trees per unit area decline. Projected heights for

uneven-aged stands should be relatively constant once
the uneven-aged stand has matured.

G. Timber Volume

Timber volumes are common measures of inven-
tory and of output used in a forest management plan.
Timber volumes are directly related to revenue, and
thus are intimately tied to the economic evaluation
of activities. Timber volumes can also be generated
through habitat improvement activities, particularly
those that involve reducing the density of a stand of
trees so that it is more suitable for certain species of
wildlife. The maximum basal area for good quality
red-cockaded woodpecker (Picoides borealis) habitat,
for example, is suggested to be 80 ft2 per acre in pine
stands (preferably less), according to the recovery
standard developed by the U.S. Department of the
Interior, Fish and Wildlife Service [2]. Since stands
of trees tend to grow in size and density over
time, maintaining good habitat for the woodpecker
may require periodic removals of trees, which could
generate timber volume.

Timber volume can be expressed as a solid wood
unit (m3, ft3, cunit, cord); as a manufactured wood
unit (board foot, thousand board foot [MBF])
expressed by either a Doyle, Scribner, or International
log rule; or as a weight (ton, or metric ton). In today’s
global economy, it would be advantageous for you to
understand how to convert between metric and
English units. A cord is a solid area of wood that is
4 feet wide, 4 feet tall, and 8 feet long, or 128 ft3. Since
air pockets are present in cut, stacked wood, a cord

FIGURE 2.3 Height development
over time in an even-aged coastal Doug-
las-fir stand.
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generally is considered to contain only about 90 ft3 of
wood even though it might require 128 ft3 of space to
occupy. A board foot is a 12 inch square of wood that
is 1 inch thick. Theoretically, you could extract 12
board feet from a solid cubic foot of wood. However,
given the sawdust (kerf) that is generated by cutting
and separating the boards, in general you should
expect to generate only 4 to 6 board feet from each
cubic foot of solid wood. These conversion factors
will vary depending on the species of tree being pro-
cessed, and the equipment used to perform the
processing.

H. Mean Annual Increment, Periodic
Annual Increment

The mean annual increment (MAI) is the average
yearly growth computed for volume, weight, or other
measure, up to the time of measurement or projec-
tion. MAI can be calculated for a tree or a stand of
trees, and if for the latter, it represents the growth rate
per unit area per year. The MAI will change over the
life of a tree or stand of trees, with slow growth rates
initially, higher rates of growth in the mid-life of a
tree or stand, and decreasing growth rates with older
ages. The point at which MAI peaks commonly is
referred to as biological maturity, and sometimes used
as a guide for harvesting decisions.

MAI ¼ Volume or weight per acre

Age of stand

� �

Mean annual increment can be expressed as a
function of site index, which is described in more

detail in Section II.P. Hanson et al. [3] describe a num-
ber of MAI equations for the western United States
that are based on the site index of a stand of trees.
For example the equation

MAI ¼ 0:00473 SI2:04

possibly could be used to express yield in cubic feet
per acre per year for Douglas-fir stands in eastern
Oregon and Washington [4]. These relationships
between site index and MAI should be used with
care, however, since as we have noted, MAI changes
over the life of a tree. The MAI of an even-aged stand
will also change over its life; however, the MAI of an
uneven-aged stand may or may not change over time,
based on the condition of the uneven-aged stand and
the intensity of periodic cuttings. The MAI equations
summarized in Hanson et al. [3] produce a single esti-
mate of MAI that represents the average increment
over the time period ranging from stand establish-
ment to the age at which MAI culminates (reaches
the maximum value).

The periodic annual increment (PAI) is the growth
rate of a tree or stand of trees over some period of time,
whether that period is one year, 5 years, a decade, or
longer (Figure 2.4). For example, some government
agencies develop growth projections for private and
public forests using permanently installed inventory
plots. With periodic measurements of these, analysts
can describe the change in forest conditions over a
period of time for measures such as merchantable
volumes, using commonly collected tree measure-
ments (e.g., DBH and total tree height). The U.S. Forest
Service regularly produces forest status reports for

FIGURE 2.4 Volume growth and 5-year periodic annual increment (PAI) for an even-aged coastal Douglas-fir stand.
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each state, as do some Canadian Provinces, such as the
10-year PAI reports developed by the Nova Scotia
Department of Natural Resources [5].

PAI can be expressed in terms of an annual growth
rate, and under this condition, would be the same
as both the periodic mean annual increment and the
current annual increment (CAI) that are used in
natural resource management. When graphed, the
point at which the PAI curve (or CAI curve, if
expressed on an annual basis) and the MAI curve
meet is also the point at which MAI culminates
(Figure 2.5), and is considered by many to be represen-
tative of the biological rotation age for an even-aged

stand. The CAI computation in equation form can be
expressed as:

CAI ¼ ðvolume at the end of a year
� volume at the beginning of the yearÞ

If we were interested in the PAI, and the “periods”
were longer than one year, the PAI equation would
be a modified version of the CAI equation:

PAI ¼ðvolume at the end of a period

� volume at the beginning of the periodÞ=
length of the period

Example

Using the western forest stand data provided in
Appendix A, if we plotted the cubic foot volume for
each 5-year time period, we would find a somewhat
sigmoid curve that represented the volume per acre
(Figure 2.6), and if we computed the change from
one 5-year time period to the next, then converted this
to an annual rate of change, the CAI would range
from several hundred cubic feet of growth per 5-year
time period to almost 350 cubic feet when the stand
was 40 years old. If we divided the cubic feet per acre
by the age of the stand, then we would arrive at the
MAI (Figure 2.6), which culminates somewhere
between age 75 and 80 for this example stand at about
216 cubic feet of growth per acre per year. As we
suggested, the point at which the CAI curve and the
MAI curve meet is also the point at which MAI culmi-
nates, and is considered by many to be representative
of the biological rotation age for the stand. Although
the specific annual growth rate from one year to the

Time

PAI

MAI

V
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um
e

FIGURE 2.5 Theoretical relationship between mean annual
increment (MAI) and periodic annual increment (PAI).

FIGURE 2.6 Mean annual increment (MAI) and current annual increment (CAI) for an even-aged coastal Douglas-fir stand.
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next (CAI) peaks earlier, around age 40, the average
annual growth rate peaks at the point where MAI
and CAI cross.

I. Snags

Trees that recently have died and remain standing
are considered snags. They can be considered a hazard
for logging and fire control purposes, yet they are of
value for a number of wildlife habitat purposes. For
example, the habitat suitability model for the downy
woodpecker (Picoides pubescens) includes two vari-
ables, one that is a function of the basal area of trees
in a stand, and the other that is a function of the number
of snags per unit area that are greater than 6 inches
DBH [6]. Snags per unit area can be estimated using
the same field sampling techniques that are used to
determine live trees per unit area. Projecting snag
availability through time (into the future) involves a
more complex procedure. The number of new snags
in each projected time period can be obtained by
assessing the difference between live trees per unit area
from one time period to the next. For example, using
the western stand described in Appendix A, 81.1 trees
per acre died between the ages of 15 and 20. However,
determining how large each snag was when it died is
difficult with this data, since a simple comparison of
the trees per unit area by diameter class is not a
straightforward computation. In other words, some of
the trees in each diameter class may have grown to
the next higher class prior to their expiration.However,
if an estimate of the trees per unit area by diameter
class that have died could be ascertained, the question
then becomes how long they will continue to stand and
function as wildlife habitat. Decay rates have been pro-
posed to estimate the length of time a dead tree will
continue to stand, and degree of breakage over time
that will occur. Mellen and Ager [7] proposed a system
for estimating this for coniferous forests in the western
coastal United States.

J. Down Woody Debris

Down wood are former standing trees that are now
lying near, or on, the ground surface. For stream

surveys, down wood is considered logs that are lying
within the stream reach or suspended above the chan-
nel [8]. Idol et al. [9] discuss measurement techniques
for down woody debris in oak-hickory (Quercus spp. –
Carya spp.) forests. To measure the volume of a piece
of down wood, two measurements are required: the
length of the wood, and the mid-point diameter. If
they are more accessible, the small-end diameter
and large-end diameter can be averaged to obtain
the mid-point diameter. The volume can be estimated
using the following equation, as long as the diameter
and length are using the same units.

Volume ¼ p
mid� point diameterðfeetÞ

2

� �2
lengthðfeetÞ

Other assumptions are needed when assessing
down wood volume, including the decay class
(Table 2.2) above which, and including, the logs that
need to be measured. This relates to the soundness
of the logs. Thomas [10] describes one type of down
woody debris classification system for the western
United States. In addition, the minimum diameter
after which the down wood does not “count” (since
it is too small to be of value) is important.

K. Crown or Canopy Cover

A number of measurements of the crowns of trees
are necessary for growth and yield modeling as well
as habitat quality assessments (e.g., the habitat model
for the red-spotted newt (Notophthalmus viridescens
viridescens) [11]). Two of the basic measurements
include the length of the crown from the tip of the
tree to the base of the live branches, and the crown
ratio (total tree height/crown length). Crown di-
ameters can be measured in the field by projecting
vertical lines up the sides of a tree and measuring
the distance from one side of the crown to another.
Crown diameter measurements can also be made
from aerial photographs, although some portions of
the crown may be obscured in a photograph by other
nearby trees. Crown closure, or canopy cover, is a
measure of the amount of ground area that is covered
by the canopy of trees in a stand. In some cases,

TABLE 2.2 Down Wood Decay Classes from Thomas [10]

Decay class

I II III IV V

Bark Intact Mostly intact Mostly intact Absent Absent

Integrity Sound Sapwood rotting Heartwood sound Heartwood rotten None

Branches All present Larger twigs present Larger branches present Branch stubs present Absent
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crown closure is used as a proxy for stand density.
Gill et al. [12] demonstrate that crown radius and
crown closure could be estimated from variables
(e.g., DBH) commonly measured during forest inven-
tories, since ground measurement of crown cover is a
time-consuming process. The crown radius of pon-
derosa pine (Pinus ponderosa), for example, could be
estimated using the following equation:

Crown radius ¼ 0:9488þ 0:0356 ðDBHÞ
If crown cover for individual trees could be esti-

mated from aerial photographs or other remotely
sensed imagery, the DBH of individual trees could
be estimated using relationships such as

Shortleaf pine ðPinus echinataÞ DBH ðinchesÞ ¼
0:6733þ 0:5287 ðcrown diameter in feetÞ

from Gering and May [13], which are developed
locally or regionally to reduce the time required to
capture field measurements of individual stands.

L. Age

Stand age is a useful measurement for describing a
condition of an even-aged forest, and is helpful in
predicting future growth and yield of trees. Stand
age can be described in a number of ways, including:

• Elapsed time since germination of seed
• Elapsed time since budding or sprouting of

seedlings
• Elapsed time since planting of trees or seeding

of a site
• Elapsed time since trees were 4.5 feet tall,

otherwise called breast height age

In temperate climates, most trees record their
growth history in annual growth rings. Each annual
ring is made up of earlywood and latewood. Early-
wood is the light colored, fast growing wood that is
developed in the spring and summer. Latewood is
the dark colored, slow growing wood developed in
the fall. Annual rings are distinctive in conifers, such
as pines and Douglas-fir, and some deciduous species
such as oaks. However, they are not as easy to see in
other hardwood species, such as birches (Betula spp.)
and maples (Acer spp.). Increment borers can be used
to estimate stand age, as can branch whorls for some
trees such as eastern white pine (Pinus strobus). Man-
agement history (if maintained by natural resource
management organizations) is another source of
stand age values.

Age classifications are another age-related character-
istic that can be assigned to individual stands. The
two basic age classifications that are used frequently
in natural resource management are even-aged, and
uneven-aged. Even-aged stands are those where the
ages of the trees are generally within about 20 percent
of the average stand age. If we were to develop a tree
age distribution for an even-aged stand, we would
find that it resembles a very tight bell-shaped, or nor-
mal distribution (Figure 2.7). Uneven-aged stands are
those where there are two or more distinct age ranges
of trees within a stand. If you were to develop an age
distribution for an uneven-aged stand, you will likely
see these cohorts stand out, such as the group of 30-
to 40-year-old trees and the smaller group of 55- to
65-year-old trees in Figure 2.7.

Age classes are different from a single stand age
value in that they represent the distribution of stand
ages across an ownership or landscape. Age class

FIGURE 2.7 Example tree age distributions for an even-aged and an uneven-aged stand of trees.
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distributions are similar to diameter distributions in
that both are histograms reflecting conditions of for-
ests in an area. However, age class distributions lump
all similar stands together into classes, to illustrate to
landowners or land managers the ranges of ages
within an ownership (Figure 2.8). Typically, these
are grouped into 1-, 5-, or 10-year classes.

M. Biomass and Carbon

Carbon sequestration and carbon accounting are
hot topics in forest management, and we provide
more detail on these issues in Chapter 15. Standard
forest inventory data (DBH, tree heights, and basal
area) have been shown to be strongly correlated with
tree biomass [14, 15]. The measurement of carbon in a
tree or stand of trees can be accomplished indirectly
or approximated. The direct method for measuring
carbon in a tree would be to cut down a tree and ana-
lyze the resulting woody material. In lieu of this sam-
pling without replacement process, an indirect
method for estimating carbon in a tree can be used
to estimate carbon content given the specific gravity
of a tree, the density of water, and the volume of the
tree. A basic equation to estimate the dry weight of
wood in a tree or stand of trees is:

Weight ¼ ðspecific gravity of woodÞ
� ðdensity of waterÞ
� ðvolume of tree or stand of treesÞ

The carbon fraction of dry wood in the tree or
stand of trees is then estimated to be about one-half
of the weight of the dry wood [16].

Carbon ¼ 0:5 ðWeightÞ

Example

Assume that the specific gravity for loblolly pine
(Pinus taeda) is 0.47, and that the density of water is
62.4 pounds per cubic foot. If we had a stand of trees
where there were 2,500 cubic feet of wood per acre,
how much carbon would be estimated in this stand?

Weight ¼ ð0:47Þð62:4 pounds per cubic footÞ
ð2, 500 cubic feetÞ

¼ 73, 320 pounds of wood per acre

Carbon ¼ ð0:5Þð73, 320 poundsÞ
¼ 36, 660 pounds per acre of carbon,

or 18:33 tons per acre

To estimate the amount of carbon sequestered
from one period of time to the next, we would need
to estimate the standing volume of the tree (or stand)
at the beginning of the period, and estimate the stand-
ing volume at the end of the period. For example, if
the stand in the previous example had 2,650 cubic feet
of wood one year later, the dry weight of wood at the
end of the period would be

Weight ¼ ð0:47Þð62:4 pounds per cubic footÞ
ð2, 650 cubic feetÞ

¼ 77, 719 pounds of wood per acre

and the estimate of carbon would be

Carbon ¼ ð0:5Þð77, 719 poundsÞ
¼ 38, 860 pounds per acre of carbon,

or 19:43 tons per acre

Thus the estimate of the amount of carbon added
over the one-year period is 1.1 tons per acre.

To be able to characterize the amount of above-
ground carbon (in this case), we would need an

FIGURE 2.8 Example age class distribution for a large forest.
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updated inventory of the stand, and information on
the average specific gravity of the trees in the stand.
In cases where a landowner does not have updated
inventories of their forestland, carbon tables might
be utilized (e.g., [16, 17]) to assist landowners in
developing rough estimates of carbon based on a
stand’s age.

N. Pine Straw

Pine straw is a valuable landscaping material in
the southern United States, and an important and
profitable management option for landowners with
the right type of forest on an amenable landscape
[18]. Pine stands with species producing longer nee-
dles, such as longleaf (Pinus palustris) or slash pine
(Pinus elliottii), are the preferred pine straw source
areas, although loblolly pine stands can also be used
for pine straw production. Stands developed for pine
straw production begin early with a control burn
shortly after crown closure (before age 10). This is fol-
lowed perhaps by a herbicide application to control
other unwanted understory species, and perhaps by
a process of clearing other material and pruning the
pine trees. Straw is then raked into piles and baled.
The pine straw collection process could occur annu-
ally or every two years, with herbicide and clearing
processes added as needed over time.

As an example of the production potential, young
slash pine stands can yield from 1,000 to 2,500
pounds of litterfall per acre per year (Figure 2.9).
Slash pine stands between 10 and 15 years old can
yield 2,500 to 4,000 pounds of litterfall per acre per
year. Stands over 15 years old can yield from 3,000

to 4,000 pounds of litterfall per acre per year, which
slightly declines as the stand gets older [19]. Commer-
cial baling practices vary from one operator to
another due in part to differences in equipment [18],
and as a result, prices for pine straw could range from
as little as $0.25 per bale to $1.00 per bale to the land-
owner. Stands that undergo a thinning may be
unavailable for straw production until the stand has
been cleared (at a cost of $60–80 per acre), due to the
incorporation of limbs and other unwanted logging
slash with the pine straw.

O. Other Nontimber Forest Products

Nontimber forest products are those biological
materials from a forest, other than timber and other
environmental services (e.g., carbon), that can also
be extracted and used by humans [20]. Pine straw
could arguably be considered a nontimber forest
product. More conventionally, we think of resources
such as mushrooms as nontimber forest products.
There are numerous edible mushroom species that
grow in a variety of forest conditions. The impact
of management on these resources will vary. For
example, Pilz et al. [21] describe how prescribed
burning in Oregon can affect mushroom production,
and suggest that prescribed fire (or lack thereof) can
be used to promote different species. Since a number
of mushroom species utilize downed woody mate-
rial for optimal growing conditions, some activities
that reduce down woody debris may discourage
mushroom growth. Croan [22] also evaluated the
potential of certain mushroom species to utilize lob-
lolly pine woody debris. Hill [23] suggests that

FIGURE 2.9 Pine straw production
over time for a slash pine stand in the
southern United States (from [19]).
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down woody debris may be able to support market-
able mushroom species, such as shiitake (Lentinula
edodes) or oyster (Pleurotus spp.) mushrooms, for up
to six years.

Improving mushroom production on a forest
manager’s property can enhance their cash flow or
the rate of return on their asset. Forest managers can
utilize downed material of many different species as
growing media for mushroom spawn. Assuming that
the downed logs are appropriately cured and of an
adequate size, they can be inoculated with mushroom
spawn. The first fruiting of shiitake mushrooms may
take from 6 to 18 months. Ideal environments for
mushroom growth are heavily shaded and moist
areas. Mushrooms can be produced in both the spring
and fall seasons and must be harvested quickly.
A log, 400 to 600 in diameter and 3700 long, may pro-
duce up to 0.77 pounds of mushrooms every year,
although this would be the production rate after
first fruiting [24]. Anderson and Marcouiller [24]
illustrate that starting with 4,000 logs (some logs are
lost to production from decay over time) to grow
mushrooms would start to yield 1,944 pounds of shii-
takes in the second year, 5,028 pounds in the third
year for a cumulated total of 10,630 pounds after the
fourth year.

P. Site Quality

The term site in natural resource management gen-
erally refers to the various conditions present at a par-
ticular geographic location. As a result a number of
factors, such as water availability and soil conditions,
need to be taken into account when describing the
quality of a site. There are several different perspec-
tives on the manner in which site quality should be
described. For example, if you were solely interested
in timber production, site quality could be described
by the amount of volume that can be produced over
a given amount of time. An ecosystem-oriented
approach to describing site quality would include
describing the total annual productivity arising from
all plants, animals, bacteria, and so on, and used as
an expression of the potential of a site to produce
biomass. A generalist approach to describing site
quality suggests that you would describe the capacity
of an area to produce forests or other vegetation, as it
is influenced by soil type, topography, and other
physical or biological factors.

Site quality can be expressed either qualitatively or
quantitatively. Qualitative assessments of sites use
words, rather than numeric values, to describe the
appropriateness of an area for timber production,
wildlife habitat, or other use. In the Soil Survey of

Saratoga County, New York, as in other soil surveys
developed by the Natural Resources Conservation
Service, terms such as unsuited, poorly suited, moderate,
and well suited are used to describe how a site, based
on soil qualities, may be suitable for various aspects
of forest management [25]. Other qualitative systems
are used to describe sites, such as those that were devel-
oped in conjunction with gypsy moth management
guidelines in Wisconsin:

Poor sites for forest trees include the dry to moderately
dry, nutrient-poor areas, medium quality sites typically
include moderately dry, nutrient-medium to nutrient-rich
areas, and high quality sites include wet to moderately dry,
nutrient-rich areas [26].

In the early part of the twentieth century, there
was, as one forester suggested, “an urgent need for
a simple method by which sites may be quickly and
easily classified” [27]. The height growth of the dom-
inant trees in a stand was proposed as the standard of
measurement, although some disagreement over the
need to develop scales for different species was evi-
dent. The site index eventually was proposed as a
quantitative measure of site quality, and it generally
is reflective of the potential timber productivity of a
stand of trees. Site index, as it is used in forestry
and natural resources, is simply a measure of the
height of the dominant and codominant trees in a
stand, at some base age. Dominant and codominant
trees are used to describe site index because they
should be assumed to have been “free to grow”
throughout their life; thus the growth of these trees
should have been somewhat independent of other
vegetation. A base age is used as a reference so that
stands of different site quality can be compared.
Without the base age, we would simply be communi-
cating the average height of the dominant and
codominant trees of different stands, which is an indi-
cation of their size, but not their productive potential.
For example, assume we were to say that Stand A is
53 years old, and has an average dominant and
codominant tree height of 83 feet, and Stand B was
21 years old and has an average dominant and
codominant tree height of 54 feet. Which stand is
more productive? It would be hard to determine from
this limited information. However, if we were to proj-
ect backward Stand A’s average height to age 25, then
project forward Stand B’s average height to age 25,
we could compare the two on using common mea-
sure (how tall the trees are, were, or will become at
age 25). The taller the trees at the base age, the better
the site index, and the higher the volume per unit
area. Early in the twentieth century the base age pro-
posed was 100 years [27]. Today, although several

26 2. VALUING AND CHARACTERIZING FOREST CONDITIONS



base ages are used, depending on the tree species
under consideration, common base ages in the south-
ern United States are 25 years (newer models and
plantations) and 50 years (older models and natural
stands). In the western United States common base
ages are 50 and 100 years. Base ages generally are
placed after “SI” for communication purposes. For
example, SI25 ¼ 65 suggests that the site index, base
age 25, is 65 for a stand of trees. In other words, we
should expect that the dominant and codominant
trees in this stand will be (or were) 65 feet tall when
the stand is (or was) 25 years old.

Example

SI25¼ 70 indicates that at age 25, we expect the dom-
inant and codominant trees on a site to be 70 feet tall.
When a stand is greater than 25 years old, we would
expect the height of the dominant and codominant
trees to be greater than 70 feet.When a stand is less than
25 years old, we would expect the height of the
dominant and codominant trees to be less than 70 feet.

Example

SI50 ¼ 125 indicates that at age 50, we expect the
dominant and codominant trees on a site to be 125
feet tall. When a stand is greater than 50 years old,
we would expect the height of the dominant and
codominant trees to be greater than 125 feet. When a
stand is less than 50 years old, we would expect the
height of the dominant and codominant trees to be
less than 125 feet.

To determine the site index for a stand of trees, sam-
pling the heights of dominant and codominant trees is
necessary, as is sampling the ages of those same trees.
Site index equations can be developed by sampling
these characteristics of trees over a broad range of ages
and site conditions. Equations are then developed to
allow us to estimate the average height of the stand
at any age. Site index equations are developed specifi-
cally for different tree species, and different manage-
ment practices applied to stands (e.g., different site
preparation methods). Some site index equations are
very complex, such as the equation developed for
western larch (Larix occidentalis) in Oregon [28],

SI50 ¼ 78:07þ ½ðHeight� 4:5Þ � ð3:51412� 0:125483
Ageþ 0:0023559 Age2 � 0:00002028 Age3

þ 0:000000064782 Age4Þ� � ½ð3:51412� 0:125483
Ageþ 0:0023559 Age2 � 0:00002028 Age3

þ 0:000000064782 Age4Þ � ð1:46897 Age
þ 0:0092466 Age2 � 0:00023957 Age3

þ 0:0000011122 Age4Þ�

whereas others are relatively simple, such as the
equation developed for red alder (Alnus rubra) in the
western United States [29]:

SI50 ¼ ð0:60924þ 19:538=AgeÞ Height

Site index curves can be produced from site index
equations, and provide managers with a graphical
view of the height growth of a stand of trees
(Figure 2.10). Typically, the height growth progression
of different sites is presented using these types of
nonlinear curves. The rate of height growth can
then be compared with other species. For example, in
Figure 2.10 you can observe that the rate of height
growth for red alder is fast initially, but slows down
and flattens out after 50 years, particularly on lower
quality sites. In contrast, the rate of height growth of
Douglas-fir will continue to rise well after 50 years,
even though both tree species may be located on the
same site.

If we were presented with a set of site index curves
and did not know the base age, we can determine the
base age rather easily by locating the intersection of a
height growth line and its associated average tree
height. For example, in Figure 2.11, the intersection
of the site index 50 curve and the horizontal line that
represents a height of 50 feet is directly above age 50.
Therefore the base age of the curves, or the age at
which the height of the dominant and codominant
trees is equal to the site index curves, is 50 years. This
method can be applied to any of the curves in any of
the site index graphs.

As a natural resource manager, you should keep in
mind that an estimate of the site index is relative, and
does not provide an exact correlation to timber or bio-
mass productivity. When developing site index
values, some error may have arisen in the tree mea-
surements, therefore natural resource managers do

FIGURE 2.10 Site index curves for red alder (from [30]).
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not consider a 2- or 3-foot difference in site index to
be very meaningful. In addition, as a natural resource
manager, you should be mindful that site index can
vary across the landscape, as soils, topography, and
water availability change. Further, site index values
can be changed for a specific site; they are not static.
Since site index is simply a reflection of how tall the
dominant and codominant trees will be (or were) at
the base age, and since management activities can
influence growth rates, the site index can be modified
within a single rotation (such as with the use of early
fertilization), or modified from one rotation to the
next (when using a different site preparation method
or when using genetically improved trees).

Q. Stocking and Density

The number of trees per unit area and the basal
area of a stand are basic measures of stocking and
density. Additional measures of stocking that com-
bine the number of trees per unit area and tree size
have been developed, and can be used to estimate
other characteristics of a stand of trees. Stocking and
density are two concepts of the condition of forests
that are interrelated. Avery and Burkhart [32] define
stand density as a quantitative measurement of stand
conditions that describes the number of stems on a
per unit area basis in either absolute or relative terms.
Density measures can be used as inputs for predicting
growth and yield as well as guides for conducting

silvicultural activities or evaluating nontimber values
such as wildlife habitat. For instance, Smith and Long
[33] used a modified lodgepole pine (Pinus contorta)
density management diagram as a tool to determine
the amount of cover garnered by silvicultural activ-
ities and to evaluate the status of cover for elk (Cervus
elaphus nelsonii) and mule deer (Odocoileus heminonus
hemionus) in the Rocky Mountains.

Stocking is a relative concept that relates the stand
density conditions of a site to an ideal condition that
may not be readily achievable or identifiable. Avery
and Burkhart [32] indicate that the use of stocking in
a forestry context is associated with the concept of a
normal forest (described in Chapter 10). A normal
forest suggests that on every unit of area, the opti-
mum tree volume is being produced. In other words,
all growing space above and below ground is being
utilized to maximize timber production. However,
identifying and achieving these conditions is very dif-
ficult, if not impossible. Historically, forest managers
have evaluated stand conditions by judging whether
the ratio of the number of trees per unit area is in line
with their expectation of the ideal number of trees per
unit area. In addition, this concept could be applied to
nontimber related outputs. For instance, we could
measure the density of deer over a squared unit area
and evaluate the population stocking based on our
expectation of the ideal stocking level. We could say
that the measured deer population is understocked,
fully stocked, or overstocked based on our ideal pop-
ulation density. The stocking concept can be useful
for developing rules of thumb in implementing silvi-
cultural operations, but there are many potential dis-
advantages of this approach, most of which are
related to the need to identify the ideal stocking level.
Roach [34] developed graphical stocking guides for
Allegheny hardwoods, and these types of charts
allow us to understand both qualitative (overstock,
understocked) and quantitative (percent) levels of
stocking. Given two of three measures of the struc-
tural characteristics of a stand (trees per unit area,
basal area, average diameter), the third measure can
be estimated, in addition to the relative stocking level
of the stand.

Example

Using the stocking guide for upland central hard-
woods (Figure 2.12), if the estimated basal area of a
stand was 70 ft2 per acre, and the estimated trees
per acre were 400, what would be your estimate of
the average stand diameter, the quantitative measure
of stocking, and the qualitative measure of stocking?
Intersecting a horizontal line that represents the basal

FIGURE 2.11 Site index curves for sugar maple (Acer sacchari-

num) (from [31]).
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area with a vertical line representing the trees per acre,
we end up in the “fully stock” region of the chart. If we
then project a line from the point, parallel to the aver-
age tree diameter lines (southwest to northeast in ori-
entation within the chart), we find that the average
diameter is about 5.7 or 5.8 inches. If we then project a
curved line from the intersection point toward the
southeast region of the chart, parallel to the curved
“stocking percent” lines, we find that the quantitative
estimate of stocking is a little less than 75 percent.

III. ECONOMIC EVALUATION OF
NATURAL RESOURCES

We continue this chapter on valuing and character-
izing forest conditions with an examination of several
of the common methods for assessing forest conditions
from an economic perspective. The allocation of scarce
resources is a central concept of economics and inher-
ent in forest planning and management [36]. As a
result, typically the strongest arguments in the devel-
opment of policies and plans of action involve eco-
nomic analyses [37]. No matter what our interest in
natural resource management, we should be able to
understand the concepts behind economic analyses.

Example

As an example of the need to perform an economic
analysis associated with potential forest management
activities, consider the following discussion of evalu-
ating invasive species control options. Since colonial
times, various persons have introduced a variety of
plants and animals from around the world into the
United States for many purposes. In addition, inva-
sive species have arrived in the United States by acci-
dent. An important invasive species, cogongrass
(Imperata cylindrica (L.) Beauv.), first arrived in Ala-
bama in the early 1900s as packing material for crates
imported from Asia [38, 39, 40]. The crates and pack-
ing material were thrown out, but the cogongrass
packing material spread through wind blown seed
and displaced rhizomes picked up by mechanical
equipment [38, 39]. Later landowners thought it could
be used as animal forage and spread it across the
landscape before discovering that it creates mouth
sores in animals, spreads rapidly, and out-competes
native vegetation. Another invasive species that has
been common in the southern United States for many
decades has been kudzu (Pueraria lobata). Kudzu was
first introduced into the United States in 1876 as an
ornamental vine [41, 42, 43]. Later, farmers were
interested in using kudzu as a potential source of for-
age and the Soil Conservation Service promoted its
spread because it was interested in using it to prevent
soil erosion [42]. The aggressive nature of its spread
led to its reputation as being an invasive species.

In forest management situations, invasive species
can have a negative impact on a forest manager’s goals
because they may remove lands from active timber
production, reduce biodiversity, and degrade wildlife
habitat. Ezell and Nelson [44] developed silvicultural
treatment procedures using herbicides for controlling
kudzu. However, forest managers are not interested
only in vegetative or biological control, but they also
need to know whether it is financially feasible to
employ any of these treatments. Grebner et al. [45]
used this data to estimate the before-tax land expecta-
tion values of each treatment for comparative pur-
poses. In this case, they compared three herbicide
treatments that included spraying 4 ounces of Escort
XPW per acre, 21 ounces of TranslineW per acre, and
128 ounces of Tordon KW. Their results showed that
spraying the 4 ounces of Escort was the treatment hav-
ing the highest before-tax land expectation value (an
economic analysis presented in Section III.F).

When conducting an analysis of this type it is
important to collect all the relevant, cost, revenue,
growth, and yield information. However, forest man-
agers need to have information on the effectiveness of

FIGURE 2.12 A stocking guide for upland central hardwoods
in the United States (from [35]).
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these treatments to accurately account for their expected
costs. In the Grebner et al. [45] paper, the age of kudzu
patches was an important factor in deciding whether
herbicide costs were necessary in more than one time
period. For instance, controlling older kudzu patches
requires at least one follow-up spraying a year after
the initial treatment. Young kudzu patches can be effec-
tively controlled if the appropriate type and amount of
herbicide is applied in the first year. In general, if forest
managers do not have good information on a treat-
ment’s effectiveness, then future expectations of costs
and revenues can be greatly distorted and lead to poor
management decisions.

A. Basic Concepts: Present and Future Values

We use the term present value to describe the value,
in today’s dollars (or Euros, yen, yuan, etc.), for a
future stream of benefits (revenues) and costs. The
revenues and costs that are incurred in the future
are discounted to today to reflect the time value of
money and other risks. Two concepts underlie the
concept of present value—the time value of money
and compounded interest. The time value of money is
important in business as well as your personal life.
At its basic root, some sum of money today is worth
more than the same amount of money in the future.
Why? Because you could take that sum of money
and invest it in a savings account and earn interest.
This compounding of the investment in the savings
account is your payment from a bank for their use
of your money. Obviously, you do not have to place
your money into investments that return interest.
However, you would expect that investments in
activities that matter to you professionally or person-
ally (e.g., a retirement account) would grow in value
over time. Compound interest is the addition of peri-
odic interest payments to the principal (initial invest-
ment). All subsequent interest payments are based on
the initial investment, plus the interest earned up to
that point in time. The frequency with which interest
payments are earned should be explicitly stated.
Throughout this book we use a frequency of one year,
yet in real life these could be monthly (as in the case
of basic savings accounts), quarterly, or otherwise.

A basic present value equation is:

Present value ¼ CFt

ð1þ iÞt
" #

where:

CFt ¼ net cash flow (positive or negative) at time t
t ¼ time period
i ¼ interest rate, or discount rate

We use the term future value to describe the value,
at some point in time in the future, of a stream of
benefits (revenues) and costs. A basic future value
equation for an investment made today is:

Future value ¼ C0ð1þ iÞt

where:

C0 ¼ an initial investment

If the interest rate were zero percent, then the pres-
ent value of some future flow of money would be the
same as the future flow of money, since we would
simply be dividing by 1 in the present value equation.
However, since an organization usually uses a hurdle
rate that is something greater than zero percent, the
present value of some future income or future cost
is generally lower than the future income or cost.
Imagine, for example, that you could invest a sum
of money in a certificate of deposit that earned 5 per-
cent annually. If you expected to have $1,000 after one
year of investing this money (i.e., the future value of
the money), then you would need to place less than
$1,000 today (about $953 in fact) into the certificate
of deposit to have $1,000 a year from now. In fact,
the amount you would need today (the present value)
would vary considerably, depending on the interest
rate assumed (Table 2.3). For example, if you
expected $1,000 from an investment in a savings
account or certificate of deposit 10 years from now,
the amount that you would need to invest today
could range anywhere from about $600 to $900,
depending on the interest rate.

TABLE 2.3 Value of an Investment in a Savings Account
That Yielded 1 to 5% Interest over a 10-year Time Period

(Year 0 value is the present value)

Interest rate

Year 1% 2% 3% 4% 5%

0 905.29 820.35 744.09 675.56 613.91

1 914.34 836.76 766.42 702.59 644.61

2 923.48 853.49 789.41 730.69 676.84

3 932.72 870.56 813.09 759.92 710.68

4 942.05 887.97 837.48 790.31 746.22

5 951.47 905.73 862.61 821.93 783.53

6 960.98 923.85 888.49 854.80 822.70

7 970.59 942.32 915.14 889.00 863.84

8 980.30 961.17 942.60 924.56 907.03

9 990.10 980.39 970.87 961.54 952.38

10 1,000.00 1,000.00 1,000.00 1,000.00 1,000.00
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1. Present Value of a Single Revenue or Cost

To calculate the present value of a single revenue
or cost, we would use the same formula presented
earlier for determining the present value. Here we
are suggesting that we simply discount the value
(positive or negative) from some future point in
time to the present using the discount rate that is
assumed.

Example

Assume that the discount rate used by a land-
owner in Michigan is 6 percent, and seven years in
the future a timber sale may yield $200,000. What is
the present value of the timber sale revenue?

Present value ¼ $200, 000

ð1:06Þ7
" #

¼ $133, 011:40

Given the time value of money, and the fact that
the landowner’s alternative investments might yield
6 percent, the value of the timber sale revenue in
today’s dollars is only about two-thirds of what it
might be worth in seven years. Stated another way,
if the landowner placed about $133,000 today in an
investment that would yield a 6 percent return annu-
ally, the investment would be worth about $200,000 in
seven years.

Example

Assume that two years from now a trail will be
built in the Tillamook State Forest in Oregon, from
an existing parking lot to an overlook. The cost per
mile is $50,000 to build the three-mile long trail. What
is the present value of the cost of the trail if the state
assumed a 5 percent discount rate for investments?

Present value ¼ $150, 000

ð1:05Þ7
" #

¼ $136, 054:40

If the state could place $136,054 in an investment
that would yield 5 percent per year, it would have
about $150,000 available in two years to build the
three-mile long trail.

2. Present Value of a Non-terminating Annual
Revenue or Cost

For analyzing the present value of annual revenues
or costs, you, as an analyst, need to determine
whether the costs will continue into perpetuity, or
stop after some period of time. The appropriate
method for calculating the present value of a non-
terminating annual revenue or cost is to assume that
the first payment or cost is due at the end of the first
year. To calculate the present value, you simply

divide the revenue or cost by the interest rate (in dec-
imal percent terms).

Present value ¼ Annual CF

i

� �

Example

Assume that the annual management costs for a
forestry organization are $4 per acre per year, and
that you expect that the organization will not only
continue to own and manage the land into perpetuity,
but also manage the land with the same amount of
intensity as they do today. If their discount rate is
assumed to be 7 percent, then what is the present
value of the annual management costs?

Present value ¼ $4 per acre

0:07

� �
¼ $57:14 per acre

If left unconvinced that this is the present value of all
future management costs, then you can devise a
system, such as that described in Table 2.4, that
discounts the annual management cost incurred each
year by the appropriate amount, then sum these values
for a sufficiently long period of time. In the case of
Table 2.4, the costs were assessed over a 100-year time
frame, and the sum of the discounted costs ($57.08) is
very close to our estimate using an infinite time hori-
zon. You can also see that a $4 cost 100 years from
now is worth very little today (approximately $0.005).

Example

Assume that a hunting lease in central Alabama
brings in approximately $12 per acre per year for a
private landowner. Assume also that the private land-
owner uses a discount rate of 5 percent for their

TABLE 2.4 Present Value of a $4 Annual Management
Cost over a 100-year Time Frame

Year Present value of the annual cost ($)

1 $3.74

2 3.49

3 3.27

4 3.05

5 2.85

˙˙˙˙

98 0.0053

99 0.0049

100 0.0046

Total $57.08
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investment analyses. If you assume that the hunting
lease will not appreciate in value, what is the present
value of the lease to the landowner?

Present value ¼ $12 per acre

0:05

� �
¼ $240:00 per acre

In this example, as with the following examples, if
you were to assume that the first revenue or cost were
realized right away, rather than at the end of the first
year, then the payment or cost would need to be
incorporated into the calculation without being dis-
counted, since time is not a factorwith the first payment.

Present value ¼ Annual CFþ Annual CF

i

� �

3. Present Value of a Terminating Annual
Revenue or Cost

Some of the assumptions behind the use of a non-
terminating annual revenue or cost may be unappeal-
ing to you as an analyst. For example, could you
realistically assume thatmanagement costswill remain
the same over a long period of time? Could you assume
that hunting leases will not continue to appreciate in
value as the human population increases, and people
move further out into rural areas, resulting in hunting
areas becoming more scarce? As a result, analyzing
present values that involve annual revenues or costs
that will terminate at some point may seem more rea-
sonable. Assuming that the first payment occurs at
the end of the first year, the method by which you
would calculate the present value of a terminating
annual revenue or cost is:

Present value ¼ Annual CF
ð1þ iÞt � 1

ið1þ iÞt
 !" #

Example

Analyze a modified version of the example pre-
sented earlier: Assume that the annual management
costs for a forestry organization are $4 per acre per
year, and you expect that the organization will not
only continue to own and manage the land for 100
years, but also manage the land with the same
amount of intensity as they do today. If their discount
rate is assumed to be 7 percent, what is the present
value of the terminating annual management costs?

Present value ¼ $4 per acre
ð1:07Þ100 � 1

0:07ð1:07Þ100
 !" #

¼ $57:08 per acre

This example results in the value we found earlier,
where the sum of the individual present values of
the terminating annual costs of $4 per year is $57.08
per acre.

Example

Assume that a private landowner in south Georgia
leases out their property to a hunt club for $12.50 per
acre per year. The length of the lease is five years, and
the landowner uses a discount rate of 6 percent for all
their investments. What is the present value of the
hunting lease to the landowner?

Present value ¼ $12:50 per acre
ð1:06Þ5 � 1

0:06ð1:06Þ5

0
@
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A
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¼ $52:65 per acre

As with the previous example of a non-terminating
annual series of revenues or costs, we have assumed
that they are realized at the end of each period. How-
ever, if you were to assume that the revenues or costs
are realized at the beginning of the period in the ter-
minating series, and the first revenue or cost was
made right away, at the beginning of the first year,
the formula for the present value would be modified
to:

Present value ¼ Annual CF
ð1þ iÞt � 1

ið1þ iÞt
 !" #

ð1þ iÞ

Alternatively, you could assume that the first pay-
ment was made now, and did not need discounting,
and that the length of the time horizon was t – 1,
resulting in the following equation:

Present value ¼ Annual CF

þ Annual CF
ð1þ iÞt�1 � 1

ið1þ iÞt�1

 !" #

Example

Assume that a private landowner in south Georgia
leases out his property to a hunt club for $12.50 per
acre per year, yet the first payment is made right
away. The length of the lease is five years, and the
landowner uses a discount rate of 6 percent for all
his investments. What is the present value of the
hunting lease to the landowner?

Present value ¼ $12:50 per acre
ð1:06Þ5 � 1

0:06ð1:06Þ5
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5ð1:06Þ

¼ $55:81 per acre
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or alternatively,

Present value ¼ $12:50 per acre

þ $12:50 per acre
ð1:06Þ4 � 1

0:06ð1:06Þ4
 !" #

¼ $55:81 per acre

4. Present Value of a Non-terminating
Periodic Revenue or Cost

In contrast to annual revenues or costs, some
financial events re-occur over periods longer than
one year. For example, maintenance on a trail may
occur every other year (or every third year), rather
than every year. Alternatively, a landowner may
devise a plan whereby they harvest timber every
five years, and expect a given amount of revenue
with each entry. These types of revenues or costs
can be assumed to be non-terminating, and periodic
in nature. As a result, the equation that would be
used to analyze the present value of these events
would be:

Present value ¼ CFpl

ð1þ iÞpl � 1

" #

Here, pl represents the period length, or the inter-
val at which the revenues of costs re-occur, rather
than the entire length of the time horizon. If the
period were one year, representing a non-terminating
annual revenue or cost, the equation becomes

Present value ¼ CF1

ð1þ iÞ1 � 1

" #
, or

Present value ¼ CF1
ð1þ i� 1Þ
� �

Present value ¼ CF1
i

� �

and reduces to the equation we presented earlier for
the present value of a non-terminating annual reve-
nue or cost.

Example

Assume that a prescribed fire regime for Douglas-
fir stands in Colorado, at about 4,000 to 6,000 foot ele-
vations, on moderate slopes, calls for a 10-year reen-
try and each entry costs $15 per acre. Assume that
the prescribed fire program is on public land, where
the discount rate used for investment analysis is 4
percent. If the first prescribed fire occurred at the
end of the first decade, then was repeated every 10

years thereafter, what is the present value of the non-
terminating, periodic series of costs?

Present value ¼ $15 per acre

ð1:04Þ10 � 1

" #
¼ $31:23 per acre

As a cross-check on these results, we can construct
a table whereby we indicate the cost and the timing of
the costs to the fire program (Table 2.5). Simply
assessing the first 100 years shows that the present
value of the program ($30.61) approximates our non-
terminating present value.

If you were to assume that the first periodic reve-
nue or cost would occur today, the equation for a
non-terminating, periodic revenue or cost should be
modified to account for the fact that the first revenue
or cost need not be discounted:

Present value ¼ CFpl þ
CFpl

ð1þ iÞpl � 1

" #

Example

Using our prescribed fire example, assume that the
first treatment occurs today, and every 10 years there-
after land managers will apply a similar prescribed
fire treatment. The present value of this proposed
stream of activities is:

Present value ¼ $15 per acreþ $15 per acre

ð1:04Þ10 � 1

" #

¼ $46:23 per acre

TABLE 2.5 Present Value of a $15 per Acre per Decade
Cost for Prescribed Fire in Douglas-Fir Stands in Colorado

Year Prescribed fire cost ($/ac) Present value ($/ac)

10 $15.00 $10.13

20 15.00 6.85

30 15.00 4.62

40 15.00 3.12

50 15.00 2.11

60 15.00 1.43

70 15.00 0.96

80 15.00 0.65

90 15.00 0.44

100 15.00 0.30

Total $30.61
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Alternatively, you could calculate the present
value of the non-terminating period revenues or
costs, assuming that the first revenue or cost occurs
now, by using the following equation:

Present value ¼ CFpl

ð1þ iÞpl � 1

" #
ð1þ iÞpl

Thus given our earlier example, assuming that the
first treatment occurs now, and subsequent treat-
ments occur every 10 years thereafter, the present
value of this proposed stream of activities is:

Present value ¼ $15 per acre

ð1:04Þ10 � 1

" #
ð1:04Þ10

¼ $46:23 per acre

5. Present Value of a Terminating Periodic
Revenue or Cost

The preceding discussion begs the question, how
would we compute exactly the value of a terminating
periodic series of revenues or costs? Given the last
example, we have something with which to compare,
since we solved a problem involving 10-year costs
over a 100-year time frame exactly by computing
the present value of each decadal cost occurrence.
Here we need to incorporate both the length of
the period and the length of the time frame into the
analysis.

Present value ¼ CFpl
ð1þ iÞt � 1�

ð1þ iÞpl � 1
�
ð1þ iÞt

0
@

1
A
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4
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5

Example

Use the previous example of a prescribed fire regime
for Douglas-fir stands in Colorado, and assuming costs
of $15 per acre every decade, and a 4 percent discount
rate. If we were to assume that the program ends after
100 years, what is the present value of the terminating,
periodic series of costs?

Present value ¼ $15 per acre
ð1:04Þ100� 1�

ð1:04Þ10� 1
�
ð1:04Þ100

0
@

1
A

2
4

3
5

¼ $30:62 per acre

If you compare this to the case where the pre-
scribed fire program was assumed to continue indefi-
nitely, the per acre cost of the program after year 100
is only $0.61 per acre, further illustrating the need to
take into account the time value of money. Keeping
in mind some rounding of the values presented in

the previous examples, if you were to invest $0.61 in
an investment that yielded 4 percent interest annu-
ally, the resulting balance after 100 years would be
about the same as the present value of the non-
terminating periodic series of costs.

As with the other examples in this chapter, if you
were to assume that the first revenue or cost occurred
at the beginning of the first time period, the equation
would need to be modified to reflect the fact that the
first revenue or cost need not be discounted.

Present value ¼ CFpl
ð1þ iÞt � 1�

ð1þ iÞpl � 1
�
ð1þ iÞt

0
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3
5ð1þ iÞpl

This equation is similar to the one provided earlier
for the terminating annual revenues or costs, in that
we multiplied the basic equation by (1 þ i)pl, and
since earlier we were discussing annual revenues or
costs, it reduced to (1 þ i). Using our prescribed fire
example, the present value of the terminating peri-
odic costs is:

Present value ¼ $15 per acre
ð1:04Þ100 � 1�

ð1:04Þ10 � 1
�
ð1:04Þ100

0
B@

1
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75

�ð1:04Þ10

¼ $45:32 per acre

An alternative formulation is to explicitly assume
that the first revenue or cost need not be discounted,
and that the length of the time horizon is then
(t – pl) years, since the last payment will occur at
the beginning of the last decade:

Present value ¼ CFpl

þ CFpl
ð1þ iÞt�pl � 1�

ð1þ iÞpl � 1
�
ð1þ iÞt�pl
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Carrying out the calculations for the prescribed fire
example, we arrive at the same per-acre present
value.

Present value ¼ 15 per acre

þ $15 per acre
ð1:04Þ90 � 1�

ð1:04Þ10� 1
�
ð1:04Þ90
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¼ $45:32 per acre

To assist in directly comparing the methods for cal-
culating present values of various investments, a
summary of the present value equations and forth-
coming future value equations can be found in
Table 2.6.
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6. Future Value, One Revenue or Cost

Projecting the potential revenue or cost of an
investment made today to a future monetary
value is important for many professional and per-
sonal reasons. Professionally, you would be esti-
mating the potential impact of an activity on the
economic success (or failure) of an organization.
Personally, you might want to understand how an
investment into a savings or retirement program
will be valued at various points in your future.
The method by which you would calculate the

future value of a one-time revenue or cost incurred
today is:

Future value ¼ CFyr ð1þ iÞt�yr

where CFyr is the cash flow (positive or negative)
incurred during some year of the time horizon (t).

Example

Assume that the rate obtained by a long-term cer-
tificate of deposit is 4.5 percent, and that you invest
$1,000 today and plan to keep it in the investment

TABLE 2.6 Present Value Equations for One-Time, Annual, and Periodic Cash Flow Events

Timing of revenue

or cost Time horizon

Initial revenue or

cost occurs. . . Equation to use

Once — — present value ¼ CFt
ð1þiÞt
h i

Annual Non-terminating (infinite
time horizon)

At the end of the first time
period

present value ¼ Annual CF
i

	 

At the beginning of the first

time period

present value ¼ Annual CFþ Annual CF
i

	 

Terminating (finite time
horizon)

At the end of the first time
period

present value ¼ Annual CF ð1þiÞt�1

ið1þiÞt
� �h i

At the beginning of the first
time period

present value ¼ Annual CF ð1þiÞt�1

ið1þiÞt
� �h i

ð1þ iÞ

present value ¼ Annual CFþ Annual CF ð1þiÞt�1�1

ið1þiÞt�1

� �h i
Periodic Non-terminating (infinite

time horizon)
At the end of the first time

period

present value ¼ CFpl

ð1þiÞpl�1

h i
At the beginning of the first

time period

present value ¼ CFpl

ð1þiÞpl�1

h i
ð1þ iÞpl

present value ¼ CFpl þ CFpl

ð1þiÞpl�1

h i
Terminating (finite time
horizon)

At the end of the first time
period

present value ¼ CFpl
ð1þiÞt�1�

ð1þiÞpl�1

�
ð1þiÞt

0
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At the beginning of the first
time period

present value ¼ CFpl
ð1þiÞt�1�

ð1þiÞpl�1

�
ð1þiÞt

0
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5ð1þ iÞpl

present value ¼ CFpl þ CFpl
ð1þiÞt�pl�1�

ð1þiÞpl�1

�
ð1þiÞt�pl

0
@

1
A

2
4

3
5
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for five years. How much will this investment be
worth at the end of five years, including the initial
amount invested and the interest that it earns?

Future value ¼ $1, 000ð1:045Þ5�0 ¼ $1, 246:18

Since the length of time (t) that the investment is
made is five years, and since the investment is made
now (yr ¼ 0), compounded interest is added to the
initial $1,000 at the end of each of five years.

Example

Assume that a stand ofDouglas-fir andwestern hem-
lock (Tsuga heterophylla) trees was just planted, and that
five years from now a cost will be required to perform
precommercial thinning of the stand. Assume also that
the rotation length of the even-aged stand of trees will
be 40 years. If the cost of precommercial thinning is
$125 per acre, and the interest rate that the landowner
uses is 6 percent, what is the future value of the precom-
mercial thinning at the end of the rotation?

Future value ¼ $125 per acre ð1:06Þ40�5

¼ $960:76 per acre

Another way to look at this is that the added value
of the precommercial thinning investment must be at
least $960.76 per acre at the time of final harvest for
the landowner to make a 6-percent return on the pre-
commercial thinning investment. If the landowner,
for example, could invest $125 at 6 percent interest
in some other project, they would have earned
$960.76 at the end of 35 years.

7. Future Value of a Non-terminating Annual
Cost or Revenue

Since the term future value implies that we stop at
some point in the future and assess the economic suc-
cess (or failure) of a project or investment, determin-
ing the future value of a non-terminating investment
is not of value here.

8. Future Value of a Terminating Annual
Cost or Revenue

In analyzing the future value of annual revenues or
costs, we would need to use an equation that is some-
what similar to the present value of non-terminating
annual revenues or costs. This equation is similar in that
the denominator is the interest rate assumed. The differ-
ence is that the annual revenueor cost is compoundedby
(1þi)t � 1 prior to dividing through by the interest rate.

Future value ¼
ðannual revenue or costÞ

�
ð1þ iÞt � 1

�
i

0
@

1
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Example

Assume that the annual management costs for a
forestry organization are $5 per acre per year, and
you expect that the organization will not only con-
tinue to own and manage the land for the next 10
years, but also at the same intensity as they do today.
If their discount rate is assumed to be 7 percent, what
is the future value of the terminating annual manage-
ment costs?

Future value ¼ ð$5 per acreÞðð1:07Þ10 � 1Þ
0:07

 !

¼ $69:08 per acre

To further illustrate how we arrived at this value,
you can see in Table 2.7 that we invested $5 every
year for 10 years, and that the interest on each $5
investment was compounded forward to the end of
the time horizon. It is as if you invested $5 each year
in a bank account that yielded 7 percent interest—
how much would you have at the end of the
decade? This example assumes that the first invest-
ment is made at the end of the first year, therefore
the initial investment is compounded only nine
years into the future. Similarly the last investment
is made at the end of the tenth year, and is not com-
pounded. How would the method for calculating
the future value of terminating annual costs change
if the initial revenue or cost were assumed to be
made right away?

TABLE 2.7 Future Value of a $5 Annual Management
Cost over a 10-Year Time Frame, Using a 7% Alternative

Rate of Return

Year

Investment

($)

Years

compounded

Future value of the

annual cost ($)

1 $5.00 9 $9.19

2 5.00 8 8.59

3 5.00 7 8.03

4 5.00 6 7.50

5 5.00 5 7.01

6 5.00 4 6.55

7 5.00 3 6.13

8 5.00 2 5.72

9 5.00 1 5.35

10 5.00 0 5.00

Total $69.08
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Future value ¼
ðannual revenue or costÞ

�
ð1þ iÞt � 1

�
i

0
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1
Að1þ iÞpl

Since the period length (pl) is one year, the equa-
tion reduces to:

Future value ¼
ðannual revenue or costÞ

�
ð1þ iÞt � 1

�
i

0
@

1
Að1þ iÞ

Using the previous example, the future value
becomes:

Future value ¼
ð$5 per acreÞ

�
ð1:07Þ10 � 1

�
0:07

0
@

1
Að1:07Þ

¼ $73:92 per acre

In this case, the future value is greater than the ear-
lier example because each of the investments were
compounded an extra year—the initial investment
was compounded 10 years, while the final investment
was compounded one year (i.e., it was made at the
beginning of the tenth year).

Example

Assume that a private landowner in south Georgia
leases out her property to a hunt club for $12.50 per
acre per year. The length of the lease is five years,
and the landowner uses a discount rate of 6 percent
for all her investments. If the hunt club pays the land-
owner at the beginning of each year, what is the future
value of the hunting lease to the landowner?

Future value ¼
ð$12:50 per acreÞ

�
ð1:06Þ5 � 1

�
0:06
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� ð1:06Þ
¼ $74:69 per acre

9. Future Value of a Non-terminating Periodic
Cost or Revenue

As we mentioned earlier, since the term future value
implies that we stop at some point in the future and
assess the economic success (or failure) of a project
or investment, determining the future value of a non-
terminating investment is not relevant to this
discussion.

10. Future Value of a Terminating Periodic
Cost or Revenue

The future value of a project or investment with a
revenue or cost stream that occurs every few years
(not annually, but repeatedly) and terminates at some
point in time can be calculated using the following
equation:

Future value ¼
ðCFplÞ

�
ð1þ iÞt � 1

�
�
ð1þ iÞpl � 1

�
0
@

1
A

As we noted earlier, pl represents the period length,
or interval at which the revenues of costs re-occur,
rather than the entire length of the time horizon (t).
If the period length were one year, representing a ter-
minating annual revenue or cost, the equation
becomes

Future value ¼
ðCF1Þ

�
ð1þ iÞt � 1

�
�
ð1þ iÞ1 � 1

�
0
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A, or

Future value ¼
ðCF1Þ

�
ð1þ iÞt � 1

�
ð1þ i� 1Þ
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A, or

Future value ¼
ðCF1Þ

�
ð1þ iÞt � 1

�
i
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which reduces to the equation we used to describe the
future value of a terminating annual revenue or cost.

Example

Assume that a prescribed fire regime for mixed
conifer stands in California calls for a 10-year burning
cycle, and each time a prescribed burn is conducted,
it costs $20 per acre. Assume that the prescribed fire
program is on public land, and the discount rate used
for investment analysis is 4 percent. If the first pre-
scribed fire occurred at the end of the first decade,
then was repeated every 10 years thereafter, for
50 years, what is the future value of the terminating,
periodic series of costs?

Future value ¼
ð$20 per acreÞ

�
ð1:04Þ50 � 1

�
�
ð1:04Þ10 � 1
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¼ $254:32 per acre

To check these results, we can construct a table
whereby we indicate the cost and the timing of the
costs to the fire program (Table 2.8). Assessing the
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future value of each of the costs incurred each decade
indicates that the sum of the individual future values
equals the future value just computed.

If we were to assume that the terminating periodic
series of revenues or costs included incurring the first
revenue or cost right away (at time 0), rather than at
the end of the first period, then the future value equa-
tion for a terminating periodic cost or revenue
becomes:

Future value ¼
ðCFplÞ

�
ð1þ iÞt � 1

�
�
ð1þ iÞpl � 1

�
0
@

1
Að1þ iÞpl

In utilizing this adjusted formula for the future
value of terminating periodic revenues or costs, the
future value of the prescribed fire plan that was
recently discussed becomes:

Future value ¼
ð$20 per acreÞ

�
ð1:04Þ50 � 1

�
�
ð1:04Þ10 � 1

�
0
@

1
Að1:04Þ10

¼ $376:45 per acre

B. Net Present Value

The net present value (NPV) of an investment is the
difference between the present value of revenues
and the present value of costs over some period of
time. NPV calculations frequently are used in budget-
ing analyses to sort and rank potential investments,
and to determine which investments or projects
should be funded. If the NPV of an investment hap-
pens to be positive, it might be considered an accept-
able course of action, depending on the NPV of other
alternative investments. However, if the NPV of an
investment is negative, the potential investment
should probably be disregarded because the future
cash flows will not cover the periodic costs.

Alternatively, if the NPV is equal to zero, then the
investment may be viewed as neutral, since the dis-
counted revenues will equal the discounted costs,
and thus the investment earns a return equal to the
assumed interest rate. One way to calculate NPV is:

NPV ¼
XT
t¼1

CFt

ð1þ iÞt
 !

� C0

where:

T ¼ the time horizon, in the same units as t, the
time periods

Example

Assume that we have 100 acres of bare ground in
rural east central Mississippi and we are trying to
decide which of three potential management options
to select. First, we could prepare the site, plant 450
(100 � 100 spacing) loblolly pine seedlings per acre,
and harvest the trees in 30 years. Second, we could
prepare the site, plant 450 loblolly pine trees per acre,
and harvest the trees in 20 years. Third, we could pre-
pare the site, plant 450 loblolly pine trees per acre and
harvest the trees in 60 years. Assume that preparing
the site, purchasing the seedlings, and planting them
will cost (initial investment) $200 per acre right away
(in year zero). If we assume a SI25 is 62, and use cur-
rent timber prices, we can estimate that option one
will generate $4,255.65 per acre, option two will gen-
erate $1,489.73 per acre, and option three will gener-
ate $7,153.54 per acre. To calculate the net present
value for each of these options we need to calculate
the present value of each revenue stream using a real
discount rate of 6 percent. For option one, our first
step is to calculate the present value of $4,255.65 gen-
erated per acre in year 30.

Present value ¼ $4, 255:65

ð1:06Þ30
" #

¼ $741:40 per acre

Our second step is to subtract from the revenue
of $741.40 per acre, the $200 cost per acre for prepar-
ing the site, purchasing the seedlings, and planting
the trees. This subtraction yields us a net pres-
ent value of $541.40 per acre. For option two, we
calculate the present value of $1,489.73 per acre gen-
erated in year 20.

Present value ¼ $1, 489:73

ð1:06Þ20
" #

¼ $464:50 per acre

Our second step is to subtract from the revenue of
$464.50 per acre the $200 per acre cost for preparing
the site, purchasing the seedlings, and planting the

TABLE 2.8 Future Value of a $20 per Acre per Decade
Cost for Prescribed Fire in Mixed Conifer Stands in

California, Assuming a 4% Alternative Rate of Return

Year Prescribed fire cost ($/ac) Future value ($/ac)

10 $20.00 $96.02

20 20.00 64.87

30 20.00 43.82

40 20.00 29.60

50 20.00 20.00

Total $254.32
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trees. This yields a net present value of $264.50 per
acre. For option three, we calculate the present value
of $7,153.54 earned per acre in year 60.

Present value ¼ $7, 153:54

ð1:06Þ60
" #

¼ $216:85 per acre

As in the other cases, our next step is to subtract
from the revenue of $216.85 per acre the $200 per acre
cost of preparing the site, purchasing the seedlings,
and planting the trees. This yields a net present value
of $16.85 per acre. Now that we have calculated the
NPV for each option we can compare them. In this
example, the first option has the highest NPV com-
pared to options two and three. Option three has a
NPV relatively close to zero. Given these results, we
would choose option one because it gives us the high-
est return on investment. However, the length of the
investment periods were not consistent (20, 30, and
60 years), therefore some adjustment must be made
to the analysis to recognize the different time hori-
zons (see Section II.F).

C. Internal Rate of Return

The internal rate of return (IRR) is defined as the
discount rate that is required to arrive at a NPV of
zero. In general, the greater the IRR, the more attrac-
tive the investment, therefore IRR calculations for
competing investments can allow you to rank them
and develop priorities. Another way to view an IRR
is to assume that it represents the interest expected
from an investment. A forestry investment that
results in an IRR of 10 percent, for example, is better
than an investment in a certificate of deposit that will
return around 5 percent (or less) over the long run.
The IRR commonly is compared to an organization’s
cost of capital, or hurdle rate. For example, if an orga-
nization had a hurdle rate of 7 percent and a pro-
posed investment suggested an internal rate of
return of 8 percent, the investment, at the very least,
would be seen as favorable to the organization.
Whether or not this investment would be pursued
would depend on the other alternatives available to
the organization for investing the same amount of
money. Finally, we could view IRR as way to evaluate
whether the investment will break even, given an
organization’s alternative investment rate or hurdle
rate. For example, if an IRR of a proposed investment
were 8 percent, and an organization’s hurdle rate
were 10 percent, then the proposed investment would
not result in a positive NPV. If the hurdle rate (7%)
was less than the IRR of the project (8%), the pro-
posed investment would result in a positive NPV.

An IRR is a reflection of the efficiency of an invest-
ment, and since we can view IRR as a rate of growth
of an investment, we can compare it against the rate
of return for alternative investments, such as money
markets, savings accounts, or certificates of deposits.
However, many argue that an IRR should not be used
to compare investments, but rather it should be used
to decide whether an individual investment will pro-
duce the economic returns that are expected within
an organization. One way to arrive at the IRR of an
investment is to solve the following NPV equation:

NPV ¼ 0 ¼
XT
t¼1

CFt

ð1þ IRRÞt
 !

� C0

Although some may prefer to evaluate decisions
based on NPV, many private business decisions may
be based on IRR, because it reflects the return on the
investment rather than the magnitude of the value
of the investment to an organization. One problem
with an IRR calculation is that when cash flows fluc-
tuate from positive to negative over time, multiple
IRR values may result. For example, over a typical
rotation of southern pines, we might incur a commer-
cial thinning revenue, then a fertilization cost, then a
final harvest revenue. This fluctuation from positive
to negative, then back to positive could result in mul-
tiple IRR values.

Another disadvantage of the approach is that inter-
mediate positive revenues are not assumed to be rein-
vested at the IRR, therefore IRR is assumed only to be
reflective of an investment’s worth to an organization
when there are no intermediate positive revenues.
A further disadvantage of this approach, as with the
NPV approach for valuing forest-related commodities,
is that costs and revenues are monetized. Natural
resource values such as animal unit months, stream
sediment, aesthetics, and wildlife habitat quality
would need to be placed in terms of dollars, Euros,
or other units to allow the analysis to recognize their
importance in decision-making.

D. Benefit/Cost Ratio

The benefit/cost ratio (BCR) is the present value of
the revenues associated with an investment divided
by the present value of the costs. If the BCR of an
investment equaled 1, then the net present value of
the investment would be 0, and the IRR would equal
the discount rate that was assumed. If the BCR were
greater than 1, the net present value of the investment
would be positive, and the IRR would be greater than
the hurdle rate assumed by an organization (the dis-
count rate assumed in the net present value
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calculation). Of course, if the BCR were less than 1,
the present value of the benefits do not cover the
present value of the costs, therefore the net present
value of the investment would be negative, and the
IRR would be less than the hurdle rate assumed.
Obviously, when considering alternative investments,
you would want to choose those with higher BCR
values. The basic benefit/cost ratio equation is:

BCR ¼ present value of benefits

present value of costs

� �

In contrast to other economics analyses, one advan-
tage of this method for evaluating investments is that
the benefit/cost ratio can be applied to values that are
not necessarily expressed monetarily. Therefore, a
benefit/cost analysis may be applicable to natural
resource management analyses involving noncommod-
ity resources. The only assumption is that the values in
both the numerator (benefits) and denominator (costs)
have the same units, therefore the units will cancel each
other out, and we would arrive at a unitless ratio.

E. Equal Annual Equivalent

As an alternative to making decisions based on a
net present value analysis, the equal annual equiva-
lent (EAE) can be developed for each potential invest-
ment. EAE is the net revenue (or cost) that you can
obtain (or will incur) annually, over the life of an
investment, given the discount rate that was applied.
Conceptually, EAE is similar to the payments asso-
ciated with a loan, and also is referred to as equal
annual income and equivalent annual cash flow. The ini-
tial computation for EAE analysis is the NPV of one
rotation of a forest investment. The remainder of the
EAE calculation determines the extent of the annual
payments that would be required to equal the NPV
using the discount rate that is assumed. The advan-
tage of using EAE is that we can evaluate investments
that have different time horizons. As a decision tool,
we would possibly accept or invest in projects that
yield a positive EAE. If several investments are being
considered, then the ones with the higher EAE values
would be more economically attractive than the
others with lower (yet positive) EAE values.

The EAE is simply the NPV converted to an annual
value paid at the end of each year (or time period) for
the life of the investment. It is calculated at the appro-
priate discount rate using this formula:

EAE ¼ NPV
ið1þ iÞt

ð1þ iÞt � 1

 !

Example

Assume we have 200 acres of bare ground near
Greenwood, Mississippi, and feel that there are two
options to using this property productively. The first
would be to afforest the site with oak trees that can
be harvested in 50 years. It will cost $250 per acre to
prepare the site, purchase the seedlings, and plant the
oak seedlings. When the harvest occurs in year 50, we
can expect to earn $7,116 per acre. The second option
would be to grow soybeans, which can be planted and
harvested once every year. Our expected annual total
cost is $228 per acre and your expected annual revenue
is $234 per acre. The net return for option two is $6 per
acre per year. Option one does not have a yearly cost
or revenue stream and each investment occurs at differ-
ent time periods. To reconcile the cost and revenue for
option one, we need to discount the harvest revenue
back in time to period zero. To do this we must assume
an interest rate. In this case, assumean interest rate of 5.5
percent.

Present value ¼ $7, 116

ð1:055Þ50
" #

� 250 ¼ $239:34 per acre

Now, to effectively compare option one and option
two we need to convert the NPV for option one into
an EAE. First, substitute the relevant values into the
EAE formula just mentioned.

EAE ¼ $239:34
0:055ð1þ 0:055Þ50
ð1þ 0:055Þ50 � 1

 !
¼ $14:14 per acre

Second, now that we have calculated the EAE for
option one, we can compare it to our annual net
return for option two. As we can see, option one
yields a yearly return per acre that is $8.14 greater
than option two. Therefore, we would decide to affor-
est the 200 acres with oak seedlings.

F. Soil Expectation Value

The soil expectation value (SEV) represents the net
present value of an investment in an even-aged stand
from the time of planting (when the land is bare of
trees), through infinite rotations of the same manage-
ment regime. SEV is the same as bare land value
(BLV) and land expectation value (LEV); however,
the purchase price of the land and the revenue gener-
ated from ultimately selling the land are not included
in the calculation. If the even-aged rotation lengths
are the same, SEV and NPV assessments will produce
the same ranking of potential investments.
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All investments in even-aged rotations of trees,
including the initial rotation and subsequent future
rotations, involve the same length of time. To ade-
quately compare even-aged stand management alter-
natives, the alternatives need to be assessed across
the same time horizon. If the rotation lengths are dif-
ferent between competing management regimes, then
using the SEV is a more appropriate way of ranking
potential investments because it accounts for an infi-
nite time line, while the NPV computation stops at
the end of the rotation. As a result, simply using
NPV computations to compare alternatives will ignore
the opportunity to reinvest revenues (assuming one
potential investment has a shorter time horizon than
other) in some instances.

One equation that you could use to assess SEV
involves the net revenue at the end of the first rota-
tion (at first final harvest), and the length of the
rotation:

SEV ¼ NR

ð1þ iÞR � 1

 !

where:

NR ¼ Net revenue at the end of the first rotation
R ¼ Length of the rotation

Example

Ignoring the fact that land will cost some money to
purchase, assume that you decide to plant some trees
on bare ground for $150 per acre today and harvest
them in 25 years, earning $2,500 per acre. Assume also
that your discount rate is 5 percent. To compute the
net revenues at the end of the first rotation, we would
need to determine the future value of the planting
investment:

Future value of planting investment ¼ $150ð1:05Þ25
¼ $507:95

The net revenue at the end of the first rotation is
then $2,500 – $507.95, or $1,992.05. We then use this
net revenue in the SEV equation to determine the
SEV for the bare land:

SEV ¼ $1, 992:05

ð1:05Þ25 � 1

 !
¼ $834:77

If we already manage the land being assessed, then
to assess alternatives using SEV, we should interpret
the SEV such that higher values represent better invest-
ments. Therefore, if one management regime (perhaps
planting, herbaceous weed control, fertilization, then

final harvest) yielded a higher SEV than another,
then that type of management regime should be
seen as a better investment for that piece of land.
Alternatively, if the management regime was consid-
ered static, then we could determine the economi-
cally optimal rotation age for that management
regime. In the case of the western forest stand that
we use throughout this book (see Appendix A),
assume that the management regime was simply to
plant the trees, then perform a clearcut harvest at
some time in the future. If the regeneration costs
were $200 per acre to get the stand fully established
in year 0, and that the stumpage price was $450 per
MBF on average for all products, the SEV analysis
suggests that the optimal rotation age is 45 years
when the discount rate is 5 percent (Table 2.9). This
also corresponds to the highest net present value for
one rotation of this type of management. Therefore,
for a management regime that included only regenera-
tion and a final harvest, the economically optimal

TABLE 2.9 Net Present Value and Soil Expectation
Value for the Western Forest Stand (from Appendix A) Using

a 5% Discount Rate

Stand

Age

Volume per

acre (MBF)

Value at

harvest

($/ac)a
NPV, one

rotation ($)b SEV ($)

15 0.000 0.00 �200.00 �385.37

20 0.653 293.85 �89.25 �143.23

25 3.383 1,522.35 249.55 354.13

30 8.531 3,838.95 688.25 895.43

35 15.050 6,772.50 1,027.79 1,255.38

40 22.551 10,147.95 1,241.47 1,447.01

45 29.881 13,446.45 1,296.54 1,458.92

50 32.270 16,771.50 1,262.54 1,383.15

55 44.858 20,186.10 1,179.24 1,265.73

60 52.495 23,622.75 1,064.66 1,124.88

65 59.555 26,799.75 924.16 964.62

70 66.092 29,741.40 777.49 803.91

75 71.838 32,327.10 632.47 649.19

80 78.024 35,110.80 508.43 518.90

85 83.524 37,585.80 394.20 400.53

90 88.702 39,915.90 294.43 298.13

95 93.108 41,898.60 206.65 208.67

100 97.634 43,935.30 134.11 135.13

aAssuming a $450 per MBF stumpage value.
bAssuming a $200 per acre regeneration cost.
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timing for the final harvest would be at 45 years using
these assumptions.

As you might expect, as the discount rate
increases, the value of money in the future declines.
As a result, you should see the SEV for a management
regime decrease for each stand age as the interest rate
increases, assuming all other things being equal
(Table 2.10). Here we also find that the economically
optimal rotation age for our example western stand
is 45 years when the discount rate is both 4 and 5
percent; however, it reduces to 40 years when the
discount rate is 6 and 7 percent.

These analyses can be improved by adding more
realism to the model being assessed. For example,
the volumes that we have been using are the gross
volume per acre at each stand age. In practice, this
might be reduced by about 5 to 10 percent to account
for breakage that may occur during the harvesting
operation and defects that may not have been evident
during the inventory. In addition, you could use a dif-
ferent stumpage value for different log sizes, if the
growth and yield projections allow you to understand
the types of logs that could be produced from the

stand given the diameters of the trees and their
heights. Further, you could use different stumpage
prices for different tree species. Last, but not least,
we assumed static stumpage prices in the analysis,
therefore stumpage price appreciation could be
incorporated into the analysis by assuming that the
prices might increase 0.5 to 1.0 percent per year.

Another way to assess SEV is to begin with the
NPV of the current rotation and assume that it is a
repeated value received by the landowner at an inter-
val equal to the rotation age. As such, we would use
an equation similar to the equation used for the pres-
ent value of the non-terminating periodic revenues or
costs, assuming that the first revenue or cost occurs
right away (Section III.A.4).

SEV ¼ NPVð1þ iÞR
ð1þ iÞR � 1

 !

The portion NPV (1 þ i)R provides the future value
of the net revenues at the end of the first rotation. For
example, in the previous example, the present value
of earning $2,500 in 25 years is $738.26. Subtracting
the planting cost from this result yields a net present
value of $588.27. Substituting this value into the
recent SEV equation results in the same SEV as we
found earlier.

SEV ¼ $588:27ð1:05Þ25
ð1:05Þ25 � 1

 !
¼ $834:77

G. Other Mixed-Method Economic
Assessments

Repeatable management regimes beginning with
bare land are the key to using SEV in a straightfor-
ward manner. This may not hold true in all cases of
forest management, particularly in cases of uneven-
aged management or in cases of even-aged manage-
ment where we do not begin with bare land. In these
other cases, an aggregate of NPV and SEV computa-
tions should be used to adequately determine the eco-
nomic value of forest management.

In the case of uneven-aged management, some
amount of time might be needed to adjust the stand
structure to the point where it could sustain repeated,
identical regimes. Here, an analysis of management
strategies that begin with an existing stand, evolve
through a transition period, and finally arrive at a sin-
gle, repeatable management regime would be neces-
sary. Horn et al. [46] suggest that the management
regimes used during the transition period be assessed
the same as a NPV analysis, but the repeatable regimes

TABLE 2.10 Soil Expectation Value for the Western Forest
Stand (from Appendix A) Using Different Discount Rates (i)

Age

Stand

4% i SEV

($)

5% i SEV

($)

6% i SEV

($)

7% i SEV

($)

15 �449.71 �385.37 �343.21 �313.70

20 �121.21 �143.23 �157.48 �167.30

25 593.81 354.13 201.70 98.67

30 1,422.07 895.43 567.15 350.33

35 2,030.92 1,255.38 783.01 479.22

40 2,417.18 1,447.01 871.32 511.87

45 2,536.21 1,458.92 837.75 462.24

50 2,513.67 1,383.15 751.28 382.33

55 2,413.80 1,265.73 645.07 295.75

60 2,260.47 1,124.88 532.24 211.31

65 2,054.46 964.62 416.52 131.37

70 1,827.32 803.91 308.67 61.45

75 1,590.28 649.19 211.59 2.21

80 1,383.27 518.90 133.13 �43.61

85 1,182.43 400.53 65.94 �80.75

90 999.18 298.13 10.73 �109.76

95 829.31 208.67 �34.89 �132.49

100 683.45 135.13 �70.72 �149.54

aAssuming a $450 per MBF stumpage value.
bAssuming a $200 per acre regeneration cost.
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that carry on into infinity be assessed as a SEV analysis.
These portions are then added together to arrive at an
economic evaluation of the management of a stand.

In the case of even-aged management beginning
with an established stand of trees, a landowner may
want to understand the current value of the land
given that there may be revenues and costs associated
with the completion of the rotation that is under way.
After the completion of the current rotation, the
assumption would be that subsequent rotations
would utilize similar, repeated management regimes.
Here, the present value of the current stand could be
evaluated through the end of the current rotation. The
SEV of the future management regimes could also be
assessed, but the SEV would need to be discounted
by the amount of time required to complete the
current rotation, since the SEV reflects the manage-
ment of bare land after the completion of the current
rotation.

H. Selecting Discount Rates

The discount rate used in economic analyses is
sometimes referred to as the alternative rate of return,
which is the rate that can be earned by the best invest-
ment available other than the one that is being ana-
lyzed. It can also be called the cost of capital, which
is the rate you can earn on capital in alternative uses.
The discount rate is assumed to be the most appropri-
ate one to use for calculating the NPV, SEV, BCR, and
EAE. In addition, it is the appropriate rate to use as a
hurdle rate for IRR analyses. In a real-life example of
developing a discount rate, a committee of land-
owners and land managers was formed by the Idaho
legislature to assess alternatives to Idaho’s forest tax-
ation methodology. The suggested guiding discount
rate to value forestland for taxation purposes was
determined from recent averages of 10-year U.S. Trea-
sury Note constant maturity rates, minus an inflation
factor, plus a risk premium. In this analysis, the
resulting discount rates ranged between 4 to 5 per-
cent, yet they were further negotiated down to a fixed
4 percent [47].

Bullard and Straka [48] suggest that privately-
owned and publicly-held corporations define dis-
count rates as a weighted average cost of capital. In
other words, an organization’s discount rate would
be a weighted average of the amount of interest they
are paying on their ratio of debit and equity. In addi-
tion, Bullard and Straka [48] also indicate that forest
products corporations may specify an “exception rate”
that places a strategic value on their timber-related
investments. This exception rate would be lower
than a corporation’s typical discount rate. Bullard

and Gunter [49] report that although many nonindus-
trial private landowners want long-term timberland
investments to have higher rates of return, a high per-
centage of landowners place a moderate to high
importance on protecting the natural environment
and providing for future generations. This may reflect
a willingness to accept a lower rate of return to achieve
these goals.

To start, let us define a discount rate. Bullard and
Straka [48] define a discount rate as “a compound
rate of interest that reflects the opportunity cost of
capital for an individual, a firm, a government
agency, etc.” A discount rate may be either real or
nominal. A real discount rate does not include infla-
tion. A nominal discount rate does include inflation.
The nominal interest rate can be calculated by incor-
porating both the real rate assumed by a landowner
and an assumed inflation rate:

Nominal rate ¼ ½ð1þ real rateÞ
� ð1þ assumed inflation rateÞ� � 1

If you knew the nominal rate used by a landowner,
you could work backward to arrive at a real rate of
inflation:

Real rate ¼ ð1þ nominal rateÞ
ð1þ assumed inflation rateÞ
� �

� 1

Example

Assume that you want to conduct a real analysis,
but you have only a nominal interest rate of 15 per-
cent, yet you know that the current inflation rate is
3.5 percent. How would you determine your real dis-
count rate? We would have to substitute both pieces
of information into the real rate formula just shown,
then solve for the real rate.

Real rate ¼ ð1þ 0:15Þ
ð1þ 0:035Þ
� �

� 1 ¼ 0:11 ¼ 11%

Alternatively, if we knew that our real discount
rate was 11 percent and that the current inflation rate
was 3.5 percent, what would be our nominal rate of
interest? We use the nominal rate formula from ear-
lier, and insert the appropriate pieces of information.

Nominal rate ¼ ½ð1þ 0:11Þð1þ 0:035Þ� � 1 ¼ 0:15
¼ 15%

We should notice one interesting result related to
this example. We cannot just simply add the 11 per-
cent real rate with the 3.5 percent inflation rate to
derive the nominal discount rate. If added together,
then the nominal rate would have been 14.5 percent.
Just adding the two rates together would omit the
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interaction term between the real rate and the infla-
tion rate. Another way to view the nominal rate equa-
tion is to algebraically rearrange it to look like the
following:

Nominal rate ¼ ðreal rateÞ þ ðinflation rateÞþ
ðreal rateÞ � ðinflation rateÞ

If we substitute our earlier assumptions into this
equation, we find the following:

Nominal rate ¼ ð0:11Þ þ ð0:035Þ þ ð0:11Þ � ð0:035Þ
Nominal rate ¼ ð0:145Þ þ ð0:004Þ
Nominal rate ¼ 0:149 � 15%:

Another component that some organizations con-
sider when selecting an interest rate is whether or not
to incorporate a risk factor. Klemperer [50] provides
several options on how to handle this situation. One
conceptual approach is simply to modify the discount
rate by adding a risk factor. The result would dampen
future costs and revenues and shorten rotation ages.
Algebraically, the relationship of a risk adjusted dis-
count rate (RADR) is equal to the risk-free discount
rate (rf) plus a risk factor (k). Klemperer [50] expresses
it as RADR ¼ (rf þ k). So if we knew that our risk-free
discount rate was 15 percent then we could add a 4
percent risk factor to get an RADR of 19 percent. Klem-
perer [50] notes that no universally used risk factor (k)
exists, and that the choice of the risk factor is depen-
dent on a number of considerations, such as the payoff
period, the amount of risk in the revenue, and the deci-
sion-maker’s degree of risk aversion.

An important issue when calculating any financial
criteria for your analysis is being consistent with the
use of inflation. If we intend to use inflation, then we
must multiply all future prices by an appropriate infla-
tion factor. These inflated values must either be com-
pounded or discounted with a nominal interest rate.
Discounting with a real interest rate will overestimate
the value of your financial criteria. If we intend to con-
duct a real analysis, one that does not use inflation, then
we need to make sure that we discount or compound
all future and present values with a real discount rate.
If we discount future values in “constant dollars” using
a nominal discount rate, then we may underestimate
the value of that particular activity.

Example

To illustrate some of the problems with inconsis-
tency in conducting a financial analysis, let us borrow
some of the material from our net present value
example from Section III.B. In that example, we were

interested in making a decision among three options
for treating 100 acres of bare ground. The first option
yielded a NPV of $541.40 per acre. The second
option generated a NPV of $264.50 per acre. The third
option generated $16.85 per acre. In that example, the
interest rate was a real 6 percent discount rate. Since
these NPVs were derived using a real discount rate,
then what would happen if we used a nominal dis-
count rate? If we assume a nominal discount rate
of 11 percent, the NPV for option one would be
–$14.10, the NPV for option two would be –$15.22,
and the NPV for option three would be –$186.35.
Given that we have mixed real values with a nominal
discount rate, we can see that none of the three options
would be financially feasible since their net present
values are all negative. This inconsistency would lead
us not to choose any of the three management alterna-
tives, when in fact they were actually feasible.

To summarize, each organization develops a dis-
count rate that is used in their economic analysis of
management alternatives. The discount rate may
include aspects of expected price inflation and may
include a perceived risk factor. In general, when a dis-
count rate is lowered, a greater number of management
alternatives will have positive net present values. In
addition, management actions that produce revenue
later in a time horizon will have a greater impact on
the economic results. When a discount rate is increased,
fewer management alternatives will have positive net
present values, and emphasis is placed on revenues
and costs that are incurred nearer to the present.

I. Forest Taxation

Up to this point in the chapter, when we talk about
financial analysis, we have been conducting a before-
tax analysis. Basically, a before-tax analysis may
include property taxes and severance taxes as annual
and single-sum costs in a discounted cash flow
model, but it does not consider a landowner’s mar-
ginal tax rate on ordinary income or capital gains
[48]. Many taxes are considered as an additional cost
to any activity that we intend to implement on a for-
est. For instance, if we want to purchase paint for
marking boundary lines or buy flagging to mark plots
in an inventory cruise, we may pay a sales tax on
these items if our state or province imposes one. In
addition, if we own forest land or manage it, then it
is common to pay a land-use tax on a per unit area
basis every year. For example, in Mississippi, the
average land-use tax for forest land across the state
is approximately $4.50 per acre. Incorporating this
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extra cost is pretty simple and straightforward. In
effect, we just include it with the other costs in our
financial time-line prior to estimating a management
regime’s NPV, EAE, and such. However, if we want
to consider incorporating the impact of income taxes
in our financial evaluation, then we need to utilize a
different method that does not change despite fre-
quent changes in our tax code.

Evaluating forest plantation or stand establish-
ment and management can utilize either before-tax
or after-tax financial criteria [48, 50, 51]. Several
studies such as Bettinger et al. [52], Campbell and
Colletti [53], Bullard and Gunter [54], and Grebner
et al. [55] suggest that considering a landowner’s
federal income tax bracket more fully captures the
actual costs and benefits from reforestation incen-
tives for which landowners are eligible. In addition,
an after-tax analysis allows the decision-maker to
incorporate into the analysis the potential tax
savings, depending on whether they are an investor
or a business, that may arise from deductions of
expensed costs.

Bullard and Straka [48] demonstrate that to con-
duct an after-tax analysis, there are four primary
steps. First, we must convert all revenues to an
after-tax basis. Second, we must convert all costs to
an after-tax basis. Third, we must convert our dis-
count rate to an after-tax basis. Fourth, we use these
after-tax values and calculate all financial criteria of
interest. The first step in the after-tax methodology
is to convert all revenues to an after-tax basis. This
generally is applied to revenues whether they occur
from hunting leases or from a timber sale. The for-
mula for calculating an after-tax revenue is (after-tax
revenue) ¼ (before-tax revenue) � (1 – tax rate). For
example, if we received $10 per acre in a year for a
hunting lease and we faced a 25 percent marginal
tax bracket, then our after-tax revenue would be
$7.50 per acre.

The second step in this procedure is to calculate
the after-tax costs. Calculating an after-tax cost is
dependent on knowing whether the cost in question
is an expensed cost or a capitalized cost. An expensed
cost is a cost that can be deducted in its entirety in the
year in which the expense occurs. A capitalized cost is
a cost not deducted entirely in the year that it occurs.
If the cost can be expensed, such as a land-use tax that
occurs every year, then we can convert it using a
modified version of the formula to convert an after-
tax revenue. The formula for calculating an after-tax
cost is (after-tax cost) ¼ (before-tax cost) � (1 – tax
rate). For example, if we paid $4.50 per acre in a year
for a land-use tax and we faced a 25 percent marginal
tax bracket, then our after-tax cost would be $3.38 per

acre. This lower cost reflects the $1.12 per acre tax
savings we would get from deducting this cost from
our federal income taxes.

If we had capital costs, then we could separate
them into either a land or timber account. A land
account is where we record money that we invested
in the land that can be deducted from the sale of the
land. A timber account is money that we invested in
the timber that can be deducted through the deple-
tion of the basis. The basis is the money we invest in
reestablishing a stand or the value of the timber when
we buy it. Sometimes the timber account is called the
“depletion account.”

As it relates to forest management, depletion is
the recovery of the basis (initial investment) when
the forestland (with standing trees) was purchased,
and comes into play when timber products are cut
and sold from the property or used within an
integrated business. At its root, the depletion unit
is a measure of cost basis for landowners per unit
of volume in their timber accounts at some point in
time. The depletion unit is computed by dividing
the adjusted cost basis at any point in time by the
standing timber volume available on the land-
owner’s property. If, for example, the depletion unit
were $50 per MBF, the landowner could deduct this
amount from the revenue per MBF at the time of
harvest, when computing the taxable income. This
taxable income also is known as the capital gain
income and is used in calculating the after-tax reve-
nue from a timber harvest. Given that this cost is a
capital cost, then you can multiply the capital gain
income by the capital gain tax rate to derive the
after-tax revenue from a timber sale. This after-tax
revenue can be calculated for the entire forest or
on a per unit area basis.

The third step in the after-tax methodology is to
convert before-tax discount rate to an after-tax discount
rate. This generally is applied because interest paid
on business-related loans is deductible [48]. The formula
for calculating an after-tax discount rate is (after-tax
discount rate)¼ (before-taxdiscount rate)� (1 – tax rate).
If the before-tax real discount rate is 6 percent and
we faced a 25 percent marginal tax bracket, then
our after-tax discount rate would be 4.5 percent.

The final step in this process is to use all our after-
tax revenues, costs, and the discount rate to calculate
relevant financial criteria. Consistency is important
here. For example, if we compound or discount
future or present after-tax values using a before-tax
discount rate, then we will be generating biased esti-
mates of our financial criteria. These biased results
could substantially impact our decisions made at
either the stand or forest level.
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IV. ENVIRONMENTAL AND SOCIAL
EVALUATION OF NATURAL

RESOURCES

We conclude this chapter on valuing and charac-
terizing forest conditions with an examination of sev-
eral of the common methods for evaluating forest
conditions from an environmental or social perspec-
tive. More often today, the most emotional arguments
in the development of policies and plans of action
involve ecological or social analyses. As a natural
resource manager, therefore, you should be familiar
with the variety of ways in which a plan of action
could affect goals other than those with an economic
or commodity production aspect.

A. Habitat Suitability

Perhaps the closest tie between wildlife objectives
and forest characteristics are the methods we might
employ to measure wildlife habitat suitability. In the
early 1980s, the U.S. Fish and Wildlife Service devel-
oped a series of models aimed at quantifying habitat
quality using vegetation and physiographic variables,
many of which involve tree measurements. A number
of other models have since been developed. These
habitat suitability index (HSI) models are some of
the most influential tools in use, even though there
are a number of negative criticisms (lack of knowl-
edge on habitat requirements, use of a composite
score to rate the environment) about their ability to
accurately portray habitat quality [56]. Habitat quality
values can be determined for individual stands, or for
larger areas such as a watershed or an ownership.
Stand-level HSI values range from 0 to 1, where
0 represents poor habitat for the species in question
and 1 represents optimal habitat. The stand-level
HSI values may be multiplied by the size of the stand,
and summed for a larger area, to arrive at habitat
units available in a watershed or ownership. Alterna-
tively, habitat units could be divided by the size of
the watershed or ownership to arrive at an average
HSI (valued between 0 and 1) for the entire area.

HSI models generally involve several variables,
many of which are related to forest structure
conditions. As we mentioned earlier in Section II.I,
the HSI model for the downy woodpecker inclu-
des two variables, one that is a function of the basal
area of trees in a stand, and the other that is a func-
tion of the number of snags per unit area that are
greater than 6 inches DBH [6]. The relationships
between the forest characteristics and the habitat

variable scores may be linear, as in the case of the
snags:

Snags score ¼ 0:2 ðnumber of snags greater
than 6 inches DBH per acreÞ

Alternatively, the relationship may be nonlinear, as
in the case of basal area, where low levels of basal
area result in low habitat-related scores, as do high
levels of basal area.

Scores for individual habitat elements also range
from 0 to 1, and generally they are multiplied
together in some form or fashion to arrive at the final
HSI score. As a result, if one of the elements in a hab-
itat suitability model is 0 (reflecting poor habitat con-
ditions), the overall HSI score will be 0 (poor habitat).
Some habitat suitability models have been improved
since their introduction, although improvements gen-
erally imply increased complexity. Others involve
spatial relationships that may suggest the use of geo-
graphic information systems. The white-tailed deer
(Odocoileus virginianus) HSI model for the Piedmont
of the southeastern United States [57], for example,
includes the following variables:

• Weight of oven dry green herbaceous plant
material

• Basal area per acre of oaks 10 inches DBH and
greater

• Number of oak species found in a stand
• Site index of loblolly pine or mixed oaks
• Percentage of the area in agricultural land
• Distance of agricultural land to forest or shrub

cover

The last two variables in this list would seem to
require an analysis of maps or spatial data. McComb
et al. [58] go even further in their spotted owl (Strix
occidentalis) model to suggest that forested conditions
within three buffer zones (one as large as 1.5 miles)
around each stand need to be assessed prior to arriv-
ing at a habitat value for each stand.

B. Recreation Values

Preferences for scenic beauty are indications of the
values inherent in people, and thus will vary from
one socioeconomic and demographic group to another
[59]. However, the need to integrate aesthetics and sce-
nic beauty into forest plans may be important for land
managers who need to address and account for multi-
ple uses of their forests. Scenic beauty increases with
increases in large trees, decreases in down woody
debris, and decreases in groupings of trees [60]. This
is in contrast to some of the wildlife suitability models
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that require increases in down woody debris for
increased habitat quality. And, it is in contrast with
many economic models that suggest cutting trees at
their economic maturity, perhaps some period of time
prior to when trees become large enough to be consid-
ered the most aesthetically pleasing. Brown and Daniel
[60] suggested that data collected during normal timber
inventories or preharvest stand examinations could be
used to determine scenic beauty before and after har-
vest, and to assess alternatives. One model that Brown
and Daniel [60] developed for ponderosa pine stands
indicates a positive contribution to scenic beauty with
increases in ponderosa pine trees per acre greater than
or equal to 24 inchesDBH, andwith increases in volume
(pounds per acre) of herbaceous plants:

Scenic beauty index ¼�32:47þ 4:7 ðlarge pine TPAÞ
þ 0:38 ðherbaceous plant

volumeÞ
Hull and Buhyoff [61] provide two models for esti-

mating scenic beauty in loblolly pine stands, one
based on trees per acre (TPA), and the other based
on basal area per acre (BA):

Scenic beauty index ¼ 124:96� 0:0134
ðstd: deviation of DBH� TPAÞ
� 0:02597 ðTPAÞ�ð9443:4=TPAÞ
þ 498:513 ðaverage DBH=TPAÞ
� 86:623 ðaverage DBH=

stand ageÞ
Scenic beauty index ¼ 5:663� 4:086ðBA=stand ageÞ

þ 16:148 ðln ðBAÞÞ
These scenic beauty indices range from 0 (poor) to

about 100 (better). For example, using the model,
assume that a loblolly pine stand was 60 years old
and had a basal area per acre of 110 ft2. Its scenic
beauty index would be

Scenic beauty index ¼ 5:663� 4:086 ð110=60Þ
þ 16:148 ðln ð110ÞÞ

Scenic beauty index ¼ 74:08

If the stand were denser, or had a higher basal area
per acre (say 150 ft2 per acre), the scenic beauty index
would be

Scenic beauty index ¼ 5:663� 4:086 ð150=60Þ
þ 16:148 ðlnð150ÞÞ

Scenic beauty index ¼ 76:36

Others have suggested that scenic beauty should
be tied explicitly to the age of forests, since younger,
managed stands usually contain a high density of

trees (negatively correlated with scenic beauty). In
addition, canopy closure and tree species composition
have been suggested as variables that could be used
to predict scenic beauty [59]. Evidence of manage-
ment actions may also detract from scenic beauty.
For instance, Hull and Buhyoff [61] suggest that thin-
nings reduce scenic beauty, although the effect varies
by thinning intensity and context.

C. Water Resources

Water resources are an important value that forest
managers need to consider when evaluating different
forest management activities. We are increasingly
dependent on water resources for human consump-
tion, sustainable agriculture, ecological functions, rec-
reation, and industrial processes. Forest management
activities have the potential to greatly impact water
quality and water quantity, in both beneficial and
adverse manners. The value of water will ultimately
depend on the proximity of the water source to the
users of the water, the quality of the water (e.g., tur-
bidity), and the quantity of the water. The availability
of water (quality and quantity) at various times of the
year may also affect how it is valued.

In 1972, the United States Congress enacted the
Federal Clean Water Act (amended 1987), the pri-
mary objective of which was to restore and maintain
the integrity of the nation’s waters. Part of this Act
requires individual states to report to the U.S. Envi-
ronmental Protection Agency triennially on the
nature and condition of water resources. The U.S.
Environmental Protection Agency [62] lists seven
designated use categories: (1) fish, shellfish, and wild-
life protection and propagation, (2) recreation, (3)
public water supply, (4) aquatic life harvesting, (5)
agriculture, (6) aesthetic values, and (7) exceptional
recreational or ecological significance. Based on state
assessments for the 2002 reporting period, the U.S.
Environmental Protection Agency [62] estimated that
45 percent of United States rivers and 47 percent of
United States lakes, ponds, and reservoirs did not
fully support intended uses and were designated as
impaired.

Water quality is impacted by both point and non-
point source pollution. The U.S. Environmental Pro-
tection Agency [63] describes nonpoint source
pollution as the following:

Nonpoint source (NPS) pollution, unlike pollution from
industrial and sewage treatment plants, comes from many
diffuse sources. NPS pollution is caused by rainfall or
snowmelt moving over and through the ground. As the
runoff moves, it picks up and carries away natural and
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human-made pollutants, finally depositing them into lakes,
rivers, wetlands, coastal waters, and even our underground
sources of drinking water. These pollutants include: excess
fertilizers, herbicides, and insecticides from agricultural
lands and residential areas; oil, grease, and toxic chemicals
from urban runoff and energy production; sediment from
improperly managed construction sites, crop and forest
lands, and eroding streambanks; salt from irrigation prac-
tices and acid drainage from abandoned mines; bacteria
and nutrients from livestock, pet wastes, and faulty septic
systems; and atmospheric deposition and hydromodification
are also sources of nonpoint source pollution.

In addition to requiring that states designate uses
to surface waters, the U.S. Environmental Protection
Agency requires that states adopt water quality stan-
dards to protect those uses and that states take mea-
sures to protect water quality. Toward that end,
states have adopted total maximum daily loads
(TMDL), which are numerical limits for many known
pollutants that do not meet the state standards. Dif-
ferent water quality criteria may be imposed for dif-
ferent water bodies within a state, and water quality
monitoring is required as part of the process.

Many factors are used to measure water quality.
They include such parameters as turbidity, acidity,
amount of dissolved oxygen, nutrient loads, macro-
invertebrates, water temperature, and bacteria [64].
Deciding on which parameter to measure depends
on the intended use for that body of water, and the
scale of measurement can vary from the stand-level,
to the forest-level, to a regional watershed. Contami-
nants of concern will vary from region to region. For
example, in many northern states, it is common to
see signs near large reservoirs that warn commuters
of slippery roadways because salt was not applied
to the pavement. Although adding salt to a local road
may not dramatically affect a neighboring forest
stand, salt runoff across the area could have an
adverse impact on the water quality of a reservoir.
Needless to say, the timing and placement of forest
management activities can have an impact on water
quality, and some estimates of stream sedimentation
and stream temperature, for example, can be tied
directly to proposed forest management activities
[65, 66].

The quantity of water moving through a basin is
also of concern. Hydrologic benefits provided by for-
ests include recycling of rainfall inland through tran-
spiration, flood control, and reduction of the potential
for landslides during peak-flow events [67]. Forest
management activities can greatly impact water yield
and peak flow during storm events. In the eastern
United States, canopy removal has been reported to
increase annual stream water yield by 40 percent
[68]; thus forested landscapes can be manipulated to

either increase or reduce runoff and stream flow as
part of an overall basin management plan.

Management of forests to benefit water resources
may be governed by state, provincial, or federal stan-
dards, regulations, or guidelines. In states with forest
practices acts, such as California, Oregon, and
Washington, forest managers need to adhere to regu-
lations that mandate the appropriate procedures for
different silvicultural activities and road construction.
In other states, such as Alabama, Georgia, Missis-
sippi, and Texas, forest managers voluntarily adhere
to best management practices. Best management
practices are guidelines for forest management opera-
tions that are used to maintain site productivity and
reduce nonpoint source pollution. Some standard
guidelines include marking streamside management
zones on forests prior to silvicultural operations, and
designing road systems that minimize sedimentation
and erosion.

D. Stream Habitat Values

Forest managers should also be aware of the habi-
tat values that streams provide to aquatic life when
they plan various activities across a forested land-
scape. Karr [69] states that the biotic integrity of
stream’s cannot effectively be monitored for water
quality using chemical and physical tests. Karr [69]
further asserts that sustaining a balanced biotic
community is one of the best indicators of a stream’s
ability to provide potential benefits in the future. This
section will briefly describe Karr’s 1981 study, which
describes a methodology that uses fish populations
as an indicator of a streams’ biotic integrity.

Why use fish? According to Karr [69], fish have
several advantages as indicator organisms. The life
history of most fish species is extensive, they are easy
to identify, and they are present in most stream
bodies. Fish communities have a range of species cov-
ering several trophic levels such as omnivores, plank-
tivores, piscivores, insectivores, and herbivores. Fish,
especially species of salmonids, are sensitive to acute
toxicity and stress effects are easy to measure. As
with any method, there are disadvantages as well,
and they include the selective nature of sampling, high
labor requirements needed for field sampling, and sea-
sonal fish mobility.

Karr’s classification criteria system has two major
components. One deals with species composition
and richness and the other with ecological factors.
With regard to composition and richness, this com-
ponent not only considers the number of species
and number of individuals, but also examines the
presence of intolerant and tolerant fish species.
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Identifying intolerant fish species is important
because they are usually the first species to decline
when water quality is diminished. Other criteria
examined include measuring the presence and abun-
dance of green sunfish, and the presence of hybrids.
Identifying green sunfish (Lepomis cyanellus) is impor-
tant because they are the species most likely to be
present in degraded streams. The presence of hybrids
is further indication of habitat degradation because
fish breeding is prevented from segregating along
normal habitat gradients.

The other key component in Karr’s system is the
evaluation of various ecological factors. The first key
criterion is measuring the proportion of individuals
that are omnivores. As stream quality declines, the
omnivore population increases. Another factor is the
proportion of insectivorous cyprinids in the fish pop-
ulation. Karr indicates that there is a strong inverse
relationship between the abundance of insectivorous
cyprinids and omnivores. The last key ecological cri-
terion is measuring the abundance of fish with
tumors, deformities, parasites, or disease. In addition,
age structure, growth, and recruitment rates are
important in assessing stream quality.

Karr’s system for measuring biotic integrity of a
stream is dependent on the factors discussed earlier.
Using an appropriate sampling scheme, it is impor-
tant that the sample is a balanced representation of
the fish community and the larger geographic area
of interest. Karr’s methodology is to evaluate each of
the species composition and ecological factors and to

develop an index value that assesses the biotic integ-
rity of the stream habitat. Karr uses a grading system
for each evaluated criteria where a minus (–) equals
1 point, a zero (0) equals 3 points, and a plus sign
(þ) equals 5. Table 2.11 illustrates three examples
modified from Karr’s work. As you can see, the head-
water #1 yields the best index value of excellent for
quality habitat and headwater #3 garnered an index
value of poor. The numbers in parentheses represent
the number of individuals sampled.

E. Air Quality

Over the past several decades, the interaction
between forests and air quality has become an
increasingly important issue to society and forest
managers on public and private lands. We typically
think of air having good quality when we can’t
smell offensive odors and we can clearly see long
distances. Air quality is threatened by air pollution.
Smith [70] defines air pollutants as materials that
occur in the lowest portion of the atmosphere in
quantities above normal ranges. Forests can play
an important role as both a source of air pollution
and as a sink for air pollution [70]. Pollutants can
occur from both natural and anthropogenic pro-
cesses and be in solid, liquid, or gaseous states.
These issues are particularly important when pre-
scribed or controlled burning programs are consid-
ered for forest health, wildlife habitat development,
or site preparation purposes.

TABLE 2.11 Example Calculation of a Biotic Integrity Index Applied to Three Hypothetical Headwater Sites (modified from
Karr [69])

Aspect Headwater #1 Headwater #2 Headwater #3

Number of species þ (37) 0 (6) þ (9)

Number of individuals þ (122) þ (100) 0 (51)

Number of darter fish species þ (1) 0 (1) � (0)

Number of sunfish species þ (3) � (0) 0 (1)

Number of sucker fish species þ (2) � (0) 0 (2)

Number of intolerant species þ (4) � (0) � (0)

Proportion of omnivores þ (2) 0 (25) � (57)

Proportion of insectivorous cyprinids (carps, etc.) þ (42) þ (66) þ (43)

Proportion of green sunfish þ (0) þ (0) þ (0)

Proportion of top carnivores 0 (3) � (0) � (0)

Proportion of hybrids þ (0) þ (0) þ (0)

Proportion of diseased þ (0) þ (0) � (5)

Derived index value 58 38 34

Habitat quality class Excellent Fair to poor Poor
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Forests play in important role in these pollutants
because of their interaction with carbon and sulfur.
Forested areas are an important source of carbon
and sulfur [70]. Carbon resides in standing live and
dead trees, shrubs, litter, the soil organic layer, and
the mineral soil [71, 72, 73]. A tree is composed of
about 50 percent carbon [74]. Carbon in the form of
carbon dioxide (CO2) is constantly exchanged
between the atmosphere and the forest through pho-
tosynthesis, respiration, and decomposition [75]. In
an equilibrium state, the net emission of carbon in
the atmosphere from forests is zero [70]. However,
natural phenomena, such as forest fires and hurri-
canes, and anthropogenic disturbances such as defor-
estation and urbanization, on forests can release large
quantities of carbon dioxide into the atmosphere.
Other common anthropogenic sources of carbon diox-
ide (burning of fossil fuels) emitted into the atmo-
sphere go beyond the scope of this book so they will
not be discussed in detail. Anthropogenic distur-
bances in forests have led to increasing concerns over
the impact of releasing forest carbon into the atmo-
sphere on global temperatures. For instance, Brazil
has been active for many years in developing portions
of their Amazonia basin for economic reasons [76].
This has led to policies that promoted large scale
deforestation and land use conversion for agricultural
purposes. These practices have contributed to the
release of carbon dioxide into the atmosphere, which
is a contributing factor to global warming [77, 78].

Sulfur, which can be another pollutant, is impor-
tant because of its potential impact on vegetative
and human health. Smith [70] suggests that a large
portion of sulfur in the atmosphere comes from
microbial activity in soil and water. Other natural
mechanisms for emitting sulfur sources into the
atmosphere are volcanic events and ocean spray.
However, the total emission of sulfur into the atmo-
sphere by natural sources (ignoring volcanic erup-
tions) is smaller relative to anthropogenic sources.
In addition, the importance of anthropogenic sulfur
released into the atmosphere is a function of the dis-
tance and location downwind from a sulfur-emitting
facility. Over the last several decades, there have
been numerous studies evaluating the impact of
air pollution from industrial coal power generation
plants in the midwestern United States. Electric
power generation from coal emits a mixture of sulfur
dioxide (SO2) and nitrogen oxides (NOx) into the
atmosphere to form acid rain. The U.S. Environmen-
tal Protection Agency [79] defines “acid rain” as a
mixture of wet and dry deposition from the atmo-
sphere containing above normal amounts of sulfuric

and nitric acids. Studies have shown that acid rain
adversely affects trees at high elevations, such as
red spruce (Picea rubens), and can cause acidification
of lakes and streams, which can diminish fish pop-
ulations and other aquatic organisms [70, 80, 81].
In addition, a study conducted at the Hubbard
Brook Experimental Forest in New Hampshire
observed a wood volume growth decline of 17 per-
cent, coinciding with a period of increased acidity
in precipitation [70].

Forests primarily can affect air quality through
the voluntary or involuntary use of fire. Whether a
forest manager has to fight a wildland fire or man-
age a prescribed burn, both events emit smoke and
other particulate matter into the atmosphere.
Murphy et al. [82] state that the public has been
concerned about air pollution from forest fires since
the early 1900s, and as a result, governmental agen-
cies began developing slash burning laws in 1911.
Over the past century, numerous federal and state
laws have been enacted to prevent or limit the use
of fire. Although highly publicized fire events, such
as the wildfire in Yellowstone National Park in 1988,
illustrated the positive role that prescribed burning
could have had in lowering fuel loads and prevent-
ing large natural catastrophes, growing urbanization
is exposing more residential communities to poten-
tial fire hazards and its associated smoke intrusions.
For forest managers, with properties near residential
areas, this presents many unique problems. Haines
et al. [83] note several barriers to prescribed burning
programs, such as planning costs, negative public
opinion, proximity of residential development,
funding limitations, availability of alternative silvi-
cultural tools, air quality and smoke management
laws, environmental laws, potential liabilities, insur-
ance availabilies, lack of qualified staff, excessive
fuel loading, and narrow prescription windows for
conducting burns.

Many states now have laws that require forest
managers to develop smoke management plans or
obtain burning permits prior to conducting pre-
scribed burns. Plans are required even when the goal
is to enhance wildlife habitat or remove unwanted
slash piles before planting. For instance, in Missis-
sippi, the 1993 Prescribed Burning Act requires that
forest managers utilize a certified burn manager,
obtain a notarized prescription (at least one day prior
to burn), obtain a permit, and conduct the planned
burn that is consistent with the general public inter-
est. A burn prescription is a written plan that states
the how, what, where, when, and why, and must
be notarized to become a legally binding document.
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A permit is issued when the proper environmental
conditions are met for adequate smoke dispersal.
For instance, there must be a mixing height of at least
500 meters and a wind speed of 3.5 meters per second
[84]. In addition, the Act defines the types of liability
to which a burner is subject. Sun and Londo [85] pro-
vide additional detail on Mississippi’s legal environ-
ment for prescribed fire.

F. Employment and Income

Forest managers have a number of issues to con-
sider when evaluating their forest plan in addition
to the type of activities to implement over the
planning horizon. One important consideration to
both private and public forest landowners is the
impact of their management activities on individuals
and local economies. As they relate to local econo-
mies, forest management activities require staff to
implement daily operations, such as record keeping,
bookkeeping, and facility maintenance. They also
require foresters or other natural resource managers
to conduct inventories, monitor timber harvests, or
build new logging roads. If these involve new person-
nel, then they could stimulate employment of other
professionals in different sectors of the local economy
that support their work. For instance, more people
could be hired in the retail and banking industries
to support the complementary services provided
within a local community. These additional jobs
could lead to increases in local tax revenues that
may be used to improve local infrastructure and
schools, which in turn could help the local commu-
nity become more attractive to new businesses and
future economic growth opportunities. If a forest
manager’s staff is small, then they may decide to hire
forestry consultants and other professionals to per-
form many of the necessary management activities
suggested by a forest plan, which could encourage
many of the same growth effects. Apart from supply-
ing employment opportunities for local communities,
timber harvesting is a source of value-added revenue
that yields new income for the state through sever-
ance taxes, a landowner’s capital gains, and income
paid to the logging contractors who then spend por-
tions of that money within the local economy.

Another issue that is important to forest land-
owners is their role in providing community stabil-
ity. Waggener [86] states that the origins of concern
for community stability can be traced back to the
middle 1800s in northern Germany. Over the years
this has been an important issue for both private

and public landowners big and small across many
regions in the United States. However, the effective-
ness of public forest management policies to pro-
mote community stability has been questioned [86,
87]. Work by Wear et al. [88] states that the United
States government has been very interested in
providing community stability given the long his-
tory of boom or bust cycles associated with natural
resource development in the western United States.
Their analysis suggests that even-flow harvesting
could have a small positive impact on community
stability, but at a high cost to the public at large.
Chapter 9 addresses these types of sustainability
issues in greater detail.

V. SUMMARY

There are a variety of ways in which we could
characterize and value a stand of trees or a forest.
We have illustrated in this chapter a number of the
structural valuations that commonly are used to
communicate the condition of forests. These include
qualitative and quantitative measures of stand den-
sity, tree size, and tree status (live or dead). Since
management activities usually involve the allocation
of people’s time or money, an economic analysis of
alternatives is important as well. The internal rate
of return, benefit/cost analysis, net present value,
and soil expectation value assessments are used fre-
quently to sort through the alternatives and rank
them in order of economic importance. When ana-
lyzing management alternatives from an economic
perspective, it is important to remember when to
use present and future valuations. Further, costs or
revenues do not occur on an annual basis, or
whether they terminate or are assumed to continue
indefinitely, it is important to use the appropriate
method of projecting these values into the future,
or back to the present. Forest plans typically incor-
porate other environmental and social assessments
as well. In this chapter we have provided a few of
the more common types of assessments for you to
consider. As a natural resource manager, you must
determine which set of measures are important to
assess in order to provide land managers or land-
owners enough information to make a decision that
approaches a rational course of action. If important
measures of impact are omitted from an assessment
of management actions, the subsequent decisions
may lead to unintended results.
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QUESTIONS

1. Mean annual increment, periodic annual increment.
Suppose you are given the following expected
growth information for a stand in the following
table. You are interested in determining the
optimal rotation age for this stand. Given the
following information, what is the mean annual
increment? What is the periodic annual incre-
ment? What is the optimal rotation age?

Total
volume

Mean
annual

increment

Periodic
annual

increment
Year (ft3/ac) (ft3/ac/year) (ft3/ac/year)

5 18
10 355
15 1,318
20 2,622
25 3,735
30 4,395
35 4,675
40 4,611
45 4,368
50 4,060

2. Bare land value. What is the value of bare land, if
used with even-aged management to produce a
perpetual series of identical timber rotations?
You have initial stand establishment costs of
$125/acre and a harvest income of $12,500/acre
in 35 years. Assume a 5 percent real discount rate.

3. Economic assessments. Suppose that you have 250
acres of cut-over land and you want to evaluate
the return from planting timber on the site.
Assume that to prepare the site and plant short-
leaf pine it will cost $250 an acre. Assume that
incidental management costs are $3 per acre
per year. Quail hunters will pay $5.35 per acre
per year for hunting rights for plantations five
years old or less. At age 17, a selection thinning
can generate $335 per acre. In year 34, clear-cut-
ting the tract can generate $2,765 per acre. If your
discount rate is 4 percent, then what is the net
present value of this return? What is the B/C
ratio? In addition, if this is the optimal manage-
ment regime, then what is the soil expectation
value based on this management regime?

4. Stocking guide for upland hardwoods. Using the
stocking guide presented in Figure 2.12, if you
managed an upland hardwood stand that

contained 1,200 trees per acre, which repre-
sented 80 ft2 per acre of basal area, what would
be your estimate of the stocking level (qualita-
tive and quantitative), and the average diameter
of the trees in the stand?

5. Stocking guide for upland hardwoods. Again using
the stocking guide presented in Figure 2.12, if
you managed an upland hardwood stand that
had an average DBH of 6 inches, and a basal
area of 90 ft2 per acre, what would be your esti-
mate of the stocking level (qualitative and quan-
titative) and the trees per acre within the stand?

6. Rate of growth of deer populations. As a new forest
manager, you learned that the deer population
on your property is currently 20 deer per square
kilometer. Ten years ago, there were 10 deer per
square kilometer. Twenty years ago, there were
5 deer per square kilometer. What is rate of
growth for each period? What is the rate of
growth for the past 20 years?

7. After-tax net present value of a hunting lease. Sup-
pose you want to calculate the after-tax net
present value of a hunting lease over a 10-year
period. The lease yields $10 per acre per year
and your yearly management costs are $3.75
per acre. If your alternative rate of return is 6.5
percent and your marginal tax rate is 30 per-
cent, then what is your after-tax net present
value? What is your tax savings?

8. Benefit/cost ratio for road development. Suppose
your company is studying a potential contract
with the federal government to construct a
three-mile road prior to harvesting timber on a
public forest. You need to determine whether
it is financially feasible to build this road prior
to harvesting the public timber. If calculating a
benefit/cost ratio is your company’s primary
tool for evaluating any contract, then what is
the ratio if the expected present value of timber
revenues is $7,000,000 and the road building
costs are $1,000,000 per mile? What does the
ratio tell you? Is the activity feasible? What if
the expected yield from future timber harvest
were only $2,500,000 due to major errors in
the precontract inventory? What does your
benefit/cost ratio say? How does it compare to
the first scenario?

9. Assessment of corn or hybrid poplar investments.
Suppose you are an extension forester trying
to give advice to a farmer in the Mississippi
Delta. This farmer is trying to decide between
growing corn or establishing a short-rotation
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hybrid poplar plantation, to provide feedstock
for a newly established dual feedstock bio-etha-
nol refinery in Vicksburg, on his 100 acres of old
fields. On this land the farmer can yield 105
bushels of corn per year and garner a price of
$5.00 per bushel for his corn. If the farmer
plants hybrid poplar, then he can’t harvest the
popular for five years. At that time, the farmer
is expected to yield 50 cords of wood per acre
and garner a price of $10 per cord. Which
option would you recommend the farmer to
take? Why? Would it be wise to plant the entire
100 acres to only corn or trees or would it better
to split up the acreage? Assume that the farmer
has a hurdle rate of 5.9 percent.

10. Terminating periodic net revenues. Suppose you
need to evaluate and compare the cash flows
derived for a terminating periodic net revenue
stream that ends in 20 years and a perpetual peri-
odic net revenue stream. If you were evaluating
these two net revenue streams on a present value
basis, then what would you expect the relative
values to be? In other words, would you expect
them to be the same? Why or why not? Assume
periodic net revenue of $500 that occurs every
five years and a real risk-free alternative rate of
return is 4.5 percent. After evaluating the results
for the two revenue streams do you get the rela-
tionship you expected from answering the first
question? What happens if you add a 3 percent
risk factor to your alternative rate of return? Do
you get the same result? What happens to the
magnitude of your results?

11. Timing of activities in a forest plan assessment.
Suppose that you have been asked by your
supervisor to estimate the net present value of
potential management regimes across various
forest types prior to using them in a harvest
scheduling analysis. If you have planning peri-
ods of one year, then would it make much of a
difference to plan activities at the beginning or
end of the period? What about the middle?
Which one would be more practical? How
would it affect your return? What if your peri-
ods were longer, say five years or even 10 year
long? What should you do?

12. Diameter distribution. Develop a diameter distri-
bution of the western stand described in
Appendix A, for ages 30 and 50. What can you
tell about the stand from the diameter distribu-
tion? How does it change over the 20-year time
period?

13. Quadratic mean diameter. Assume that you man-
age a stand of red pine in Wisconsin. The stand
contains 145 ft2 of basal area per acre and 235
trees per acre. What is the quadratic mean
diameter of the trees in this stand?

14. Down woody debris. Given the following data
from a 0.5 acre sample of a natural stand of
60-year old pine trees in South Carolina, what
is your estimate of the down woody debris (in
cubic feet per acre)?

Small end Large end
diameter diameter Decay

Log (inches) (inches) class

1 6 8 I
2 5 9 II
3 10 13 II
4 8 9 III
5 9 12 I
6 5 8 III
7 12 14 II

15. Site quality. Describe three different perspectives
on site quality: the generalist, the ecosystem-ori-
ented, and the timber-oriented. Which of the
three is most closely related to the concept of a
site index for a stand of trees, and why?

16. Site index. A 40-year old stand of ponderosa
pine in eastern Oregon has a SI50 ¼ 88. What
does this indicate about the stand, in general,
and about the current height of the stand?

17. Annual hunting lease. Assume that a landowner in
north Florida leases out his or her property to a
hunting club, at a rate of $12 per acre per year.
If the landowner uses a 6.5 percent discount rate
for the proposed investments, and the hunting
lease covers a five-year time period, what is the
present value of the lease to the landowner?
What is the future value of the investment at the
end of the five-year time period?

18. Prescribed fire program. A landowner in North
Carolina performs prescribed burning on his
land every three years. Assume that his alterna-
tive rate of return for investments is 5 percent,
and the program is assumed to continue indefi-
nitely. If the first burn occurs now, what is the
present value of the prescribed burning pro-
gram to the landowner? If the first burn occurs
three years from now, what is the present value
of the burning program?

19. Habitat enhancement program. A landowner in
Alabama wants to enhance the red-cockaded
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woodpecker habitat in one of her older pine
stands by inserting man-made cavities in some
longleaf pine trees. She decides to spend $200
per acre every two years for the next 10 years on
this project. If the first cost is incurred at the end
of the first two-year time period, what is the pres-
ent value of this program to the landowner?
Assume that the alternative rate of return for
investments is 5 percent. What is the future value
of this investment at the end of the decade?

20. Future value of an investment. Assume that you
invested $1,000 today in a three-year certificate
of deposit that yields a 4.5 percent annual rate
of return. Including the initial investment, how
much money will you have at the end of the
three-year period?

21. Selecting a discount rate. Assume that you are a
forestry consultant in southern Illinois, and
you are developing a management plan for a
private landowner. In the course of developing
the plan, you need to assess several alternative
management prescriptions. The landowner has
never really considered the matter of discount
rates for investments. How would you arrive
at a discount rate for use in assessing the land-
owner’s alternatives?

22. Ecological assessments of alternatives. How could a
typical forest inventory be used to assess the
impact of proposed management activities on
wildlife habitat quality, stream conditions, or
recreation quality?
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C H A P T E R

3

Geographic Information and
Land Classification in Support

of Forest Planning

Maps and associated statistics have long been used to facilitate forest planning and management activities. Spatial information provides a

context for physically locating management activities and assessing their impact on natural resource conditions. The ability to extract data

that addresses a number of management-related questions is relatively easy with modern geographic information systems, as compared to

manually overlaying maps and sorting through hard-copy stand records. As a starting point for planning and management, most land man-
agement organizations perform some sort of land classification. Characteristics of the landscape need to be summarized in some form or fash-

ion to support the scheduling of management activities across the landscape. The three most common types of land classifications in forest

planning are the strata-based method, the stand-based method, and the stand-based method that includes spatial information. Understanding

geographic information system data structures, the capability of geographic information systems to manipulate spatial data, and the basic
needs of planners will ultimately make communication among professionals clearer, and perhaps enable work processes to function more

efficiently.

OBJECTIVES

This chapter provides a brief introduction to geo-
graphic information system concepts and a discus-
sion of how we might classify land for forest
management and planning purposes. Other books
[1, 2] provide a more focused and in-depth treat-
ment of the concepts and applications associated
with mapping and cartography. Therefore, this
chapter represents an overview of several of the
pertinent capabilities of geographic information
systems. In addition, various types of forest land
classification systems are described. A land classifi-
cation system may use vegetation characteristics
(and perhaps potential growth rates), topography,
and socioeconomic factors to facilitate the

delineation of management units for subsequent
planning and analysis. Some land classifications
are strata-based and of corresponding low complex-
ity, whereas others are stand-based and thus have
higher complexity. At the conclusion of this chap-
ter, students should understand and be able to
discuss the following:

1. Spatial data sources and compilation methods.
2. Types of spatial data manipulation processes

that are available.
3. The elements of the social and physical environ-

ment that could be used in a land classification
system.

4. The types of land classifications that are most
suitable for different phases of forest manage-
ment and planning.
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I. GEOGRAPHIC INFORMATION
SYSTEMS

A geographic information system (GIS) consists of
the tools and services that allow you to capture, orga-
nize, manipulate, analyze, interpret, and display spa-
tially referenced data. The broader definition of GIS
involves more than just hardware and software, and
includes the people who interact with the system as
well as the geographic databases. In addition, the
parts of the organization that influence how GIS is
used are considered in the broader definition; these
might include departments or managers that influ-
ence the budget or impact personnel decisions. Geo-
graphic information systems are prevalent in natural
resource organizations today. Even though they were
introduced about 40 years ago, they began to be used
in a widespread manner in natural resource manage-
ment only within the last 20 years. Although many of
our maps today are created using computer mapping
systems, maps may still be hand-drawn in a hand-
ful of natural resource organizations. In either case,
GIS and mapping are invaluable tools for assisting
with daily management of natural resources. The appli-
cations of GIS vary widely among natural resource
management organizations, and range from making
management-related field maps (to support planting,
herbicide applications, thinnings, and final harvests),
to making larger-format thematic maps that represent
the state of resources across the broader landscape
(such as wildlife habitat suitability).

The type of geographic information that is needed
for forest management and planning includes a
description of vegetation, roads, streams, ownership
boundaries, home sites, water sources, past fire loca-
tions, and other physiographic (e.g., topography),
socioeconomic (e.g., towns, mills), or ecological (e.g.,
wildlife habitat) data within and nearby the property
being managed. Spatial features are used to repre-
sent these entities, and generally are represented as
points, lines, polygons, or grid cells. Associated with
each spatial feature may be a long list of attributes
that describe qualities of each, or quantities contained
within (or associated with) each feature. Although
these attributes are contained within a relational
database inside GIS, they can be exported to file
structures that are compatible with spreadsheets,
word processors, or harvest scheduling software
programs.

Recent graduates of university-level natural resou-
rce management programs should have gained some
GIS experience through their course work, and many
entry-level jobs today require these skills [3, 4]. Merry

et al. [5] suggest that ESRI’s ArcMap and ArcView
software products are currently the most commonly
used GIS software packages in natural resource man-
agement; however, other software products also are
being used (e.g., MapInfo, Google Earth, DeLorme,
Landmark Systems’ SoloField CE, and commercial
software packages from Davey Resources). Learning
how to use at least one GIS program effectively will
make the process of learning and using another
relatively easy. Even though we have experienced
rapid advances of computer technology over the last
20 years, one of the primary challenges for natural
resource management organizations relates to the
design, development, and continual maintenance of
GIS databases. Collecting geographic information
and preparing the information for end-users is time-
consuming and accounts for a large portion of the
GIS budget within an organization.

A. Geographic Data Collection Processes

To utilize geographic information systems effec-
tively, we need high quality GIS databases. There
are a number of ways we could acquire GIS data
through public agencies, many of which support
GIS clearinghouses and other Internet sites devoted
to the distribution of data. Also, direct contact with
the appropriate people in public agencies can pro-
vide an access point to data that might not otherwise
be publicly available directly over the Internet.
Attempting to acquire data from private companies
or consultants may prove fruitless or require a pay-
ment. Private companies, for example, are very reluc-
tant to share GIS databases because they view their
data as proprietary, and because they have spent
perhaps hundreds of thousands of dollars to collect,
process, and store the data. In many cases a letter of
understanding that states how, and to what extent,
the data will be used may be required when acquir-
ing data from private companies. Some consultants
may develop data for sale as part of their business,
or they may view the data they develop for the land
that they manage as proprietary. Acquiring data
directly from others, whether a cost was involved or
not, does not assure us that we will receive enough
information to effectively plan and manage land
resources. In addition to acquiring data from others,
GIS data can be developed, updated, or improved
using a number of other computer processing meth-
ods, including (1) traditional or heads-up map digi-
tizing, (2) field data collection using GPS or other
method, or (3) the use of remotely sensed imagery
or aerial photographs.
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1. Map Digitizing

Traditional map digitizing has been a method of
GIS database development for at least 40 years. In tra-
ditional digitizing, maps are affixed to a digitizing
table or tablet, within which is embedded a fine mesh
of copper wire. The digitizing table’s puck, which is
similar to a computer mouse, is used to identify the
reference points on the maps by sending an electronic
signal through the map and into the wire mesh
within the table. After the reference points have been
recognized, the landscape features that need to be cre-
ated are digitized by clicking each salient or signifi-
cant feature (bend in the road, change in direction of
a stream, etc.) with the digitizing puck. Attribute
information often then is added to the GIS data. Tra-
ditional digitizing of maps is a tedious process and,
like many other tasks that require human interven-
tion, is subject to error [2]. Today, traditional digitiz-
ing is still a necessary function for many natural
resource management organizations, but reliance on
this technique has decreased dramatically as a wider
range of digital information has become available,
and as heads-up digitizing (using a computer mouse
and a digital aerial photograph shown on a computer
screen) has become a more popular method for creat-
ing databases.

2. Field Data Collection

Field data collection methods can range from using
your compass and pacing skills to collect positional
data to using digital instrumentation such as laser
range finders and global positioning system (GPS)
technology to collect this data. The former methods
are not as precise as the latter, however seasoned pro-
fessionals with knowledge of staff compasses and
metal chains may be able to produce high quality spa-
tial information that can be integrated with GIS data-
bases. At some point, data collected on field forms
will require some postprocessing to transition it to a
digital format. Data collected with GPS equipment
should automatically be stored in a digital format,
thus this data is more easily incorporated within a
GIS database.

GPS receivers estimate positions by calculating the
angle and distance to at least four satellites. Satellite
signal quality depends on satellite geometry, and
error can be introduced through atmospheric interfer-
ence, the nonsynchronization of satellite and GPS
receiver clocks, and the bouncing of signals off nearby
objects (multipath). One way to reduce the potential
for error is to plan a data collection mission for a time
period when the satellite geometry is optimal,
another is to collect multiple measurements at each

location, and a third is to postprocess (differentially
correct) the data that is collected. GPS receivers can
range in prices from $100 to well over $10,000, with
accuracy and precision of measurements generally
increasing with price.

3. Remote Sensing

Remote sensing involves the use of a data collec-
tion instrument that does not physically touch the
landscape or the feature being “sensed.” Remote
sensing instruments collect reflected electromagnetic
energy generated by the sun, or reflected energy that
was emitted by a device (such as radar). Sensors col-
lect energy in distinct ranges of wavelengths, often
called bands, thus there is a spectral resolution (num-
ber of bands and range of band wavelength width)
associated with each sensor. In addition, there is a
spatial resolution associated with each sensor that
indicates the minimum ground area that is repre-
sented, often called a grid cell. Finally, a temporal res-
olution sometimes is associated with sensors that
periodically, yet repeatedly capture images of the
same ground areas. LANDSAT or other satellites that
orbit the earth would have associated with them a
temporal resolution.

Other types of remote sensing methods include the
use of digital cameras mounted in airplanes and sen-
sors mounted in remotely controlled aircraft. Light
detection and ranging (LiDAR) technology is similar
to RADAR, and may be either ground-based or used
in conjunction with a helicopter or airplane. LiDAR
receivers can collect several pulses of reflected energy
that they once emitted, allowing us to create three-
dimensional views of the landscape, and even a
three-dimensional representation of individual trees.
Although this technology is relatively new, its current
disadvantages include the high cost of data collection
and the large amount of data that is collected.

4. Aerial Photogrammetry

Aerial photogrammetry is technically a subset of
remote sensing, yet is perhaps the most widely used
method for creating geographic databases in forestry
and natural resource management. Interpretation
techniques that involve geometry, trigonometry, and
familiarity with natural resources can allow us both
to identify and estimate the size, length, or height of
objects on the ground. Aerial photogrammetry re-
quires the use of vertical air photos (those where the
axis of the camera was no more than 3� from vertical),
and most often requires the use of stereo pairs (over-
lapping photos), although reasonable measurements
can be made from single vertical air photos if the
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scale of the photo can be determined. Many of the
base maps used by natural resource management
organizations were initially made with aerial photo-
graphs that were interpreted by natural resource
managers. This information can be collected from
the photographs using stereo compilers, which allow
us to correct a large portion of the inherent error from
sources of distortion and displacement. Alternatively,
the detail associated with the interpreted photos can
be transferred to maps using hand-drawing processes
or traditional digitizing processes.

One product that is developed from vertical aerial
photographs is the georeferenced digital orthophoto-
graph. Digital orthophotographs (Figure 3.1) com-
monly are used in GIS as a background image over
which delineated forested stands, roads, or streams
are draped. To create an orthophotograph, vertical
air photos first are scanned using very high spatial
resolution scanners. Then much of the topographic
displacement and other distortions are removed from
the scanned vertical aerial photographs. Finally, the
scanned orthophotographs may be combined and
are georeferenced to allow their correct placement

on the landscape. Orthophotographs are hard-copy
versions, commonly printed on mylar maps or glass
plates. Digital orthophotographs are soft-copy ver-
sions that can be used in conjunction with computer
software.

B. Geographic Data Structures

The two most basic and widely used GIS data
structures are the raster and vector data. As a natural
resource manager, you should understand the differ-
ences between them and where they originate. Most
natural resource management organizations rely on
vector data for their basic, or corporate, databases.
Raster data is useful as well for some management
applications, yet perhaps is used more frequently in
research applications. GIS not only allows us to store
and manipulate raster and vector geographic data,
but GIS also provides us with the ability to relate
one landscape feature to another through the topol-
ogy that is inherent within the system. The following
few sections provide an overview of raster and vector
data structures as well as topology.

1. Raster Data

Raster GIS databases are arrangements of grid cells
or pixels that are referenced by row and column posi-
tions; this type of data is sometimes referred to as a
regular data structure. Any shape can be used that will
completely fill an area; triangles, squares, or hexagons
can be considered a raster data structure, although
the square is the most common type of grid cell in a
raster GIS database. The raster GIS databases with
which you already might have become familiar
include satellite images, digital elevation models, dig-
ital orthophotographs, and digital raster graphics.
These were either developed through the use of sen-
sors on satellites or other space vehicles, through the
use of digital cameras mounted in airplanes, or
through the scanning of maps.

Satellite images contain reflectance values of earth
features, and have a spatial resolution of 1, 2, 5, 10,
or 30 meters, depending on the satellite system under
consideration. Digital elevation models (DEMs) pro-
vide information about the topography of a land-
scape, typically in 10 or 30 meter grid cells, and
many forms of terrain analysis can be accommodated
with this data. Digital orthophotographs, as we men-
tioned earlier, are digital versions of vertical air
photographs, perhaps stitched together to represent
a broader area, and registered to a coordinate system.
These can be viewed in GIS in a corrected format
where most of the topographic displacement and
distortion have been removed, thus highly accurate

FIGURE 3.1 A digital orthophotograph of land in western
Oregon.
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aerial and linear measurements can be made from the
photography. One drawback is that viewing the land-
scape in three dimensions is not as straightforward as
with typical vertical air photographs, and requires the
use of a digital stereo mate. Digital raster graphics
(DRGs) are scanned versions of topographic maps,
and though the resolution is somewhat coarse, they
can be used in GIS to facilitate management and
planning efforts. Other types of raster GIS databases
can be created in GIS using various spatial analysis
and manipulation functions. Vector data, in fact, can
be converted to raster data rather easily.

2. Vector Data

Vector GIS databases are compilations of points,
lines, or polygons, all of which may vary considerably
across a landscape and likely not cover a landscape
completely. As a result, this type of data sometimes
is referred to as an irregular data structure. Almost
any landscape feature can be represented by either a
point, a line, or a polygon. The vertices and nodes
related to these features are represented in geo-
graphic space by X (east-west) and Y (north-south)
coordinates, and each feature could have associated

with it a large number of attributes. Some common
vector GIS databases used in natural resource man-
agement include roads, streams, timber stands, own-
ership boundaries, wildlife habitat, home sites, and
fire initiation points. Many of the GIS databases
related to the hypothetical forests used in this book
are vector GIS databases (Figure 3.2). One exception
is the raster digital orthophotograph associated with
each forest. Vector GIS databases typically are created
using traditional or heads-up digitizing processes, or
based on hand-drawn maps or interpreted aerial
photographs. In the case of heads-up digitizing, the
interpretation of digital aerial photographs and digi-
tizing of features may be simultaneously performed.
Vector GIS databases can also be created through the
multitude of GIS processes available within most GIS
software, some of which are described in Section I.D.
As we mentioned earlier, vector data can be con-
verted to raster data. Raster data can be converted
to vector data as well, although the grid cell size to
which the vector data becomes should be considered
carefully—larger grid cells can affect significantly
the shape of landscape features once described by
lines or polygons.

FIGURE 3.2 A map illustrating vector GIS databases for roads, streams, home sites, timber stands, and hiking trails.
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3. Topology

Topology describes the spatial relationships
between (or among) vector data, and is important
for some of the forest planning and management con-
siderations we cover in this book. The topology of GIS
databases allows us to understand relationships such
as the distance between two features or whether fea-
tures touch one another; the latter is important in
eventually being able to control the size of harvest
units or habitat patches in a forest plan. Common
methods for describing topology include adjacency,
connectivity, and containment of features. Adjacency,
as we just suggested, is a manner of describing a fea-
ture’s neighboring features. Connectivity allows us to
understand the flow and direction of resources
moving through a system of lines (usually) such as
roads or streams. Containment allows us to under-
stand which resources can be found within the
boundary of other resources, the latter of which must
be described by polygons.

C. Geographic Data Used in This Book

Two sets of GIS databases are used throughout this
book in various forest planning and management
examples, and they are referenced in many of the
end-of-chapter applications as well. One of the forests
focuses on southern pine forest management; the
other focuses on western conifer forest management.
The southern forest is called the Putnam Tract, and
contains pine plantations, natural pine stands, mixed
forests, and several hardwood-dominated riparian
areas. The western forest is called the Lincoln Tract,
and contains a large number of conifer stands
situated in rugged terrain. The GIS databases asso-
ciated with each of these two forests include timber
stands, roads, streams, an ownership boundary, and
a digital orthophotograph. You should keep in mind
that the attribute data associated with these GIS data-
bases is hypothetical, and developed specifically for
this book. Field visits to each site would undoubtedly
result in more accurate forest and natural resource
conditions. A brief summary of the two forests,
including some overview maps, is provided next.

1. Putnam Tract

The Putnam Tract is a forested area consisting of 81
timber stands covering 2,602 acres (1,053 hectares) in
a contiguous block (Figure 3.3). Pine plantations of
various ages cover about 53 percent of the tract, while
natural pine stands comprise about 25 percent of the
forests. Some mixed pine and hardwood forests are
present on the tract, but they are very limited in scope
(a little less than 6% of the area). Hardwood stands

occupy most of the lowlands along the streams, and
account for the remaining tract area, or almost 17 per-
cent of the tract area. Numerous streams are inter-
mixed throughout the tract (Figure 3.4), all draining
into a single main stem running from the south-
western portion of the tract through the northeastern
portion of the tract. About 11.8 miles (19.1 km) of
intermittent and perennial streams can be found

FIGURE 3.3 The Putnam Tract and its 81 timber stands.

Road

Stream

FIGURE 3.4 Roads and streams within and about the Putnam
Tract.
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within the tract itself. As a result, there are about 2.9
miles of stream recognized per square mile of land
within the tract (or about 1.8 km of stream per square
km of land). Given the large stream that runs diago-
nally through the tract, the road system accesses the
forested area from the north, east, and west, and does
not connect through the middle of the tract, where a
bridge or two would be required. About 10.3 miles
(about 16.6 km) of native woods roads have been
developed and are being maintained within the tract.

2. Lincoln Tract

The Lincoln Tract (Figure 3.5) is also a contiguous
tract of forest, composed of 87 stands covering
4,550.3 acres (1,841.5 hectares) or about 7.1 square
miles. Douglas-fir (Pseudotsuga menziesii) stands cover
most of the area (about 94%), and undoubtedly con-
tain a minor percentage of western hemlock (Tsuga
heterophylla) and other conifers. Some mixed conifer
and hardwood stands (about 6% of the area) also
are present on the southern side of the tract and along
or near the stream system. A ridge crosses the tract
from east to west, thus the stream system drains
southward and northward from the center of the tract
(Figure 3.6). About 19.9 miles (32.1 km) of intermit-
tent and perennial streams are contained within the

tract itself. Therefore, there are about 2.1 miles of
stream recognized per square mile of land within
the tract (or about 1.30 km of stream per square km
of land). Given the rugged terrain, and therefore the
need to keep road grades below about 10 percent on
average, the road system winds through the hills
and reflects the need to provide switchbacks at vari-
ous locations. About 28.1 miles (45.3 km) of rocked
woods roads have been developed within the Lincoln
Tract.

D. Geographic Information Processes

Depending on the GIS software that is used within
a natural resource management organization, you
may or may not have an extensive toolkit with which
to organize, manipulate, and analyze the data that is
used in conjunction with the management of a land-
base. The most commonly used GIS processes are
editing, querying, selecting features (manually or
with clipping and erasing), buffering, overlaying,
and mapping. These can be applied to both vector
and raster data. GIS texts provide more in-depthFIGURE 3.5 The Lincoln Tract and its 87 stands.

Road

Stream

FIGURE 3.6 Roads and streams within and about the Lincoln
Tract.
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assessments and applications related to these pro-
cesses, however we provide a brief overview of sev-
eral of them in the following few sections.

1. Selecting or Querying

Selecting or querying processes help us under-
stand specific facts about a forest, such as how much
land area is composed of older forests or regenerating
forests. In addition, these processes are also beneficial
in helping managers and planners understand infor-
mation about the extent or number of various types
of features that can be found on a landscape. As a
result, you could determine, for example, the types
of resources that might be pervasive across an area
or in short supply. For instance, you could determine
how many different soil types might be found on a
given property with a selection or query process, or
assess which of the important types of wildlife habitat
are in limited supply. Complex queries can be
designed in all GIS software to determine the number
or extent of resources that have several distinct char-
acteristics. For thinning opportunities, for example,
you might be concerned with understanding how
many timber stands contain Douglas-fir as the domi-
nant species, are between 20 and 35 years old, have
a tree density exceeding 275 trees per acre, along with
an associated basal area equal to or exceeding 150 ft2

per acre (Figure 3.7). Queries can be based on criteria
related to the attributes within a GIS database, or
based on the spatial position of landscape features.

2. Clipping and Erasing

As a natural resource manager, you may often find
yourself interested in understanding the characteris-
tics of resources contained within specific areas or
outside of specific areas. One example of this interest
concerns riparian areas and timber production, where
a potential change in a riparian policy may extend the
riparian management zone further into the uplands.
As a land manager, you may want to understand
how much land area and timber volume may be
affected (contained within the new riparian zone).
Another example concerns homes in the wildland-
urban interface. If you were actively managing a for-
est using prescribed fire, then you may want to
schedule activities that are some distance away from
homes. As a result, you may want to know how much
of the forest is a certain distance away from homesites
(outside of a homesite buffer).

The two GIS processes that you could use to
understand these types of spatial relationships are
the clipping and erasing processes. Clipping involves
cutting out a portion of the landscape using a previ-
ously developed polygon GIS database. For example,

if you acquired a soils database from your state or
province, and you were interested only in the soil
types within your property, you may want to clip
the soils GIS database using a property boundary
GIS database. Erasing requires a previously devel-
oped polygon GIS database as well, and this process
effectively removes features from a GIS database that
are found inside of polygons contained in the previ-
ously developed database. When using an erasing
process, you are interested in understanding what lies
outside certain landscape features, such as the land
area outside riparian zones (Figure 3.8) or outside
wildlife habitat areas.

3. Buffering

Buffering is a form of proximity analysis, and
within GIS we use buffering processes to define
enclosed areas that are within a specific distance from
a point, line, polygon, or set of grid cells. There are a
plethora of reasons for why you, as a natural resource
manager, would want to draw boundaries around
landscape features, from delineating the nesting,

FIGURE 3.7 Potential thinning areas within the Lincoln Tract:
Douglas-fir stands that are between 20 and 35 years of age, have
more than 275 trees per acre, and more than 150 ft2 of basal area
per acre.
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roosting, or foraging sites of a certain wildlife species
to examining potential impacts of proposed riparian
management policies. The types of buffers typically
developed for natural resource management pur-
poses utilize either a constant buffer width or a vari-
able buffer width. Constant width buffers assume
that no matter how many features are to be buffered,
and no matter what characteristics they have, they
will all be buffered similarly. For example, a constant
stream buffer width of 100 feet assumes that all
streams, no matter what their width or flow charac-
teristics, will be used to create a 100 foot buffer. Of
course, within GIS you could select a subset of
streams to buffer, and in this case only the selected
streams will be used to create a 100 foot buffer. Vari-
able width buffers allow you to capitalize on the char-
acteristics of GIS features, and use one of the numeric
attributes of features as a proxy for the buffer dis-
tance. As a result, you could create buffers around
different streams, for example, that vary in size based
on the type of stream (Figure 3.9).

4. Proximity Analysis

Proximity analysis involves a set of geographic
computations for understanding the nearness or
closeness of one set of landscape features to another
set. Nearest neighbor analysis specifically facilitates
distance measurements between one feature and
another, or between one feature and all other features
of interest. These distances can be computed using
both raster and vector GIS databases. When using a
raster GIS database it typically involves measuring

the distance between the centers or edges of the raster
grid cells. When using vector GIS databases, it could
involve measuring the distance between polygon cen-
troids or locations of edges. For example, the dis-
tances between the centroids of polygons can be
calculated to determine a proximate distance between
nesting and foraging areas of spotted owls (Strix occi-
dentalis). Other applications of proximity analyses
might include understanding the distance between a
potential timber sale and all recently harvested timber
sales, or understanding the distance between elk
cover habitat and forage habitat areas.

5. Combining and Splitting

In a survey of recent graduates from a natural
resource management program, Merry et al. [5] found
that basic editing processes were the most widely
used GIS techniques by young professionals just a
few years into their first or second job. Combining
and splitting processes are basic geographical feature
editing processes. In managing a GIS database, you
may find that similar landscape features could be
combined, resulting in fewer features to maintain.
For example, if two small timber stands touch each

FIGURE 3.8 Land area outside of riparian areas associated with
the Putnam Tract.

FIGURE 3.9 Variable-width riparian buffer strips on the Lin-
coln Tract. Perennial streams were buffered 150 feet, intermittent
streams were buffered 75 feet.
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other and have basically the same characteristics and
management history, it might make sense to combine
them in the GIS database. However, after combining
the polygons only one record would remain, perhaps
requiring editing of the resulting attributes, thus
some care is needed when choosing this technique
for managing spatial data. Other reasons for combin-
ing data include the need to eliminate unintended
spurious features that were created through other
GIS processes, the need to reduce the number of fea-
tures managed in a GIS database given some organi-
zationally defined minimum mapping unit, or the
need to combine new features with previously
mapped features, perhaps as a result of a land trade
or purchase. Splitting subdivides features along a line
defined by the user. Changes in landscape conditions
may warrant splitting features. For example, a stream
survey may indicate that a stream reach should be
split due to differences in habitat conditions that were
not previously evident. An understanding of these
editing capabilities is important for efficient manage-
ment of GIS databases.

6. Joining

There are times when, as a natural resource man-
ager, you may want to quickly, yet temporarily, asso-
ciate a GIS database with either a tabular database or
another spatial database. This database association
can be accommodated with joining processes. In
performing a join process, you need a source database,
a target database, and a join item. The source database
(a tabular file or a GIS database) contains the data that
will eventually be associated with the features in the
destination database. The join item is the attribute in
common between the source and destination data-
bases. Nonspatial joins, such as one-to-one join pro-
cesses and one-to-many join processes assume that a
tabular database will be associated with a GIS data-
base. For example, you may have a file containing
stand numbers and wildlife habitat suitability values.
These may have been calculated in a spreadsheet or
other computer program, but now need to be trans-
ferred to a GIS to allow you to make a map of the hab-
itat values (Figure 3.10). The join item in the tabular
data is the stand number. Obviously, this data would
be associated with a GIS database containing poly-
gons that were also assigned stand numbers.

Spatial joins allow you to determine the character-
istics of features (points, lines, or polygons) in a
source GIS database that are in closest proximity to
other features in a destination GIS database. As a
result, you can locate, for example, the nearest road
to various water sources. Spatial joins also allow you
to determine, using a GIS database containing points

and another containing polygons, which polygons
contain each point. Here for example, we may not
only want to understand when and to what extent
wildlife nest trees were last used (which would be
available in the wildlife nest tree point database),
but also we may want to understand the characteris-
tics of the forested stand within which each nest tree
resides. By spatially joining the two databases, the
attributes of both the trees and the stands within
which the trees reside will be joined together for anal-
ysis and planning.

7. Overlaying

With overlay processes you physically are placing
one map on top of another to create a third,
integrated GIS database. Mapped areas as a result of
an overlay process are combined, in some form or
fashion, and all the attributes of both maps in the
overlapping region are merged. For example, overlay-
ing a timber stand GIS database on top of a soils map
creates an integrated stands/soils GIS database,
which may help you understand the site preparation
or fertilization options available for an area you man-
age. Three of the most basic overlay processes in GIS
are the intersect, identity, and union processes. The
differences in the three GIS overlay processes are
subtle and require some experimentation to be fully

0.00 - 0.20

0.21 - 0.40

0.41 - 0.60

0.61 - 0.80

0.81 - 1.00

FIGURE 3.10 Habitat suitability index values for the downy
woodpecker on the Lincoln Tract.
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understand. For example, when using the intersect
process, only the overlapping, or shared regions are
provided in the resulting output. In contrast, when
using an identity process the aim is to incorporate
some information from an overlapping GIS database
into a second, while maintaining the full geographic
extent of the second GIS database. These outcomes
are both different than the result of a union process,
where we would maintain the full geographic extent
of both input GIS databases, while also redefining
the overlapping features and merging their attributes.

8. Mapping

Cartography is the art and science of making maps.
At least through the 1980s, cartography was a skill
developed as a result of extensive experience in
making maps by hand. With the advent of GIS, carto-
graphic skills now mainly are developed through the
manipulation of computer graphics. Maps are abstrac-
tions of the real world, yet if constructed properly,
they have the ability to quickly communicate a mes-
sage to a user. As a result, a person making a map
should keep in mind the following, as suggested in
Wing and Bettinger [2]:

• The map message, or story that the map is
telling

• The end-user of the map
• The way data are displayed on the map
• The format of the printed or digital version of

the map

Maps are usually two-dimensional representations
of a landscape, and the objective of making one
should be to produce a graphic that communicates a
message effectively. Most GIS software programs pro-
vide the capability to develop sophisticated maps
with relative ease. The components necessary for a
professional map include a north arrow, the appro-
priate scale, and an informative legend. Annotation
such as a description of the mapmaker and the date
that the map was prepared are also important map
elements.

II. LAND CLASSIFICATION

Land can be classified using a number of physical
or socioeconomic characteristics, including vegeta-
tion, soils, habitat, landform (physiography), and
potential productivity. Any map or table that de-
scribes areas of land is considered a classification.
Land classifications serve as the basis for assessing
land resources and serve as a framework for

scheduling and evaluating management activities
[6]. To facilitate forest management and planning, a
landscape is divided into management units that con-
tain relatively homogeneous vegetation or physio-
graphic features. These management units, however
defined, are what planners use to assign management
activities over space and time. These delineations
could be as simple as an aggregation of similar for-
ested areas, or as detailed as those that include
differences in age class, site class, growth pattern,
management history, size of the area, and spatial
location. A simple example for the western United
States might be to delineate Douglas-fir from red
alder (Alnus rubra) stands. In the southeastern United
States, this might include drawing a distinction
between a natural pine stand and a planted pine
stand of a similar age. In the northern United States
and parts of Canada, it might involve delineating
mixed hardwood forests based on their species com-
position. Land classes could also involve combining
ecological aspects of the landscape, as some of the
more recent U.S. National Forest plans. For example,
the 2004 Chippewa National Forest Plan provides
objectives for the management of vegetation within
landscape ecosystems, or classes of land based on
native plant communities, ecological systems, and ter-
restrial inventories [7].

Land classification systems should be based on
professionally credible concepts [6], and are necessary
for providing policy direction and for assisting with
policy implementation. In general, land managers
need an organized system to understand the capabil-
ity of the land to produce perhaps multiple goods
and services, and thus provide a context for a plan.
These classes are either developed internally within
an organization for their use and guidance, or
prompted by external forces, such as voluntary certi-
fication programs, the subject of Chapter 15. The For-
est Stewardship Council, for example, requires maps
of forest characteristics displaying relevant timber
production areas and forest types by age or structure
[8]. Similarly, the Sustainable Forestry Initiative
requires an explicit land classification system as part
of a long-term resource analysis related to one of the
program objectives [9].

Classification of land is one of the first steps in
developing forest management plans. We must
understand what each piece of land is capable of pro-
ducing (timber, wildlife habitat, or otherwise) before
we can develop alternatives for the land. We
described earlier in Chapter 2 a method for estimat-
ing site quality (site index), which provides a good,
positive correlation to the productive capability of
sites. However site index references the height growth
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of the dominant species that are present in the stand.
Site index tells us nothing about the current state
of a stand (How old is it? What management has
been applied thus far?). In addition, there may be
many site indices present in a forest, perhaps a con-
tinuous range of values or values separated by five
or 10 index point intervals for each reference species.
As a result, although site index is a valuable charac-
teristic of a stand of trees, it is probably one level of
detail too deep for a general classification of land.
Over 80 years ago, Chapman et al. [10] proposed a
simple timber-oriented classification system that
involved using the dominant tree species groupings,
age classes, and prior management history. This
type of classification system is still used today in
some form, because what Chapman et al. [10] sug-
gested still holds true, that the number of classes

. . .will vary with the individual manager, according to
the aims and intensity of management and the diversity of
conditions.

After a land classification has been developed, the
objectives that can be accommodated and the alterna-
tives available to a landowner can be assessed, and
subsequently a plan can be developed. After classify-
ing a property, for example, you may decide to limit
management activities in some areas, and simulta-
neously consider amore comprehensive set ofmanage-
ment activities in other areas. The Washington State
Parks and Recreation Commission [11], for example,
developed a land classification system that integrates
physical land features with potential socioeconomic
and recreational uses of the land. In addition, a discus-
sion of allowable management activities is provided
for each class. For instance, in natural forest areas,
hiking trails may be developed only to the extent that
they do not degrade the system of natural forest pro-
cesses, and relocation of trails into natural areas may
be permitted if the impact on overall resources is
reduced. Scientific research also is permitted in these
areas, as are some forms of nontimber forest product
harvesting (mushrooms, berries, or greenery), as long
as these activities do not result in the degradation of
natural forest processes.

As we mentioned earlier, a map that identifies
categories of land using various thematic symbols or
colors is a land classification (Figure 3.11), as is a table
that presents the amount of land in each category
(Table 3.1). Maps are wonderful tools, if developed
appropriately, for conveying information in a gra-
phical manner and for communicating a message to
a large number of people. Care must be taken to pro-
vide the relevant amount of information (spatial

context, symbology, annotation) without distracting
the map user from the overall message. Some of the
most common mistakes involve the coloring of the
classes, and the inadvertent highlighting of those that
are relatively unimportant. Other mistakes include
carelessly using text of various sizes and fonts. These
mistakes underscore the inattentiveness of the map
maker, and detract from communicating practical
management-related information. When used in

Natural pine, upland, not thinned

Natural pine, upland, thinned

Natural pine, riparian

Pine plantation, upland, not thinned

Pine plantation, upland, thinned

Pine plantation, riparian

Mixed pine / hardwood, upland

Mixed pine / hardwood, riparian

Hardwood, upland

Hardwood, riparian

FIGURE 3.11 A land classification for the Putnam Tract.

TABLE 3.1 A Simple Land Classification for the
Putnam Tract

Land classification Subclass Area (acres)

Natural pine Upland, not thinned 401.5

Upland, thinned 225.5

Riparian 20.2

Planted pine Upland, not thinned 1,321.8

Upland, thinned 31.6

Riparian 16.4

Mixed pine/hardwood Upland 121.4

Riparian 25.6

Hardwood Upland 308.6

Riparian 129.9
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conjunction with maps, tables describing land classifi-
cation information can provide a wealth of infor-
mation to your audience, and provide you with
information that is useful in subsequent analyses.

For forest planning and management processes,
there are at least three organizationalmethods for classi-
fying land: by strata, by unit of land (stand), by unit of
land and spatial position on the landscape. Each of these
has it benefits and challenges (Table 3.2). For example,
strata-based land classifications are simplistic, and pro-
vide rough descriptions of a property in broad classes.
Assigning management activities to these classes leaves
the physical implementation decisions to managers in
the field, since the spatial location of land, for the most
part, is ignored. Stand-based approaches require man-
agement of a large amount of data, but spatial location
of activities is recognized in both approaches, and used
in the latter to control the placement of activities. There-
fore, decisions related to the location of activities are less
of an issue for forest managers. Each of these three
approaches are described in more detail next.

A. Strata-based Land Classifications

Strata-based land classifications group land areas
with similar attributes into strata, bins, or analysis
units, for management and planning purposes. For
example, a 500,000 acre forest in Indiana may be
described by maps and GIS databases that recognize
over 10,000 forest stands (polygons). A strata-based
land classification would reduce the number of recog-
nizable analysis units to 10 or 20 by aggregating the
land area of stands with very similar attributes. Land
area might be aggregated by age, management his-
tory, soil type, watershed, distance to streams, slope
percent, timber productivity, or other aspect of man-
agement that might be of concern to the managers

of the land. These groupings are then used to help
reduce the decision space, or the types of management
actions considered, since the groupings themselves
would inherently preclude or suggest the type of man-
agement that would be appropriate within their con-
fines. In this type of classification, the level of spatial
resolution is low because when planning occurs, we
do not explicitly know where each stand is located on
the landscape. Strategic forest planning (described in
detail in Chapter 13), however, usually is facilitated
with this type of information.

Example

In 1971 the Arapaho National Forest in central Col-
orado developed a forest plan that was based on a land
classification that focused on timber productivity [12].
The National Forest is located in an extremely rugged
areawest of Denver, andmost of the timber production
areas are located at elevations between 7,000 and
11,000 feet. The tree growing season is short, and the
average productivity is relatively low, at about 40
cubic feet per acre per year. In addition to the timber
management focus, even in 1971 there was a heavy
demand for recreational opportunities on the National
Forest. In developing the forest plan, the forest staff
used current land use, land stability, and steepness of
slopes to develop a basic land classification within
which the plan of activities would operate (Table 3.3).

TABLE 3.2 Level of Detail and Problem Complexity for
Three Different Approaches to Land Classification

Approach

Problem

complexity

Detail used in

recognizing the

unique

characteristics

of polygons

Detail used in

recognizing the

unique spatial

context of

polygons

Strata-based Low Low Low

Stand-based,
no spatial
information

Medium High Low

Stand-based,
spatial
information

High High High

TABLE 3.3 Land Classification for the Arapaho
National Forest [12]

Land classification Subclass

Area

(acres)

Commercial timber
production

336,676

Marginal timber production Usable, stable land 17,241

Usable, unstable, steep
land

45,654

Noncommercial timber
production

Unproductive 112,603

Unsuitable and
unstable

2,193

Isolated patches of
forests

9,908

Crest Zone 21,889

Travel-water influence 53,324

Other conflicts 52,350

Deferred 64,885

Nonforest land 231,114

Total 947,837
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The Arapaho National Forest plan was developed
prior to the introduction of GIS into natural resource
management organizations. In the late 1960s and
early 1970s, forest management organizations used
hand-drawn maps and calculated land areas using
planimeters and dot grids, two basic area computa-
tion methods that are still used today. Given the large
area involved and the multitude of issues facing
National Forests, it is not too difficult to understand
why land classifications were relatively brief and
straightforward. Today, spatial considerations such
as riparian buffer zones, wildlife habitat buffers, and
scenic corridors can be incorporated into land classifi-
cations much more easily given the evolution of GIS
and advances in computer technology. If the criteria
for land classification can be verbalized and quanti-
fied, then it most likely can be spatially represented.

Example

In 2004, the Chattahoochee-Oconee National Forest
in Georgia developed a forest plan that reflected a
public desire for more wilderness and recreational
areas, and less timber harvesting and road building.
Although the National Forest once had a timber-

oriented objective, the more recently expanded recre-
ational objectives were not unexpected, given the
National Forest’s proximity to the growing Atlanta
metropolitan area. Achieving a balance in resource
management is therefore challenging, and the land
classification for the National Forest reflects the
numerous demands on the management of the forest
(Table 3.4).

Although it is not exactly clear how much GIS
analysis was used to arrive at the estimates of land
area in each land classification associated with the
recent Chattahoochee-Oconee National Forest plan,
many of the classes indicate the need for processes
such as buffering (e.g., scenic corridors). The forest
plan acknowledged the heavy use of GIS in develop-
ing the land classes, yet suggested that some of the
finer details, such as the delineation of riparian man-
agement areas, would need to be recognized at the
project-level implementation of activities.

Figure 3.11 and Table 3.1 illustrate a simple strata-
based land classification for the Putnam Tract. The
table provides no indication of where the areas are
located, and if used in an analysis, the areas would
be scheduled for management without the use of the

TABLE 3.4 Land Allocations Used in the Chattahoochee-Oconee National Forest Plan [13]

Land classification Chattahoochee (acres) Oconee (acres) Total (acres)

Wilderness areas 125,530 0 125,530

Wild, scenic, and recreational river areasa 11,084 4,854 15,938

Water-related protection areas 27,179 0 27,179

National scenic areas 7,122 0 7,122

Scenic trail corridors 16,655 0 16,655

Other scenic areas 70,369 0 70,369

National recreation areas 25,689 0 25,689

Other recreation areas 124,993 9,368 134,361

Old-growth forests 28,657 1,617 30,274

Mid- to late-successional forests 23,693 0 23,693

Mixed successional forests 68,323 0 68,323

High elevation early successional forest 6,604 0 6,604

Management and maintenance of plant associations 172,718 35,006 207,724

Red-cockaded woodpecker habitat 0 47,108 47,108

Rare communities 505 593 1,098

Other natural areas 39,365 7,061 46,426

Experimental forests 0 9,364 9,364

Administrative areas 163 102 265

Miscellaneous 2,121 142 2,263

Total 750,770 115,215 865,985

aDesignated and proposed.
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spatial information or relationships suggested by the
map. The classification could be further refined by
incorporating, where appropriate:

• Visual quality corridors that might influence the
type of management actions available near the
county road or the homestead in the northeast
corner of the tract

• Different silvicultural systems, such as the
shelterwood (seed tree) harvest on the south
side of the tract

• Soils and water information that might be
influential in the selection of harvesting or site
preparation systems

• Special wildlife habitat designations, perhaps
for some of the older pine forests in the western
half of the tract

B. Land Classification Based on Units of Land

The second type of land classification is based on
recognition of each stand or management unit by its
area and other physical, economic, or ecological char-
acteristics. In this case, the level of spatial resolution
is higher because when planning occurs, we know
where each stand is located on the landscape. Further,
we may know in which compartment or watershed
each stand resides, yet not much more about the spa-
tial relationship of each stand in relation to other
landscape features (which stands are adjacent, how
far a stand is from a stream, and so on). Here we
could summarize the amount of land in aggregated
classes, as with the previous example, but the actual
analysis and planning is performed at the stand level,
not the stratum level.

Table 3.5 illustrates the level of data that would be
used for planning and analysis of the Putnam Tract.
Here the size of each stand, its forest type, and recent
management actions would be used to influence the
type of activities that would be scheduled in the near
future. Recent management activities may preclude
scheduling other types of activities in the near term.
For example, if a stand recently was thinned, it
should avoid being scheduled for another thinning
in the near term. Recent management activities also
are important in projecting stand structure into the
future. Young pine plantations that have been
thinned will likely have a different growth and yield
trajectory than young pine plantations of the same
age that have not been thinned. This classification
could be further refined by incorporating the riparian
areas into the analysis and thereby splitting each
stand at the riparian area boundary. With this,
we would be able to schedule certain types of

management activities for the uplands portion of each
stand, and other more appropriate types of manage-
ment activities (if any) in the riparian areas. This type
of land classification should be contrasted with the
type of data provided in Table 3.1 to better under-
stand the difference between it and the previously
described strata-based system. A cross between stra-
tegic and tactical forest planning usually is facilitated
with this level of information, where strategic goals
can be met while addressing some tactical stand-
based planning issues.

C. Land Classification Based on
Spatial Position

The third method of land classification recognizes
stands or management units, as in the previous case,
but also incorporates a higher level of spatial informa-
tion in the process. Typical spatial information for
recent forest plans developed by timber companies,
states, and other agencies takes the form of adjacency
relationships (which stands are touching, or near
other stands). These relationships are used to control
the timing and placement of clearcut harvests as well
as to control the size of forest interior habitat for
various species of wildlife. Although analysis and
planning are performed at the stand level, as in the
previous example, we also understand spatial rela-
tionships between each stand and other features,
and this information is used to guide the selection of
activities and influence the subsequent analyses. As
with the previous example of a land classification, a
cross between strategic and tactical forest planning
usually is facilitated with this level of information,
where strategic goals can be met while addressing a

TABLE 3.5 Land Classification at the Stand Level
Using Only Stand-Centric Attributes

Stand

Area

(acres)

Age

(years) Forest type

Recent

management

history

1 74.0 2 Pine plantation Seedtree harvest

2 84.5 45 Natural pine —

3 11.9 5 Hardwood —

4 31.6 21 Pine plantation Thinned

5 1.2 31 Hardwood —

. . .

79 35.2 40 Natural pine —

80 0.9 30 Hardwood —

81 85.6 45 Natural pine —
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wider range of tactical planning issues. However, this
level of information is more commonly used in tacti-
cal or operational planning processes.

Example

Lands managed by the State of Oregon are classi-
fied prior to implementation of activities [14]. The
Oregon State forest land classification system has
three main categories: special stewardship areas,
focused stewardship areas, and general stewardship
areas. The system is hierarchical, indicating that the
special stewardship areas are the most important,
and therefore should be identified first. The special
stewardship areas include administrative areas, wil-
derness areas, rock pits, ponds, lakes, and viewsheds,
among others. These areas cannot be reassigned to
the other two classes, and the activities allowed here
include those that protect, maintain, or enhance spe-
cific resources. The focused stewardship areas are
next, and once identified, cannot be reassigned to
the general stewardship areas. Focused stewardship
areas include riparian areas, visual corridors around
trails, and buffers related to wildlife habitat. A
reduced set of management activities can be used in
this land class. The general stewardship areas are
basically what remain after identifying the two higher
levels of land classes, and the full range of manage-
ment activities that meet or exceed requirements of
laws and regulations can be used here.

In developing land management plans for the State
of Oregon lands, the riparian management areas
are explicitly delineated in GIS and activities are
scheduled using this and other spatial information.
Although the amount of land in each class may be
aggregated and summarized in the plans themselves,
the activities are scheduled at a very basic level while

developing the plans, which makes this form of
planning different from strata-based plans, where
activities are scheduled based on the amount of land
within a stratum. Adjacency relationships would then
be used in developing a plan to ensure that clearcuts
do not exceed 120 acres (about 49 hectares), the maxi-
mum size prescribed in state law [15].

For the Putnam Tract, we might recognize the land
area and forest type of each stand, along with the
recent management actions that have been applied,
in addition to the spatial information (Table 3.6).
The forest type and recent management actions will
influence the types of activities that can be applied
in the near future, and will influence the transition
(growth and yield) from the current state to the future
states. The adjacency information could be used to
control the size of clearcut harvests when developing
a forest plan for this area. As with the previous exam-
ple of a land classification, these stands could also be
subdivided to explicitly recognize the riparian areas.
Two items to keep in mind with explicitly recogniz-
ing the spatial location of riparian areas are (1) that
the resulting number of management units (now sub-
divisions of stands) and their adjacency relationships
may increase dramatically, and (2) that some of the
resulting management units may be very small in
size, many of which might be considered spurious
polygons.

III. SUMMARY

Geographic information systems are powerful
tools for the storage, manipulation, and display of
spatial data. Maps are very important aspects of

TABLE 3.6 Land Classification at the Stand Level Using Stand-Centric Attributes and Spatial Information (adjacent neighbors)

Stand Area (acres) Age (years) Forest type Recent management history Adjacent neighbors

1 74.0 2 Pine plantation Seedtree harvest 2, 22, 34, 81

2 84.5 45 Natural pine — 1, 3, 4, 6, 7, 8, 12, 81

3 11.9 5 Hardwood — 1, 2, 4

4 31.6 21 Pine plantation Thinned 2, 3, 5, 6, 7, 75

5 1.2 31 Hardwood — 4, 75

. . .

79 35.2 40 Natural pine — 15, 18, 76, 77, 78

80 0.9 30 Hardwood — 30, 74

81 85.6 45 Natural pine — 1, 2, 8, 11, 12, 20, 22,

34, 77, 78
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forest management, and the ability to develop a clear
and cohesive map is a reflection of your cartographic
skill. Whether you develop your own maps, manage
people who have responsibility for making maps, or
coordinate map and database development projects
with contractors, an understanding of the capabilities
of GIS is important in today’s management environ-
ment. Although vector-based GIS databases are very
commonly used in real-world applications of GIS,
raster databases are of value as well. Digital ortho-
photographs are perhaps the most extensively used
raster GIS databases among natural resource man-
agers, and are becoming suitable proxies for tradi-

tional vertical aerial photographs. Many land
management organizations use aerial photographs,
digital orthophotographs, and other GIS databases
to create land classifications. A land classification
can be used to develop guidelines for appropriate
actions for the land areas within each class. In many
instances, the classification of land is used directly
in forest-level management planning processes. The
display of land classifications through a well-devel-
oped thematic map will undoubtedly facilitate a dis-
cussion among the land managers and landowners
regarding the appropriate management of the natural
resources under their control.

QUESTIONS

1. Strata-based land classification. Develop a strata-
based land classification for the Lincoln Tract.
Use 20-year age classes of stands along with the
forest vegetation type to stratify the land areas.
Develop a thematic map and a table to represent
the land classification. In a memorandum to the
forest managers, describe the distribution of land
classes within the Lincoln Tract.

2. Stand-based land classification. Develop a table
describing the standswithin the PutnamTract. Sort
the table by stand age and present the results in a
memorandum to the forest manager. Take care to
present the information in a professional manner.
To help further understand the conditionof the for-
est, summarize the age class distribution of the
planted and natural pine stands.

3. Stand and spatial land classification. Examine the
Putnam Tract stands GIS database. Some stands

in this database have very few adjacent neigh-
bors, as defined by edges that touch, whereas
others have an extensive list of adjacent neigh-
bors. Describe the range of adjacent neighbors
in this database. What are the characteristics of
the stands that have many adjacent neighbors?

4. Your school forest. Arrange a meeting with your
school forest manager, perhaps by inviting
him or her to your class. Ask questions regard-
ing the type of GIS databases that are used to
represent the current condition of the forest’s
resources. In addition, ask questions about the
type of planning that he or she performs to
facilitate the management of the forest. Does
the forest manager use one of the land classifi-
cation systems described in this Chapter? If
so, how is it used to develop the management
plan? What land classifications are recognized,
and how are management activities associated
with each?
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C H A P T E R

4

Estimation and Projection of Stand
and Forest Conditions

Forest management and planning requires information that describes the current state of forests as well as alternative future states of for-

ests. How we estimate and project future forest resource characteristics is both a practical and conceptual data management challenge for for-

est planners and managers. One method for acquiring information on the future state of forest resources is to employ growth and yield models.
Growth and yield model projections allow managers and planners to envision future states of forests and to estimate the suite of outcomes

produced by various silvicultural regimes. The data created from the growth and yield projections is used in forest planning and harvest

scheduling efforts, wildlife habitat assessments, and other quantitative analyses that are based on the structure of stands. Being able to esti-

mate the conditions of the forest through time is critical in our understanding of whether the activities scheduled in a forest plan can meet our
goals and objectives.

OBJECTIVES

There are many phases of forest management
and planning where the ability to understand the
current and future structural conditions of natural
resources that we manage is necessary. The key
information that is needed to determine what to
do in the future includes an assessment of what
we currently have to manage, and what we will
likely have in the future to manage, given the man-
agement activities that are planned. From a forest
management perspective, the list of planning activ-
ities that require future assessments include: (1)
commercial thinning treatments, (2) pruning
options, (3) fertilization possibilities, (4) spacing of
planted trees, and many others. The future struc-
tural conditions of forests is important for evaluat-
ing the impact of the new forestry regimes on
yields and habitat values, determining final rotation
ages for existing stands, and evaluating the suscep-
tibility to wind damage for thinned stands, just to
name a few. And as we learned in Chapter 2, many

wildlife, ecological, and social assessments rely on
current and projected forest structural conditions
for their assessment. Therefore, it is important for
students and seasoned practitioners to understand
that the assessment of these values requires under-
standing how forest conditions change through
time. The objectives of this chapter center on our
understanding of how the growth of forests is
performed and presented by analysts, and subse-
quently perceived by forest managers and land-
owners. As a result, this chapter provides:

1. An overview of the growth of forests.
2. A few conceptual models of how stands grow

through time.
3. A model of how broader-scale forest transitions

can be assessed.
4. A description of volume and yield tables.
5. A categorization of growth and yield models.
6. A sampling of some growth and yield simulators

used in North America.
7. A discussion of the output you should expect

from a growth and yield simulation.
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I. THE GROWTH OF FORESTS

The projection of the future condition of free-to-
grow trees in a forest is generally a function of the
current size and condition of the trees. Characteristics
that can improve the quality of these projections
include the site index of the stand in which the trees
reside, along with the height, crown ratio, age, and
current diameter of the trees. Unfortunately, most
trees are not situated in free-to-grow conditions, and
as a result there is a need to model the complex inter-
actions between trees and their environment and how
they compete for limited resources. This inter-tree
competition can be acknowledged through measures
of stand density (e.g., trees per acre, basal area), or
through a detailed stem mapping of the location of
all trees. For individual trees, the number of trees
per unit area and the basal area, both measures of
stand density, have an affect on tree growth [1]. Ulti-
mately, the growth rate of individual trees depends
on the size and spatial location of the neighboring
trees. Acknowledging neighboring trees in a growth
and yield simulation may be accomplished by under-
standing the spatial proximity of each tree, or may
involve measures that are weighted by tree size,
height, and distance. These spatial dependencies
may be used to influence ingrowth, increment, and
mortality processes within a stand.

Ingrowth, when used to describe forest growth
dynamics, usually refers to the number or volume of
new, previously unreported trees that have grown
into the smallest measurable diameter class. If mea-
surements are made of the same area on two distinct
visits (during the current and previous measurement
periods), then these are the new trees that are
measured during the current visit that were not
measured during the previous visit. This can occur
because the trees were too small to measure during
the previous visit. Increment, or accretion, is the
growth of trees over a measurement cycle. This mea-
sure assumes that a measured tree was alive at both
ends of the cycle. Harvest (or cut) refers to those trees
that are absent during the current measurement
period, yet were present during the previous mea-
surement period, thus were likely harvested and
transported out of the forest sometime between the
two measurements.

The mortality of trees refers to those trees that have
died at some time between the two measurement pe-
riods. Mortality is presented as the number or volume
of measurable trees that were alive during the previ-
ous measurement period, yet are dead by the time
of the current measurement period. Trees reported

as dead can be found on the site during the current
measurement period. In younger stands of trees, the
amount (or volume) of mortality should represent
only a small percentage of the overall growth of a
stand, even though the number of trees per unit area
may decline at a greater rate than when a stand is
older. However, when stands are older, competition-
induced mortality results in a higher volume of mor-
tality as a percentage of the overall growth of a stand,
even though the number of trees per unit area
expiring may be declining. As it relates to the growth
of a forest, when we discuss mortality we usually are
referring to competition-induced mortality or other
type of natural mortality process. Catastrophic losses
from fire, ice storms, hurricanes, or insect and disease
epidemics are some examples, yet usually are not
considered directly by models.

The competition, and resulting mortality, within
even-aged stands of trees can be envisioned using
the �3/2 power rule of self-thinning. The �3/2 power
rule defines the upper stand density in relation to
average tree size, beyond which stands are incapable
of growing [1]. The location of trees, their branches,
their size and form, and the depth of their roots, all
influence stand density. Stand density is the only
stand-related variable that has a general upper limit
for a given tree species that is independent of other
factors [2]. A graphical representation of the �3/2
power rule illustrates the relationship between aver-
age tree size and stand density is a straight line, using
a logarithmic scale (Figure 4.1). The line defining this
upper boundary is termed the self-thinning line for
stands encountering competition or density-related
mortality, and represents the maximum average tree
size that the trees can attain at a given stand density.
These diagrams, depending on how they are devel-
oped, could allow you to understand the point of
self-thinning, or the period of time of imminent com-
petition mortality. The self-thinning relationship can
be expressed mathematically as:

V ¼ kN�3=2

where:

V ¼ average tree volume
N ¼ number of live trees per unit area
k ¼ a tree species-specific constant

After trees become established on a site, they are
free to grow until subsequent growth requires more
resources than can be provided by site conditions.
When this time comes, tree growth can occur only
when additional resources (water, nutrients, light)
are made available as a result of tree mortality.
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However, suboptimal tree growth can occur as long
as the intake of resources is lower than the respiration
requirements. The negatively sloped line represents,
in general, the rate of tree size growth at each level
of stand density during the period of intense compe-
tition for resources. Bégin et al. [4] suggest that the
intercept (k) of the self-thinning relationship seems
to remain constant for a given tree species, and stand
age does not change the size–density relationship.

A. Growth of Even-Aged Stands

Even-aged stands are ones where the range of tree
ages within a stand do not vary by more than 20 per-
cent or so. Even-aged stands can be created through
clearcut harvesting of trees and subsequent plantings.
Seed tree or shelterwood harvests, where a minor
amount of the overstory remains to provide seed for
the new stand, can be used to create an even-aged
stand (Figure 4.2). Even-aged stands can also be cre-
ated as a result of natural disturbances. Floods along
streams and rivers that remove all the vegetation can
provide fertile ground for a new crop of trees to estab-
lish. Fires create large openings, and although some
remnant trees may remain, most of the new vegetation
begins its life cycle at about the same time. Volcano
eruptions such as Mount St. Helens in 1980 can create
large expanses of open areas that will likely be revege-
tated with forests, either naturally or through human

intervention. Hurricanes (tropical cyclones) and torna-
does are other natural disturbance events that may
create localized gaps within which new stands of trees
may originate.

There is usually a small amount of variation in tree
heights in even-aged stands, and since tree ages are
relatively the same, the resulting forest structure is,
by comparison, relatively simple. The diameter distri-
bution will represent a bell-shaped curve (see Fig-
ure 2.1 in Chapter 2), and with time a stand will
have associated with it more variation as competition
influences the growth rate of individual trees. Man-
agement actions associated with even-aged stands
may include planting, commercial thinning, fertiliza-
tion practices, competition control, and final harvests.
In stands that are intensively managed, weed control
and precommercial thinnings at early ages, and fertil-
ization processes at early and middle ages might be
used to enhance the growth rate of the desired trees
and to control the unwanted vegetative competition.
A typical time-line of volume accumulation within
an even-aged stand is represented by a sigmoid curve
(Figure 4.3). The volume growth rate could vary
depending on the intermediate stand management
activities that are scheduled (Figure 4.4). As a result,
measures of wildlife habitat quality will vary
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FIGURE 4.1 Stand density diagram for Douglas-fir (adapted
from [3]).

FIGURE 4.2 Seed tree harvest on the Putnam Tract.
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depending on the structural characteristics of trees.
These measures reflect the suitability of habitat for
nesting, roosting, or foraging (Figure 4.5). For exam-
ple, some wildlife species require open areas contain-
ing grasses and shrubs for foraging. These conditions
may be available only during the early years of an
even-aged stand. Other species may require a certain

number of large trees for nesting and roosting, and
these conditions may be available only during the
later years of an even-aged stand.

Stand age and site quality have been used to pre-
dict the growth and yield of even-aged stands for
over 100 years; it is only in the last 50 years that stand
density has been included to further refine growth

FIGURE 4.3 Rate of basal area and
volume growth, as well as trees per acre
decline, in an even-aged southern pine
stand.

FIGURE 4.4 Development of stand-
ing volume in a privately owned south-
ern pine even-aged stand, over two
rotations.
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and yield forecasts. Site index is one of the most influ-
ential indicators of the growth and subsequent produc-
tivity of a stand of trees and economic profitability,
despite the fact that in many areas higher sites receive
more intensive and costly vegetation management. In
young stands, growth is strongly affected by the num-
ber of trees per acre, but at some point, basal area is
often a more appropriate expression of stand density
for stands of trees [1].

Several characteristics of the growth dynamics in
even-aged stands set them apart from uneven-aged
stands and other types of stand structures. Whether
an even-aged stand was planted or whether it began
as natural regeneration following a disturbance, the
number of trees per unit area will generally decline

over time (Table 4.1). Initially, the mortality of trees is
related to competition from herbaceous vegetation,
shrubs, and other volunteer trees and remnants from
the previous stand. In addition, some regenerated trees
may suffer from being browsed by various species of
wildlife, and subsequently die. As the even-aged stand
canopy closes, inter-tree competition for resources
(light, water, nutrients) will lead to the weakening
and mortality of some trees. As a result, mortality rates
are generally high in younger even-aged stands than
they are in older even-aged stands. As we suggested
earlier, the reduction or loss in standing volume from
mortality generally increases as stands get older.

If we view the time of initiation of an even-aged
stand as being the time of artificial regeneration or

FIGURE 4.5 Development of habitat
quality in a privately owned southern
pine even-aged stand, over two ro-
tations.

TABLE 4.1 A Comparison of Several Growth and Development Characteristics of Even-Aged and Uneven-Aged Stands

Growth and development characteristic Even-aged stands Uneven-aged stands

Trees per unit area Decreases with age Varies through time

Mortality rate of stems Decreases with age Stays relatively constant over time

Mortality of volume Increases with age Stays relatively constant over time

Height of canopy Increases with age, then plateaus Stays relatively constant over time

Canopy cover Ranges from none to full Ranges from full to one containing gaps

Average tree diameter Increases with age Fluctuates with harvest entries and mortality

Diameter distribution Bell-shaped curve Reverse J-shaped curve

Basal area Increases with age, then plateaus Fluctuates with harvest entries and mortality

Timber growth rate Rises, peaks, then declines Stays relatively constant over time

Timber yield Increases with age, then plateaus Fluctuates with harvest entries and mortality
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the onset of natural regeneration, it is obvious that the
height of the planted or regenerated trees will
increase over time. If, however, an even-aged stand
is not harvested prior to the culmination of height
growth for a particular tree species, the height of the
canopy can plateau at some level and remain constant
for a long period of time. Canopy cover in an even-
aged stand can range from little to none (at the time
of regeneration), to completely closed. In even-aged
stands, the average tree diameter will likely increase
over time as the residual live trees continually add
annual growth rings. This assumes that the larger
trees in a stand will continue to survive over time,
whereas the smaller trees (in diameter and height),
perhaps shade-intolerant trees, will have a higher
mortality probability over time. The diameter distri-
bution of an even-age stand, as we discussed in Chap-
ter 2, should resemble a bell-shaped curve. This
distribution will generally flatten out over time, and
the range of diameters will widen, as trees either
express dominance or suffer from competitive or
site-related circumstances.

Since the average diameter of trees in an even-aged
stand usually tends to increase over time, the average
basal area also increases, even though the number of
trees per unit area decreases. Basal area is one mea-
sure of stand density, and generally increases, if left
unencumbered, to a maximum plateau. Maximum
basal area per acre for even-aged stands in the south-
ern United States may be around 250 ft2 per acre,
whereas in the western United States it could climb
above 500 ft2 per acre in the redwoods (Sequoia sem-
pervirens). Volume growth rates rise quickly in young
even-aged stands, peak at some point, then decline.
The periodic annual increment, as we saw in Chapter 2,
is a reflection of the rate of growth of a stand of trees,
and as we discussed, when the periodic annual incre-
ment declines to the point where it equals the mean
annual increment, the biological rotation age has
arrived. Volume yields, on the other hand, generally
increase with stand age in even-aged stands, in the
absence of any intermediate silvicultural activities or
other disturbances to the stand structure.

B. Growth of Uneven-Aged Stands

Uneven-aged stands are sometimes referred to as
all-aged stands, but generally are considered those
containing more than two or three distinct age classes
or age cohorts. These types of stands may be sustain-
able through active management if the associated
harvesting schedule can be designed to remove the
appropriate types of trees (size and species) that
will result in a diameter distribution that can be

maintained. The target forest structure of an uneven-
aged stand is one where equilibrium in volume
growth has been reached. The equilibrium is a theo-
retical state where a sustainable timber increment
(accretion) is developed over a period of time using
a diameter distribution of trees that remains roughly
constant. One of the assumptions of this silvicultural
system is that an adequate amount of regeneration
is provided, which will maintain the system indef-
initely.

Uneven-aged stands can be created from even-
aged stands either using a selective harvesting pro-
gram that treats individual trees, or using patch selec-
tion harvesting program where the patches are
between about 0.5 and 4 acres in size (i.e., group
selection patches). The rules that are used to manage
uneven-aged stands are not based on age, as they
might be with even-aged-stands, but rather are based
on measures of stand density and a desired diameter
distribution. The structural trajectory of an uneven-
aged stand will depend on the treatments applied to
different diameter classes within the stand. An under-
standing of the shade-tolerance of desired tree species
may help determine how large the gaps need to be
with each logging entry to promote regeneration
and growth. As a result, an extensive examination of
the distribution of shade tolerant and shade intolerant
trees, and the advanced regeneration that may be
present in the stand, would seem necessary prior to
scheduling management activities in uneven-aged
stands. Harvest entries, or cutting cycles, generally
are scheduled at five to 30 year intervals (Figure 4.6),
and with each entry a range of trees of various sizes
are extracted. As a result of either individual tree
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removals or patch cuttings, openings are created in
the canopy and regeneration (natural or artificial) is
facilitated. In addition, wildlife habitat quality may
vary depending on the structural characteristics of
the residual live trees and the coarse woody debris
that remains in the stand. These fluctuating structural
conditions influence habitat suitability and the use of
the stand by wildlife for nesting, roosting, or foraging
purposes (Figure 4.7).

One increasingly socially positive characteristic of
uneven-aged stands is that the continuous forest
cover is maintained. In addition, stands with several
age classes may be less prone to insect and disease
outbreaks. On the negative side, harvesting systems
using these types of silvicultural practices (individual
tree selection, group selection patches) may be less
economically efficient than when employed in larger
even-aged stand clearcuts. On the other hand, the
periodic income associated with repeated entries
may be more desirable for certain landowners. How-
ever, regeneration of shade intolerant tree species
may be problematic when using the individual tree
selection system, since the size of the canopy gaps
may not be large enough to promote adequate regen-
eration of certain shade-intolerant tree species. In
addition, residual live trees may be damaged by log-
ging machinery, since logging systems must maneu-
ver around them during harvesting operations.

Whether an uneven-aged stand began as a planted
stand or whether it evolved through natural pro-
cesses, the number of trees per unit area will fluctuate
through time as gaps occur and regeneration takes
hold (Table 4.1). However, in an uneven-aged stand,

the number of trees per unit area should never be
reduced to very low levels, which suggests that the
transition to an even-aged stand structure may have
occurred. The mortality of trees in an uneven-aged
stand is related to competition from other living trees
and disturbances such as windfall. Some regeneration
in canopy gaps may suffer due to regeneration-related
competition issues, and from deer and elk browsing
activities. As the uneven-aged stand canopy pro-
gresses through time, inter-tree competition for
resources (light, water, nutrients) will lead to the
weakening and mortality of some trees, which will
eventually die and create other canopy gaps. When
in equilibrium, the mortality rates in uneven-aged
stands generally are assumed to be constant over time.

The height of trees within the canopy of an uneven-
aged stand should stay relatively constant over time.
However, canopy cover ranges from fully closed
stands to stands with partial canopy gaps. The gaps
in uneven-aged stands are created where individual
trees have died, or where silvicultural practices
designed for uneven-aged stands (single-tree selection
harvests or group selection harvests) have been imple-
mented. The average tree diameter in an uneven-aged
stand will likely fluctuate over time with harvest
removals, ingrowth, and mortality. The diameter dis-
tribution of an uneven-age stand, as we discussed in
Chapter 2, should resemble a reverse J-shaped curve.
Although we present the reverse J-shaped distribution
as a conceptual model to represent trees per unit area
by diameter class, uneven-aged stands can be repre-
sented by a variety of diameter distributions that are
not as easy to classify as they are in even-aged stand

FIGURE 4.7 Development of habitat
quality in a privately owned southern
pine uneven-aged stand, assuming a
20-year harvest entry cycle.
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systems. In many cases, there are gaps and bumps in
the reverse J-shaped distribution that represent a lack
of certain sized trees or a clump of similar cohorts.
Since diameters of trees fluctuate with harvest,
ingrowth, and mortality, the average basal area also
fluctuates. Volume growth rates can remain relatively
constant in an uneven-aged stand if the stand con-
tinues to contain healthy trees. However, yields may
fluctuate given the distribution and quality of trees
selected during each entry.

Ideally, as Meyer [5] suggested, an uneven-aged
stand can be characterized by the following
statement:

A balanced uneven-aged forest is one in which the cur-
rent growth can be removed annually or periodically while
maintaining at the same time the structure and initial vol-
ume of the forest.

Unfortunately, many uneven-aged forests either do
not contain a balanced structure, or are in such a state
that the current volume contained in the forest cannot
or should not be maintained over time because it is
either depleted or overstocked. The normal growing
stock volume in an uneven-aged stand varies, and
may fluctuate widely to suit the needs of managing
these stands in changing economic and social condi-
tions [6]. In the ideal case, a balanced uneven-aged
stand can be sustainable, where current growth is offset
by an equal amount of mortality; however, this is not a
universal rule. As an example, in hardwood forests of
Pennsylvania, Meyer and Stevenson [6] observed
growth rates ranging between about 44 and 67 ft3 per

acre per year, with an average of about 51 ft3 per acre
per year. These gross growth rates were offset by some
amount of mortality, however the annual increment
exceeded mortality. As stands transition from a low
volume per acre condition to a high volume per acre
condition, the gross increment should exceedmortality.
In the latter stages of development, however, mortality
may equal or exceed gross increment.

Meyer and Stevenson [6] developed a method to
estimate the number of trees that may be found in
each diameter class of a theoretical uneven-aged
stand, and suggest that each diameter distribution
can be characterized by an exponential function:

TPAx ¼ ke�a DBH dDBH

where:

TPAx ¼ Trees per acre in diameter class x
k, a ¼ Constants that characterize a certain

structure
e ¼ Natural logarithm

dDBH ¼ Width of the diameter class (inches)

Using the data associated with tracts 1, 27, and 38
from Meyer [5], the estimated diameter distributions
of the stands are illustrated in Figure 4.8 to show
the variety of nonlinear curves that represent a
decreasing number of trees per unit area by diameter
class in these uneven-aged stands.

Using this theoretical model, we know that the
number of trees per unit area in a class changes from
one class to the next in a constant fashion, by a factor
of q, which is referred to as the diminution quotient.

FIGURE 4.8 Projected uneven-aged
stand diameter distributions for three
tracts described by Meyer [5]. Tract 1:
a ¼ 0.143, k ¼ 33; Tract 27: a ¼ 0.060,
k ¼ 7; Tract 38: a ¼ 0.221, k ¼ 137.

82 4. ESTIMATION AND PROJECTION OF STAND AND FOREST CONDITIONS



This relationship often is referred to as the Law of de
Liocourt, after the French forester who originally pro-
posed the concept [7]. The diminution quotient can
be determined either by calculating it,

q ¼ ea dDBH

or through inspection of the data (Table 4.2). For
Meyer’s Tract 38, for example, q ¼ e0.221(1), or 1.247
for 1-inch diameter classes, and q ¼ e0.221(2), or 1.556
for 2-inch diameter classes. When we inspect the stand
table, we find that the number of trees per acre begins
at about 110 in the 1-inch diameter class, and declines
to about 88 by the 2-inch class. The ratio for this
1-inch difference is 109.835/88.057, or 1.247. When
performing this computation on any two adjacent
diameter classes, the ratio remains the same. Stated
another way, the number of trees in each subsequently
greater diameter class is 1.247 times less than the num-
ber of trees in the previous diameter class.

The diminution quotient for 2-inch diameter
classes can be found in a similar manner by inspect-
ing Table 4.2. Here we need to use the trees per acre
in one class, and the trees per acre in a class two
inches away. For example, the number of trees per
acre is about 110 in the 1-inch diameter class, and
about 71 in the 3-inch class. The ratio for this 2-inch

difference is 109.835/70.597, or 1.556. In a manner
similar to what we noted a moment ago, the number
of trees in each subsequently greater 2-inch diameter
class is 1.556 times less than the number of trees in
the previous diameter class.

Given the work of Meyer [5], the following
thoughts about the nonlinear diameter distributions
of uneven-aged stands can be concluded:

• Values of the variable q can fluctuate widely, but
generally range between 1.0 and 2.0.

• Values of the variable q over 2.0 are suggestive of
balanced diameter distributions of under-stocked
stands.

• High values of the variable a suggest rapid
decreases in trees per unit area in subsequent
diameter classes. This relationship is evident in
Figure 4.8, where Tract 38 had the highest value
of the variable a (0.221) of the three example
stands, and Tract 27 had the lowest (0.060).

• Values of the variable k can vary considerably,
indicating different degrees of stand density or
stocking. This relationship is also evident in
Figure 4.8, where Tract 38 had the highest value
of the variable k (137) of the three example
stands, and Tract 27 had the lowest (7).

C. Growth of Two-Aged Stands

A two-aged silvicultural system maintains two
distinct age classes throughout a planning horizon
for a stand. This may occur in conjunction with man-
agement activities that result in small number of large
trees in the upper canopy, and a large number of smal-
ler trees surrounding these larger ones. The trees in the
upper canopy may account for perhaps 30 ft2 per acre
of basal area, and are spaced such that they have a neg-
ligible effect on the growth of the smaller trees. In this
system, the trees in the upper canopy are not intended
to facilitate the regeneration of the second age class.
This objective distinguishes this type of silvicultural
system from even-aged shelterwood harvests, where
the residual overstory trees are needed to help regen-
erate the area, and subsequently are removed once
regeneration has been established. In a two-aged
stand, the reserved trees in the upper canopy may
reside on the site for two rotations. Imagine the youn-
ger trees that have been established growing to com-
mercial timber size. During a logging entry, some of
these will remain, whereas others will be harvested
along with the older trees left behind from the previ-
ous harvest entry. The trees that remain may not be
removed until the next entry into the stand. Advan-
tages to this system relate to the aesthetics of the site

TABLE 4.2 Trees per Acre for Tract 38, a Spruce-Fir-Beech
Selection Forest in Emmenthal, Switzerland (from [5])

Diameter class (inches) Trees per acre

1 109.835

2 88.057

3 70.597

4 56.598

5 45.376

6 36.379

7 29.165

8 23.382

9 18.746

10 15.029

11 12.049

12 9.660

. . . .

25 0.546

26 0.438

27 0.351

28 0.281

29 0.226

30 0.181
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(a continuous cover of trees) and the maintenance of
higher levels of wildlife habitat for some species.

D. Growth Transition through Time

At the heart of discussions about the sustainabil-
ity of forest values is the issue of forest growth and
the ability maintain it through time [8]. An under-
standing of the changes in the structural condition
of stands is important for land managers and deci-
sion-makers. How forests transition through time is
important in understanding whether goals and

objectives can be met, sustained, or lost through the
management actions suggested in a forest plan.
Several concepts are central in understanding forest
transitions. First, there is survivor growth, or the
growth of trees that were alive both at the beginning
of a measurement period and at the end. If individ-
ual trees in a stand were not cut, nor did they
die, then they likely grew in size (e.g., diameter
and height, which relates to volume). From the per-
spective of a stand’s diameter distribution, there
will likely be a shift in the diameter distribution to
the right as a result of survivor growth (Figure 4.9)

FIGURE 4.9 Change in diameter distribution of an uneven-aged stand of oaks in Missouri, assuming that the trees grew, on average, 1 inch
between beginning and ending measurement periods.
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from the beginning to the end of the measure-
ment period. To be more realistic about the tran-
sition of a stand of trees, however, three other
factors must be incorporated into the assessment:
ingrowth of seedlings into the smallest diameter
class, death of trees (mortality), and harvest (cutting)
of trees from logging operations (Figure 4.10). When
these transitions are considered at the stand-level,
ingrowth is the entry of trees into the smallest
diameter class that is recognized. As we inferred

earlier, ingrowth may include seedlings that were
below a minimum merchantable size prior to the
first measurement, or may include seedlings that
had not begun their life at the time of the first
measurement.

1. Stand-Level Volume Estimates

When considering the growth dynamics of individ-
ual stands of trees, we could use the concepts of
increment, ingrowth, mortality, and harvest to

FIGURE 4.10 Change in diameter distribution of an uneven-aged stand of oaks in Missouri, assuming ingrowth, mortality, and harvest.
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describe the transition of the stand volume through
time. Rather than simply reporting the current condi-
tion of a stand of trees, if previous information about
the stand were available, then we could examine the
change that had occurred between the two measure-
ment periods. This allows us to understand the transi-
tion of forest conditions in a stand along with the
current status of the stand. The following discussion
of growth dynamics follows the instructional analy-
sis provided almost 50 years ago by Beers [8]. If we
assume that index 1 refers to the initial set of mea-
surements captured at the beginning of a measure-
ment period, and that index 2 refers to the second
set of measurements captured at the end of the mea-
surement period, the following terms can be used to
describe the transition of a stand’s condition
from the beginning to the end of a measurement
period:

V1 ¼ Volume of a stand at the beginning of a
measurement period

V2 ¼ Volume of a stand at the end of a
measurement period

M1!2 ¼ Volume of trees that died between
measurement periods 1 and 2

C1!2 ¼ Volume of trees that were harvested
(cut) between measurement periods 1
and 2

I2 ¼ Ingrowth of volume that is recognized at
the end of a measurement period, and that
has grown into the smallest diameter class
that is recognized

V2 inherently includes ingrowth (I), since V2 repre-
sents the condition of the live trees contained in a
stand at the end of the measurement period. The net
change (increase or decrease) of volume over the
measurement period can easily be estimated by sub-
tracting the initial volume estimate from the ending
volume estimate:

Net change ðincrease or decreaseÞ ¼ V2 � V1

This inherently includes the ingrowth, since it is
included in V2, yet recognizes the loss of volume as
a result of mortality and harvest because those
volumes are excluded from V2. To estimate the gross
growth of the volume of a stand over a measurement
period, which would include ingrowth, it can be
represented by the equation,

Gross growth, including ingrowth
¼ ðV2 þM1!2 þ C1!2Þ � V1

Here we assume that ingrowth is again included in
V2, yet we add to V2 the volume that was extracted
during the interval between measurements (C1!2)

and the mortality that occurred during the measure-
ment period (M1!2). If we were interested only in
the growth of the trees that were measured at the
beginning of the measurement period, we would
need to remove the ingrowth from V2:

Gross growth excluding ingrowth
¼ ðV2 þM1!2 þ C1!2 � I2Þ � V1

Measures of gross growth include the contribution
of trees that had died during the measurement period.
These trees may become snags or down logs, and
therefore may become important structural features
for wildlife habitat purposes. However, from a timber
production perspective, we may be interested only in
the volume that can be utilized for manufacturing or
livelihood purposes (e.g., fuel wood), thus we may be
interested only in the volume contained in the live
trees. This net growth can be estimated by removing
the mortality values from the gross growth equations.
For example, to estimate the net growth of a stand of
trees, we would use:

Net growth, including ingrowth
¼ ðV2 þ C1!2Þ � V1

Further, if we were interested only in the net
growth of the trees that were measured at the begin-
ning of the measurement period, we would also
remove the contribution provided by the ingrowth
into the smallest diameter class:

Net growth, excluding ingrowth
¼ ðV2 þ C1!2�I2Þ � V1

Each of these estimates are conservative because
we may not have considered the growth of the trees
before they died, or before they were cut, between
the time of the first measurement to the time that
they no longer were considered live trees. Mortality
and harvest can assume to be represented by the
condition of the trees at the beginning of the mea-
surement period, since they likely were not
measured at the end of the measurement period.
However, in today’s multiresource inventory pro-
cesses, some trees that may have died between
subsequent measurements may actually have been
measured at the end of the period. In addition,
volumes of trees in the period between measure-
ments may be estimated from growth and yield
relationships.

Example

Using the uneven-aged stand data presented in
Table 4.3, let us now view growth dynamics using
tree-level inventory data. Assume that the stand is
comprised of tree records, where each record
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represents a number of trees per unit area, and that
the length of the measurement period is 10 years.
Assume as well that the smallest merchantable vol-
ume class is five inches, even though our inventory
data indicates that there are trees in smaller size
classes. The net change in volume between the two
measurement periods is:

Net change ðincrease or decreaseÞ
¼ 3, 948 ft3 � 3, 844 ft3

¼ 104 ft3 per acre

The gross growth of the stand, including the
ingrowth, the volume extracted during the harvest that
occurred, and the mortality of the stand, is:

Gross growth, including ingrowth

¼ ð3, 948 ft3 þ 82 ft3 þ 371 ft3Þ � 3, 844 ft3

¼ 557 ft3 per acre

The gross growth of the stand using the trees that
were initially five inches and greater at the beginning
of the measurement period is:

Gross growth, excluding ingrowth

¼ ð3, 948 ft3 þ 82 ft3 þ 371 ft3 � 30 ft3Þ � 3, 844 ft3

¼ 527 ft3 per acre

The net growth of the stand, including ingrowth,
becomes:

Net growth, including ingrowth

¼ ð3, 948 ft3 þ 371 ft3Þ � 3, 844 ft3

¼ 475 ft3per acre

Finally, the net growth of the stand using only the
trees that were five inches and greater at the begin-
ning of the measurement period is:

Net growth, excluding ingrowth

¼ ð3, 948 ft3 þ 371� 30 ft3Þ � 3, 844 ft3

¼ 445 ft3 per acre

Example

Using the western forest stand in Appendix A as
an example, let us now view growth dynamics using
stand-level summary data. First assume that the stand
is 30 years old at the beginning of a measurement
period, and that the end of the period is five years
later. Assume as well that the smallest merchantable
volume class is eight inches in diameter, even though
our inventory data indicates there are trees in smaller
size classes. Since the growth rate of trees upward

TABLE 4.3 Dynamics of Growth as Viewed at the Tree-Record Level for an Uneven-Aged Stand of Mixed
Conifers in Eastern Oregon

Initial Ending

Tree record

Trees

per acre

DBH

(inches)

Trees

per acre

DBH

(inches)

Tree

species

V1

(ft3/ac)

V2

(ft3/ac)

M1!2

(ft3/ac)

C1!2

(ft3/ac)

I2
(ft3/ac)

1 5.3 16.9 4.2 17.7 WL 340 317 8 68 –

2 5.3 16.4 4.2 17.4 WL 283 267 6 57 –

3 5.3 26.4 5.2 27.5 WL 854 905 17 – –

4 20.1 3.0 19.7 4.7 ES – – – – –

5 20.1 3.5 19.7 4.6 ES – – – – –

6 20.1 12.8 15.8 13.9 ES 590 557 11 118 –

7 20.1 4.3 19.7 5.2 DF – 30 1 – 30

8 5.3 21.9 5.2 22.6 WL 553 610 12 – –

9 5.3 18.4 4.2 19.5 WL 404 351 8 81 –

10 5.3 22.2 5.2 24.0 ES 585 668 13 – –

11 5.3 14.1 4.2 15.6 WL 235 243 6 47 –

12 – – 422.0 0.1 GF – – – – –

13 – – 142.0 0.1 DF – – – – –

14 – – 150.7 0.1 LP – – – – –

Total 3,844 3,948 82 371 30

WL ¼ Western larch (Larix occidentalis)
ES ¼ Engelmann spruce (Picea engelmannii)
DF ¼ Douglas-fir (Pseudotsuga menziesii)
GF ¼ Grand fir (Abies grandis)
LP ¼ Lodgepole pine (Pinus contorta)
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into higher diameter classes is undetermined from the
data we have, let’s assume that ingrowth into the
eight-inch class over the five-year period is 500 board
feet (300 cubic feet). Finally, even though the data in
Appendix A does not indicate a harvest, let’s assume
that over the five-year period a thinning occurred,
and some of the volume was extracted (Table 4.4).
As a result of these assumptions and management
actions, our estimate of the net change in volume for
this stand over the five-year period is:

Net change ðincrease or decreaseÞ
¼ 10:252 MBF � 7:749 MBF
¼ 2:503 MBF per acre

The gross growth of the stand, including the
ingrowth, the volume extracted during the harvest that
occurred, and the mortality of the stand, is:

Gross growth, including ingrowth
¼ ð10:252þ 0:029þ 4:394Þ � 7:749
¼ 6:926 MBF per acre

The gross growth of the stand using the trees that
were initially eight inches and greater at the begin-
ning of the measurement period (age 30) is:

Gross growth, excluding ingrowth
¼ ð10:252þ 0:029þ 4:394� 0:500Þ � 7:749
¼ 6:426 MBF per acre

The net growth of the stand, including ingrowth,
becomes:

Net growth, including ingrowth
¼ ð10:252þ 4:394Þ � 7:749
¼ 6:897 MBF per acre

And the net growth of the stand using only the trees
that were eight inches and greater at the beginning
of the measurement period is:

Net growth, excluding ingrowth
¼ ð10:252þ 4:394� 0:500Þ � 7:749
¼ 6:397 MBF per acre

2. Broader-Scale Volume Estimates

Broad-scale volume estimates, such as those found in
state, provincial, regional, or national reports, involve
an assessment of forest stand conditions that are aggre-
gated across large regions. As a result, the ingrowth,
mortality, and harvest include contributions from
even-aged, uneven-aged, and other types of managed
stand structures. Many broader-scale analyses of forest
conditions use terms slightly different than those used
at the stand-level, to reflect socioeconomic dynamics of
the larger system. For example, the term accretion often
is used to represent an estimate of the growth of trees
that were alive at both the beginning and the end of

TABLE 4.4 Initial Stock Table for a 30-Year-Old Douglas-Fir Stand, Stock Table at Age 35, and Mortality and Harvest (cut) Over
the 5-Year Measurement Period, All on a Per-Acre Basis

Age 30 Age 35 Mortality Cut

DBH class (inches) MBFa Cubic feet MBFa Cubic feet MBFa Cubic feet MBFa Cubic feet

4 – 9 – – – 0.2 – –

5 – 14 – – – 0.3 – –

6 0.313 192 0.162 78 0.003 1.4 – –

7 0.469 287 0.242 117 0.005 2.4 – –

8 1.922 644 1.261 394 0.011 3.4 0.541 169

9 1.774 594 1.164 364 0.010 3.2 0.499 156

10 1.690 537 2.552 763 0.004 1.2 1.094 327

11 1.382 439 2.088 624 0.003 0.9 0.895 267

12 0.589 174 1.556 444 0.001 0.3 0.667 190

13 0.392 116 1.038 296 – – 0.445 127

14 – – 0.307 83 – – 0.131 35

15 – – 0.286 70 – – 0.122 30

Totalb 8.531 3,006 10.656 3,233 0.037 13.4 4.394 1,301

Totalc 7.749 2,504 10.252 3,038 0.029 9.0 4.394 1,301

aMBF ¼ thousand board feet
bUsing all diameter classes
cOnly the 8-inch class and greater
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the measurement period. Accretion usually is reported
on an annual basis, perhaps even on a per-unit area
basis, yet does not include the growth of trees that were
harvested or that died between the measurement peri-
ods. Accretion can be defined as:

A1!2 ¼ Volume growth of trees that were alive
at the begining and the end of
measurement periods 1 and 2

Ingrowth, for broader-scale purposes, may include
trees that have grown to a size that represents the smal-
lest size reported (5 inchesDBH, for example, in a recent
West Virginia analysis), and the volume of trees on land
that has been reclassified from noncommercial forest or
nonforest to timberland during the measurement cycle
[9]. Mortality estimates, in a manner similar to the
stand-level analysis, represent the net volume of trees
that were alive during the first measurement period,
yet died sometime before the second measurement
period. Removals of volume may be broader in scope,
and include volume that was harvested during logging
operations, or volume destroyed during land clearing
operations. In addition, removals may include the net
volume of trees that were neither harvested nor
destroyed, but simply reside on land that has been
reclassified to something other than timberland during
the measurement cycle.

R1!2 ¼ Volume of trees that were removed
due to logging, land conversion, or land
reallocation during the measurement cycle

Some broad-scale analyses result in estimates of
gross growth, which is the sum of accretion and
ingrowth. In other words, the gross growth measure-
ment includes the growth of live trees that were pres-
ent at the beginning of the measurement cycle and the
live trees that were not measured at the beginning of
the measurement period, but have grown into the
smallest classes measurable during the measurement
period.

Gross growth ¼ A1!2 þ I2

Net growth is represented as the change in growing
stock volume across the broader area due to natural
causes, and typically is defined as gross growth less the
mortality that occurred during the measurement cycle.

Net growth ¼ A1!2 þ I2 �M1!2

The net change that often is reported in broader
scale analyses is the difference in volume between
the two successive measurement periods, and this
takes into account removals:

Net change ¼ A1!2 þ I2 �M1!2 � R1!2

Example

In a recent assessment of the forest conditions in
West Virginia [9], the change in forest conditions
were presented by tree species groups for the entire
state, as well as for subdivisions of the state
(Table 4.5). Estimates of ingrowth, accretion, mortal-
ity, and removal were provided to allow us to under-
stand gross growth, net growth, and net change of the
forest resources. To simplify the discussion, we will
ignore here the changes in cull (damage or defect)
volume associated with the report. As a result, with
this data we can estimate gross growth of the Virginia
pine (Pinus virginiana) resource, for example, over the
measurement cycle:

Gross growth ¼ 1; 311, 000 ft3 þ 11, 371, 000 ft3

¼ 12, 682, 000 ft3of Virginia pine

Net growth takes into account the mortality that
occurred over the measurement cycle:

Net growth ¼ 1; 311, 000 ft3 þ 11, 371, 000 ft3

� 15, 152, 000 ft3

¼ �2, 470, 000 ft3of Virginia pine

Finally, net change factors removals into the analysis:

Net change ¼ 1; 311, 000 ft3 þ 11, 371, 000 ft3

� 15, 152, 000 ft3 � 4, 099, 000 ft3

¼ �6, 569, 000 ft3of Virginia pine

Example

Using hundreds of permanent plots distributed
across the Province of Nova Scotia in Canada, Town-
send [10]was able to estimate changes in forest structure
for the province as a whole in a manner similar to the
changes we discussed related to a single stand. In addi-
tion, given the wide distribution of regularly measured
permanent plots, the analysis can be disaggregated
down to forest type, landowner, diameter class, and

TABLE 4.5 Average Annual Change in Volume
on Timberland in West Virginia, for Some Select Species

(from [9])

Tree species

Ingrowth

(1,000 ft3)

Accretion

(1,000 ft3)

Mortality

(1,000 ft3)

Removals

(1,000 ft3)

Red spruce 217 1,793 256 1,059

Red pine 51 385 113 0

Pitch pine 68 504 1,569 638

Eastern white
pine

1,307 8,376 516 540

Virginia pine 1,311 11,371 15,152 4,099
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age class. Some of the results provided by Townsend
[10] are illustrated in Table 4.6. In this example, the gross
growth, net growth, and change of softwood volume per
unit area on public land in the province are:

Gross growth ¼ ðaccretion þ ingrowthÞ
¼ ð1:666þ 0:201Þ ¼ 1:867 m3=ha=year

Net growth ¼ ðgross growth�mortalityÞ
¼ ð1:666þ 0:201� 0:753Þ
¼ 1:114 m3=ha=year

Net change ¼ ðnet growth� harvestÞ
¼ ð1:114� 0:450Þ ¼ 0:664 m3=ha=year

3. Broad-Scale Habitat Estimates

In addition to the projected timber volumes and
the areas to be applied various silvicultural treat-
ments, there is an increasing desire by decision-
makers to understand through forest plans the esti-
mates of other projected landscape conditions, such
as those related to wildlife habitat and recreational
opportunities. Many decision-makers tend to focus
mainly on the net change in conditions from one
period of time to the next. In fact, in many forest
plans habitat levels for certain wildlife species are
reported using the net area amount or the change in
quality over time. For example, the 1990 Wallowa-
Whitman National Forest plan [11] suggested that
the quality of habitat, as measured by the habitat
effectiveness index, would be 73 (out of 100) in Man-
agement Area 1 (timber production emphasis) at the
time of the plan, and that it would transition to a
value of 75 eight decades into the future. This basic
data helps land managers understand the impact of
the plan on projected habitat conditions, but says
nothing else about the transitional aspects of the hab-
itat over time. To understand these transitions, terms
similar to those used for the transition of volume

within a stand or forest could be applied to the tran-
sition of habitat as well [12]. Measures of the net
change, the gross increment, and the net increment
can be developed using terms such as ingrowth, mor-
tality, and harvest (cut) of habitat.

It!tþ1 ¼ The amount of land transitioning into
suitable habitat from an unsuitable
state between periods t and tþ 1

Mt!tþ1 ¼ The amount of land naturally
transitioning out of a suitable habitat
class between periods t and tþ 1

Ct!tþ1 ¼ The amount of land transitioning
out of a suitable habitat class between
periods t and tþ 1 primarily due to a
management activity

The transition in suitable habitat from one time
period to the next can be expressed as:

DSHt!tþ1 ¼ It!tþ1 �Mt!tþ1 � Ct!tþ1

This differs from the dynamics associated with
timber characteristics of a stand in that there is no
increment (growth) of suitable habitat in a single
stand; a stand either is suitable habitat or it is not.
The gross and net increments of the suitable habitat
can then be expressed as:

Gross increment of SHt including ingrowth
¼ SHtþ1 þMt!tþ1 þ Ct!tþ1 � SHt

Net increment of SHt including ingrowth
¼ SHtþ1 þ Ct!tþ1 � SHt

The net change ignores the fact that some habitat
may no longer be suitable (the amount of land that
transitioned out of a suitable class). Because we implic-
itly included ingrowth in these assessments in SHtþ1,
in fact we were examining how the landscape-level
suitable habitat changed through time. However, if
we were interested in assessing only how the initial

TABLE 4.6 Periodic Annual Increment for Forests of Nova Scotia, Over a Ten-Year Period Ending in 2005

Owner Accretion Ingrowth Mortality Harvest Gross growth Net growth Net change

-------- Softwood (m3 / ha / year)--------

Public (Crown) 1.666 0.201 0.753 0.450 1.867 1.114 0.664

Private, small 1.848 0.163 0.979 1.696 2.011 1.031 �0.665

Private, large 2.144 0.218 0.765 1.523 2.361 1.596 0.073

-------- Hardwood (m3 / ha / year)--------

Public (Crown) 0.680 0.055 0.232 0.085 0.736 0.504 0.419

Private, small 0.927 0.067 0.255 0.353 0.993 0.738 0.384

Private, large 0.580 0.046 0.269 0.622 0.626 0.357 �0.265
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areas classified as suitable habitat changed through
time, we would have to ignore the implicit ingrowth
from the gross and net increment equations:

Gross increment of SHt ignoring ingrowth
¼ SHtþ1 þMt!tþ1 þ Ct!tþ1 � It!tþ1 � SHt

Net increment of SHt ignoring ingrowth
¼ SHtþ1 þ Ct!tþ1 � It!tþ1 � SHt

Example

The current level of downy woodpecker (Picoides
pubescens) habitat for the Lincoln Tract was estimated,
then projected into the future 20 years, in five-year
increments, with the assumption that no management
activities would occur over this period of time. Suit-
able habitat was defined (albeit subjectively by the
authors) as any areas with an HSI score of 0.400 or
higher. Initial suitable habitat levels, ingrowth, mor-
tality, and cut are presented in Table 4.7. The net
increment is simply the change (column 2) from one
time period to the next. What is the gross increment,
including ingrowth, of the suitable habitat at the end
of periods 1 through 4?

Gross increment for period 1 ¼ 507þ 258þ 0� 744
¼ 21 acres

Gross increment for period 2 ¼ 691þ 322þ 0� 507
¼ 506 acres

Gross increment for period 3 ¼ 1, 103þ 163þ 0� 691
¼ 575 acres

Gross increment for period 4 ¼ 1, 690þ 130þ 0� 1, 103
¼ 717 acres

When examining broad-scale habitat changes, besides
the net change, the gross increment of habitat may
be the most informative measure of landscape
change. However, what is the gross increment, ignor-
ing ingrowth, of the suitable habitat at the end of
period 1?

Gross increment for period 1, ignoring ingrowth
¼ 507þ 258þ 0� 21� 744 ¼ 0 acres

In fact, if you perform the calculations for each of
the other time periods, the gross increment, when
ingrowth is ignored, is always zero. Further, the
net increment measures the change to the suitable
habitat, so what would be the net increment, ignor-
ing ingrowth, of the suitable habitat at the end of
period 1?

Net increment of SHt ignoring ingrowth
¼ 507þ 0� 21� 744 ¼ �258 acres

As we can see, the net increment, when we ignore
land that transitions into suitable habitat, is simply
the amount of the mortality. In other words, this is
the amount of land that transitions out of suitable
wildlife habitat.

II. PROJECTING STAND CONDITIONS

One of the main considerations in forest manage-
ment and planning is whether we can locate a growth
and yield system that will allow us to appropriately
project forest structural characteristics into the future.
In today’s management environment, these systems
need to be flexible enough to allow a number of man-
agement alternatives to be modeled. Growth and yield
tables initially were developed for natural resource
managers to allow them to understand how forests
will transition through time. As computer technology
evolved, the underlying functional relationships of
accretion, ingrowth, and mortality have been incor-
porated into computer programs. Many of the con-
temporary growth and yield models allow a user to
simulate the effect of various management activities
and report the impact on the structure of forests.

A. Growth and Yield Tables

Natural resource managers in North America have
used published tables to estimate tree volumes and
yields for over 80 years. Some of the classic sources
of broad-scale forest yield information include McAr-
dle and Meyer [13] for Douglas-fir (Pseudotsuga
menziesii), Barnes [14] for western hemlock (Tsuga

TABLE 4.7 Land Classified as Suitable Habitat
(HSI � 0.400), Ingrowth Transitioning into the Suitable
Habitat Class, and Mortality and Harvest Transitioning

Out of the Suitable Habitat Class for Downy Woodpecker
Habitat on the Lincoln Tract

Decade

(t)

SHt

(acres)

DSHt ! tþ1

(acres)

It ! tþ1

(acres)

Mt ! tþ1

(acres)

Ct ! tþ1

(acres)

0 (initial) 744

�237 21 258 0

1 507

184 506 322 0

2 691

412 575 163 0

3 1,103

587 717 130 0

4 1,690
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heterophylla), Johnson [15] for a broader range of west-
ern tree species, and the U.S. Department of Agricul-
ture [16] and Forbes and Bruce [17] for southern
pines. Later in the development of North American
forestry, others began to produce tables to represent
more specific management approaches and narrower
geographical areas, such as information for site-
prepared loblolly pine (Pinus taeda) in the lower
Coastal Plain of the southeastern United States [18].

When using yield tables for volume estimation, the
grade of wood might be taken into account; however,
in some tables representing younger second-growth
forests it is assumed that the trees will contain a large
number of knots (as compared to older trees), and less
heartwood. As a result, in these cases a single grade of
wood may be assumed. Should a stand being assessed
possess a large amount of rot or defect, an additional
allowance should be made to reduce the volumes
you might use from the published tables. Further, it
is important to use the appropriate table for the condi-
tions of the stand being assessed. For example, older
stands have less stem taper, and therefore may contain
more volume per tree than younger stands of the same
average diameter. The two most common types of
growth and yield tables are the volume table (for indi-
vidual trees) and the yield table (for stands of trees).

1. Volume Table

A volume table is one in which the volume of
wood contained in trees of various diameters and
heights is provided [17]. Volumes can be represented
in terms of cords, board feet, cubic feet, or tons,
among other measures, and are provided as per-tree
estimates. An upper merchantable diameter usually
is assumed with each table, and it is further assumed
that trees are free from rot and defect, and have an
average amount of crook. In addition, since volume
tables are based on measurements of trees in experi-
mental plots, volume tables will frequently indicate,
using ruled lines that create a block, the volumes
associated with sizes of trees that were actually
measured (Table 4.8). Volumes presented outside
the block therefore are assumed to be estimates not
based on field samples. When a volume table pro-
vides a basis column or row, it allows you to under-
stand the number of trees that were sampled by
diameter or height class.

Example

Assume that a longleaf pine (Pinus palustris) tree
was 13 inches in diameter, and three merchantable
16-foot logs could be obtained from its bole when har-
vested. The volume of this tree could be estimated to

be about 140 board feet using the volume table pre-
sented in Table 4.8.

2. Yield Table

A yield table is a tabular record illustrating the
expected volume of wood using a combination of
measurable stand characteristics such as age, site
quality, and stand density [19]. When presented, a
yield table illustrates the amount of wood that would
be available per unit area from a stand of trees at a
given age. This differs from a volume table in that
all the trees in a stand are represented in the volume
estimates, whereas the volume table allows you to
estimate the volume of individual trees. Yield tables
enable you to understand the capacity of a site to pro-
duce wood volume, and may be used to help estimate
future volumes at subsequent stand ages. Yield table
values generally include only living trees, do not
account for growth responses to intermediate treat-
ments, such as thinnings, and generally do not pro-
vide an allowance for logging damage or tree defect.
In addition, yield tables generally provide values for
a fully stocked, “average” stand for a given class of
stands, whereas in practice stands of trees are rarely
average. In normal applications of yield tables, proper
allowance must be made for these unaccounted vari-
ables [13]. In addition, yield tables may present by

TABLE 4.8 A Volume Table for Longleaf Pine, Providing
Board Feet (International 1/8-inch Rule), to a 5-inch

Merchantable Top Diameter (from [17])

Number of 16-foot logs

Diameter

at breast

height (inches) 1 2 3 4 5 6

Basis

(trees)

7 19 29 44 – – – 77

8 21 37 59 82 – – 89

9 23 45 75 106 137 – 45

10 26 53 91 129 168 210 35

11 29 61 107 154 201 248 27

12 32 69 124 180 235 291 11

13 – 78 140 207 270 336 9

14 – 86 158 234 306 382 5

15 – 94 177 263 345 432 15

16 – 103 197 293 387 484 9

17 – 112 218 324 431 539 11

18 – 121 239 356 475 595 1

Basis (trees) 46 134 86 60 8 – 334
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age class, the average stocking (trees per acre), diam-
eter at breast height, and basal area along with esti-
mated volumes.

Example

Assume that a western hemlock stand in southeast-
ern Alaska had a site index (base age 100) of 120, and
was 60 years old on average. An estimate of the cubic
foot volume per acre could be made using the infor-
mation provided in Table 4.9 by Barnes [14], and sug-
gests that stands on these types of sites, at this age,
should contain around 9,500 ft3 per acre of merchant-
able wood.

Yield tables generally are based on samples from
well-stocked stands throughout, perhaps, a broad a
geographic range. Locally derived yield tables may
provide more accurate estimates of yields, particu-
larly if the yield table is based on data concentrated
in a local area. However, the construction of a local
yield table may require a considerable amount of time
and effort. A correction value applied to broad area
yield tables may be as equally satisfactory as develop-
ing and using a local yield table [16]. To develop a
correction value, we would need a sample of well-
stocked stands in a local area and a subsequent anal-
ysis of the difference in volumes between the samples
and the previously developed yield tables.

Because yield tables generally are based on samples
from well-stocked stands, they may be assumed to rep-
resent fully stocked (i.e., 100% stocked) conditions. As a
result, these are considered normal yield tables. Normal
yield tables take into account variations in yield due
to site quality and tree age. Empirical yield tables are
based on average stocked stands. The volume in stands
that are not fully stocked can be estimated with these
tables by comparing the basal area of the stand being

represented in a yield table with the basal area of a
stand measured in the field. The ratio of the two basal
area estimates could be used to adjust the estimate of
volume for the stand measured in the field.

Example

Expanding on the previous example, assume that
your 60-year old stand had a basal area of 220 ft2

per acre. If a well-stocked, normal stand at this age
and on these types of sites should have 289 ft2 per
acre of basal area, then what would your adjusted
volume per acre estimate be?

Volume per acre ¼ 220 ft2 per acre

289 ft2 per acre

� �
9, 500 ft3 per acre

¼ 7, 232 ft3 per acre

B. Growth and Yield Simulators

A growth and yield simulator allows you to project
into the future the structural characteristics of a stand
of trees, and forecast the likely characteristics of the
stand under varying management regimes. Growth
and yield simulators are computer programs that
allow the user to understand how management may
play out under different circumstances. They are sim-
ilar to yield tables in that an estimate of the potential
characteristics of a stand can be obtained. However,
yield tables are limited by the number and resolution
of categories from which you can directly arrive at
stand volumes or densities, whereas growth and yield
simulators are not. Modeling stand growth develop-
ment requires a number of assumptions about indi-
vidual stands, and may give the illusion that stands
grow in a nice, predictable manner (see the western
forest stand presented in Appendix A, for example).
In actuality, a number of factors that may affect stand
growth are not inherent in some growth and yield
models, such as climate and precipitation variations.
In fact, stands may grow somewhat irregularly when
compared to the smooth growth curves provided by
some modeling systems. However, stand growth
and yield models are useful for developing estimates
of projected future conditions of forests, and given
the generally broader suite of factors involved in pre-
dicting growth dynamics, provide an advance over
the use of volume or yield tables.

Our treatment of growth and yield models is
not all-inclusive. Ritchie [20], for example, has gone
much further, and described the capabilities of 31
growth and yield models for the west coast of North
America. All growth and yield models have their lim-
itations, some of which include making projections

TABLE 4.9 Cubic Foot Volume per Acre Yield Table for
Even-Aged Western Hemlock Stands in Alaska (from [14])

Site index (base age 100)

Stand age 60 80 100 120 140 160

20 0 500 850 1,300 1,700 2,100

30 800 1,550 2,300 3,050 3,800 4,600

40 1,850 2,900 4,200 5,500 6,900 8,000

50 2,700 4,250 6,000 7,800 9,500 10,900

60 3,400 5,300 7,300 9,500 11,650 13,300

70 4,000 6,100 8,400 10,900 13,200 15,200

80 4,500 6,850 9,350 12,000 14,500 16,500

90 5,000 7,500 10,250 13,000 15,700 17,600

100 5,350 8,000 11,000 13,800 16,550 18,500
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beyond the range of data that were used to create the
growth and yield relationships. As a result, there will
ultimately be a combination of site class, tree species,
and management action for which the outcomes of a
projection may have limited (yet perhaps realistic)
basis. As Ritchie [20] points out, the legitimacy of
the output from a growth and yield model must ulti-
mately be determined by the user. Managers and ana-
lysts who need to project stand conditions into the
future should consider the geographic location, man-
agement history, and composition of the data prior to
deciding which model is more appropriate for the
objectives of the effort.

1. Individual Tree, Distance-Independent Models

The basic modeling unit, for these types of growth
and yield simulators, is the individual tree, or the
tree record. Individual tree measurements (DBH,
height, etc.) differ from tree records in that they rep-
resent only one tree per unit area. A tree record con-
tains the same type of data (DBH, height, etc.), yet
represents more than one tree per unit area. The
number of trees that a tree record represents is some-
times referred to as the expansion factor. The entire
list of trees or tree records is called a tree list. The
periods of time that are projected by these models
are usually in 5- or 10-year increments; however,
some models allow annual projections of tree
growth. Mortality is simulated by applying a proba-
bility of death for a given projection period. The
expansion factor associated with each tree record
therefore is adjusted accordingly each time period.
For planners and managers interested in the produc-
tion of snags, the projected mortality by diameter
class can be determined by assessing the change in
tree record expansion factors from one time period
to the next.

The growth and mortality of individual trees is a
function of the size and location of trees in a stand
with respect to other vegetation with which it will
compete for light, water, and nutrients. However,
the actual distance from one tree to the next is not
used as a variable in these models. Distance-indepen-
dent growth and yield models use measures of stand
density, such as basal area, as a proxy for competition
among trees. Competition can also be implied given
the diameter, height, and crown characteristics of a
tree in relation to other trees being modeled in the
stand. To determine stand-level characteristics using
individual tree models, each tree record first is grown
and perhaps subjected to a mortality probability func-
tion, then the volume of all the trees of a certain status
(e.g., still alive) are determined and applied the
appropriate expansion factor (trees per unit area).

The sum of the contribution of each individual tree
record for each stand-level characteristic is then used
to produce stand-level estimates.

2. Individual Tree, Distance-Dependent Models

Distance-dependent growth and yield models use
detailed measurements of the spatial position of
each tree in relation to their neighbors to model
competition among trees. These types of models
attempt to use this spatial information to account
for the competition for light, water, and nutrients
among trees. Some of these types of growth and
yield models emulate three-dimensional structures
of tree attributes (tree location, height, diameter,
and crown characteristics) to derive a three-dimen-
sional view of the stand structures. This three-
dimensional view then serves as the basis for mea-
suring competition for every tree, and the allocation
of resources. Tree diameter growth, height growth,
and changes to crowns are all controlled in this
manner. When using individual tree models, the
potential growth of each tree is projected into
the future and growth responses, particularly in
mixed-species stands, and can be very precise. Mod-
els such as these can be used in pure and mixed
stands of all age combinations, thus are of value in
projecting the growth and yield of uneven-aged
stands [21]. As with distance-independent models,
to determine stand-level characteristics using indi-
vidual tree models, each tree record is first grown
and perhaps applied a mortality probability, then
the volume of all the trees of a certain status (e.g.,
still alive) are determined and applied the appropri-
ate expansion factor (trees per unit area). The sum of
the contribution of each individual tree record to
each stand-level characteristic is then used to pro-
duce the stand-level estimates.

3. Whole-Stand Models

Yield tables are one form of whole-stand models.
For instance, some whole-stand models are essen-
tially normal yield tables that are derived from mea-
surements of natural stands. However, normal yield
tables do not take into account differences in stand
density, as they were developed to represent fully
stocked stands of trees. Site index and stand age
generally are used to determine an estimate of stand
volume when using these tables. Some of the difficul-
ties in using normal yield tables include accounting
for differences in stand structure between the stand
for which an estimate is desired and the stands that
were used to create the tables, and differences in
growth rates among stands with different densities.
However, normal yield tables allow you to estimate
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maximum yields for stands of trees at various ages
and site qualities, and to estimate how these yields
may change given some estimate of a stand’s relation-
ship to potential full stocking.

Another type of whole-stand model uses empirical
yield tables that are derived from measurements of
stands that have been managed, and these models
then reflect the average conditions expected through-
out the life of a stand. Empirical yield tables thus take
into account an average stand density. One of the pro-
blems with using empirical yield tables is the fact that
some data are from measurements of young stands,
and other data are from measurements of older
stands, and each may not have been applied the same
history of management, creating a distortion in
growth projections [22].

Whole-stand simulators use stand-level data as
input, yet ignore much of the detail associated with
individual tree simulators [20]. Common stand-level
data that are needed to utilize a whole-stand simula-
tor include stand age, site index, stand density, and
quadratic mean diameter. In some cases, transition
probabilities, matrices of growth probabilities for var-
ious stocking and density classes, can be used to proj-
ect whole stand conditions through time. Whole-
stand simulators provide stand-level output of value
to land managers, such as the basal area per acre and
other measures of stand density, as well as volume.
However, tree-level data generally is not provided,
but tree-level information in the form of a diameter
distribution (number of trees per unit area, by
diameter class) can be imputed from the stand-level
information by some of these models, based
on probability density functions such as the Weibull
curve. These types of diameter distribution models
grow a theoretical distribution, rather than classes
of diameters. The growth function relates to the
characteristics of the stand, and diameter class infor-
mation is generated by disaggregating the distribu-
tion down to diameter classes. Although we
suggested that the diameter distribution of even-
aged stands tends to be described by a bell-shaped
curve (a normal distribution), the Weibull function
commonly is used to represent a distribution of trees
in an even-aged stand (e.g., [23]). The Weibull func-
tion allows the representation of extreme values
(limiting values), such as the largest tree in a stand,
by assuming that the distribution does not continue
off into infinity, but rather becomes truncated at
some maximum tree diameter. Some disaggregative
simulators also allocate growth from whole-stand
models to a tree list [20]. For the most part, whole-
stand models are relatively easy to use in compari-
son to individual tree models, but they may not

provide information as reliable as individual tree
models for stands with mixed species [24].

4. Diameter Class Models

Diameter class models use more detail than whole-
stand models in projecting forest conditions through
time, and rather than project the entire stand condi-
tion at once, they project the development of each
diameter class within a stand separately. These mod-
els sometimes are referred to as stand table projection
systems, and they represent a compromise between
the whole-stand models and individual tree models.
The projection of stand tables is a technique used to
determine the future structural condition of both
even-aged and uneven-aged forests. When the diame-
ter classes become very large, the models tend to
behave in a manner similar to whole-stand models.
When the diameter classes become very small and
finite, they behave in a manner more similar to indi-
vidual tree models. These methods estimate the struc-
tural condition of a future stand table from the
current condition of a stand table by adjusting each
diameter class accordingly using an increment and a
mortality probability.

As we suggested, diameter class models simulate
the growth of trees in each diameter class, therefore
the size of the classes needs to be defined. The num-
ber of trees in each class also are defined and inde-
pendently modeled as a class of trees. A key
methodology inherent in diameter class models
involves the process of projecting the growth of the
individual diameter classes. A diameter class may
contain 50 trees, for example. These 50 trees can
either be projected using (1) the average growth rate
for trees of the mid-point of the size class, (2) the
actual growth rates from individual trees of different
sizes to grow the classes, or (3) a growth rate appro-
priate for different tree sizes within a single class.
The latter approach assumes that the trees within a
diameter class are more finely distributed within
the class at the time of projection using an assumed
distribution, such as a uniform distribution. Esti-
mated diameter increments for each class can be
determined through the use of regression models
that were developed from field studies, estimates of
mean increments observed from field studies, or
even educated guesses. Some methods increment
diameter classes in such a way that the same trees
(less mortality) move forward one class, other meth-
ods assume that not all trees in a diameter class are
alike, and the number of trees that transition upward
to the next diameter class is probabilistic. As with
whole-stand models, transition probabilities can be
used here to project diameter classes through time.
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More recent approaches in diameter class models
involve using growth and mortality rates to estimate
more closely the transition of trees from one diame-
ter class to the next. To determine volumes using
diameter class models, the diameter classes are
grown, then expanded by the trees per unit area
that are represented by the class (where necessary)
and applied the appropriate volume computation
methods.

5. Gap Simulators

Gap simulators are very similar to individual tree
models in that trees serve as the basis for simulation.
Each tree is represented spatially in the model by the
gap that it might occupy in the canopy over a given
space such as an acre or hectare. Forest dynamics are
then simulated based on the light made available
from gaps in the canopy caused by mortality. Mor-
tality is modeled using a probability of death, and
subsequently ingrowth is modeled in the gap given
assumptions of the different species reactions to
changes in sunlight and nutrient availability. Given
that these models were initially developed for eco-
logical modeling purposes rather than timber pro-
duction purposes, some gap simulators remove the
trees from the simulation process when they are
assumed to have died or been harvested, preventing
the reporting of timber volume. Other gap simula-
tors allow the reporting of tree records that have
been managed in this manner. Gap models include
stochastic elements, and therefore may need to be
run multiple times to develop a pattern of forest
growth behavior. The average pattern of behavior
then is reported. Some concern has been noted previ-
ously over possible invalid assumptions of growth
rates in these models; other concern has been noted
regarding assumptions of the regeneration processes
within the gaps [25].

6. Snag and Coarse Woody Debris Models

As we mentioned in Chapter 2, snags are dead,
standing trees, and coarse woody debris includes
those parts of former snags that now reside on the
ground, including the stumps. Projecting the amount
of each through time may be important for various
wildlife habitat suitability models. Snags generally
are reported in the same manner as live trees (num-
ber of snags per unit area); however, estimates can
be further refined by diameter class and by decay
class. Coarse woody debris generally is reported in
the same manner as standing tree volume (amount
per unit area), and estimates again may be further
refined by size and decay class. The decay of snags
and logs is highly variable, and dependent on local

site conditions, regional weather patterns, and tree
species. On the same site, some tree species, such
as eastern red cedar (Juniperus virginiana), may take
longer to decay than others, such as shortleaf pine
(Pinus echinata). A recently deceased 12-inch diame-
ter shortleaf pine snag, for example, might fall and
become coarse woody debris in less than five years,
whereas a recently deceased eastern red cedar of
the same size may stay standing several decades. It
goes without saying that snags and coarse woody
debris in arid climates will likely take longer to
decay than snags and coarse woody debris in moist,
humid climates.

Snags can be reported from some growth and
yield models either directly (through mortality) or
as the difference in live trees from one measurement
period to the next. How snags transition from stand-
ing dead trees to coarse woody debris to, eventu-
ally, soft forest floor duff, is another matter
entirely. Some snag models (e.g., [26]) include rela-
tionships for breakage (height loss) and subsequent
falling of pieces of wood to the forest floor. Decay
rates can be applied to both the standing snags
and the coarse woody debris on the forest floor to
transition them to the softer decay classes. As you
may have gathered, projecting the condition of
snags and coarse woody debris decay is essentially
the opposite of that related to projecting the condi-
tion of live trees. A number of minor differences
can be found between the two, however. First, there
may be ingrowth of snags into any diameter class in
any projection period, not just into the smallest
diameter class (as in the case of live trees). Also,
accretion is modeled as the input or decay of a snag
or down log, rather than as growth of a tree. Even
though each are technically physiologically dead,
mortality of snags and coarse woody debris can be
assumed because functionally, for example, they
may be of value for many wildlife species only for
a limited amount of time (until they have become
too soft, or have decayed too much).

C. Brief Summary of Some Growth and
Yield Simulators

There are too many growth and yield simulators to
provide a thorough treatment of each in this text. The
following summary is of a number of commonly used
models throughout North America. We suggest that,
as a land manager, you work with your colleagues
and nearby educational and public land management
institutions to determine the appropriate simulator
for the forest conditions in your area, and for the
purpose of your analyses.
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1. Forest Vegetation Simulator

The Prognosis model was an individual-tree, dis-
tance-independent model developed over 20 years
ago for application in the interior northwest. It has
since been renamed the Forest Vegetation Simulator
(FVS), and has been modified to allow the projection
of forest growth and yield for a number of geographi-
cal regions in the United States, and has been adapted
for use in British Columbia as well. The different pro-
cesses that provide users this flexibility are called var-
iants in the FVS system. Each variant involves different
methods for projecting stand development, and exten-
sions can be applied to the FVS model to simulate the
impact of insect and disease outbreaks as well as fire
events. Although the output from FVS is consistent
from one variant to the next, each utilizes different vol-
ume tables and may quantify site productivity differ-
ently [20]. A large number of tree species can be
modeled with FVS variants, which distinguishes this
system from many of the others where modeled geo-
graphic areas overlap. Users of FVS need to provide
it with a species code, DBH, height, and expansion fac-
tor for each tree record. A variety of management
actions can be simulated in FVS, from a number of dif-
ferent thinning regimes within a stand to the timing of
a final harvest. The FVS modeling system is available
at no cost from the U.S. Forest Service.

2. California Conifer Timber Output Simulator

For modeling mixed-conifer stands in California,
the California Conifer Timber Output Simulator
(CACTOS) may be of value. CACTOS is an individ-
ual-tree, distance-independent model that provides
projections not only for conifers, but also for several
hardwood species commonly found in California,
such as chinkapin (Castanopsis chrysophylla) and
tanoak (Lithocarpus densiflorus). As with the FVS
model, users provide the model with a tree list that
indicates a species code, DBH, and expansion factor
for each tree record. The addition of measured tree
height, age, and crown ratio would improve the pro-
jections. If these are not available, then height and
crown ratio are imputed. And as with FVS, a variety
of management actions can be simulated in CACTOS,
from a number of different manners to thin a stand to
the final harvest. CACTOS can be made available for
a fee from the University of California at Berkeley.

3. ORGANON

The ORGANON model is an individual-tree, dis-
tance-independent growth and yield projection sys-
tem that has been used by many land management
organizations for simulating the growth and yield of

mixed conifer stands in Oregon and Washington.
There are at least three versions of the model that
can be applied to different parts of the Pacific North-
west region. A limited number of hardwood species,
such as Oregon white oak (Quercus garryana) can also
be modeled in conjunction with the conifer species.
As with the other models described thus far, a species
code, DBH, height, and expansion factor are required
for each tree record represented in a stand. Crown
ratio would help improve the quality of projections,
yet if it is not available, it is imputed for each tree
record. An estimate of site index (base age 50, either
Douglas-fir or western hemlock) is required for each
stand. A number of management actions can be mod-
eled with ORGANON, from thinnings to fertilization
treatments. ORGANON is available for free from Ore-
gon State University.

4. Zelig

Zelig is a growth model that simulates each forest
gap as it may progress through different phases of
stand development [27]. These types of gap models
emphasize the influence of environmental factors on
the growth of stands of trees. Three fundamental for-
est processes are simulated: accretion, mortality, and
regeneration. An estimate of the maximum potential
behavior of trees is made first, which is then tem-
pered by constraints related to a variety of resources
that may be limiting, such as sunlight, water, and
characteristics of the soil resources. Leaf area index
is the driver of tree growth. One strength of ZELIG
is its ability to modify tree growth based on the inter-
action of climate and site conditions. Annual precipi-
tation and growing degree days interact with soil
conditions to influence tree growth. Tree growth is
further influenced by the ability of each tree to obtain
sunlight, nutrients, and water [25]. Mortality is based
on both density-dependent relationships and density-
independent relationships (stand density).

General information about each stand that the gap
model requires are tree age, species, and DBH. Maxi-
mum age, maximum height, and reproductive suc-
cess of each tree species needs to be provided by the
user, as are a number of soil, climate, and weather
parameters. Tree height is estimated using each tree’s
DBH. The output from Zelig includes stand-level data
reporting measures of trees per unit area, basal area,
average DBH, biomass, and leaf area index. Given
some adjustments to the model, local volume equa-
tions can be incorporated to allow the development
of timber volume estimates through time. Zelig has
been used in a number of regions of North America,
and simulations can be performed for very long time
periods (hundreds of years).
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5. DFSIM

For simulating the structure of even-aged, man-
aged stands of Douglas-fir in the Pacific Northwest,
the DFSIM model is available. DFSIM is a whole-
stand simulator that allows the modeling of a number
of thinning options along with fertilization and pre-
commercial thinning activities. One limitation of the
model is that it fails to model ingrowth of trees in
gaps created by thinnings or mortality. For each
stand, a site index and stand age are required, along
with some indicators of stand density (basal area,
trees per acre). A wide variety of output is produced
from DFSIM including average stand structural char-
acteristics (height, diameter), stand density measures,
stand increment (mean annual and periodic), as well
as timber volumes [20]. The model can be obtained
from the U.S. Forest Service in Olympia, Washington.

6. NE-TWIGS

The TWIGS models initially were developed by the
U.S. Forest Service to model growth and yield of trees
in the eastern United States. They are individual tree,
distance-independent models that are based on rela-
tionships derived from empirical data. There are four
TWIGS models: SE-TWIGS, LS-TWIGS, CS-TWIGS,
and NE-TWIGS. The NE-TWIGS model was devel-
oped to model growth and yield of stands in the north-
eastern United States. The data required includes
stand age, site index, and individual tree data such as
tree species, diameters, and heights. Crown ratio for
each tree is estimated by the model based on individ-
ual tree characteristics. Potential growth of each tree
is tempered by a competition modifier, which is based
on basal area and species-specific coefficients. Mortal-
ity is modeled as an annual probability of death. A
number of thinning options can be modeled with the
NE-TWIGS program, including thinning from below
or above, and assumptions related to ingrowth can
either be provided by the user or modeled automati-
cally using empirical relationships. This model can
be obtained from the U.S. Forest Service.

7. OAKSIM

The OAKSIM model is an individual-tree, dis-
tance-independent growth and yield simulator de-
signed for managed, even-aged, upland oak stands
in the central and northern regions of North America.
A tree list or a stand table can be used as input to the
model, and projections are made in five-year incre-
ments. If a stand table is provided, then a tree list is
imputed from the stand table data by uniformly
assigning a specific diameter to the trees per unit area
by diameter class described in the stand table. A

number of different thinning alternatives can be
explored for upland oak stands, and projections can
be made outward for 50 years. The model can be
made available upon request from the U.S. Forest Ser-
vice (see [28]).

8. PTAEDA3

To simulate and project the structure of loblolly pine
plantations in the southern United States, PTAEDA3 is
available. This model is an individual-tree, distance-
dependent growth and yield model that accounts for
the effects of biological and physical variables on the
photosynthesis and respiration processes of trees [29].
Growth projections are made for individual trees, then
they are summed to produce stand-level estimates.
Stands can be modeled from inception (time of plant-
ing) or from some intermediate point in a rotation
based on recently acquired inventory data. Growth of
trees is projected using theoretical growth potential
relationships, and then adjusted to reflect the competi-
tive status of each tree. Mortality is incorporated by
assessing the probability of survival each year [29].
This simulator is available from the Loblolly Pine
Growth and Yield Research Cooperative within the
Department of Forestry at Virginia Tech.

9. Tree and Stand Simulator

The Tree and Stand Simulator (TASS) is an individ-
ual-tree, distance-dependent growth and yield model
developed by the British Columbia Forest Service.
This model projects the characteristics of eight types
of even-aged, pure conifer stands. Spatially-explicit
tree maps are required to allow the model to simulate
height growth, foliage and branch responses, sup-
pression, and ultimately mortality. Some insect and
disease impacts can be accommodated within the
projection system. Although widely used in western
Canada, some of the limitations of the model include
the inability to apply the model to mixed species
stands or stands that are not even-aged, and the
inability to accommodate hardwood tree species.
The model can be obtained from the British Columbia
Ministry of Forests and Range.

10. Variable Density Yield Prediction

The Variable Density Yield Prediction (VDYP) is a
whole-stand growth and yield model that also was
developed by the British Columbia Forest Service for
reasonably projecting the condition of unmanaged,
natural, pure, and mixed species stands in western
Canada. Projections can be made for 14 different eco-
systems using relationships that better represent the
ecological conditions in different regions. Stand vari-
ables required include stand age, height, basal area,
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and trees per unit area. The density of a stand is
adjusted each time period, and basal area is used as
the stand density measure. One limitation for mixed-
species stands is that the ratio, by basal area, of species
presence remains the same throughout the projection
period. In some cases, the ratio of stand density by tree
species may naturally change through time. As with
the TASS model, this model can be obtained from the
British Columbia Ministry of Forests and Range.

11. Simulator for Intensively Managed Stands

In the southern United States, growth and yield for
planted pine, natural pine, and hardwood stands can
be accomplished using the Simulator for Intensively
Managed Stands model (SiMS). This model is a diam-
eter distribution projection model that allows the sim-
ulation of a number of intensive management actions.
Required inputs include site index, tree species, DBH,
height, and trees per unit area. The trees per unit area
can be in the form of a diameter distribution, or if a
stand projection begins at the time of planting, in
the form of site index and number of trees planted.
In the latter case a diameter distribution is imputed
at the time of the first activity, using a Weibull distri-
bution. Afterward, the residual diameter distribution
is projected through time. The amount of herbaceous
and woody competition can be factored into the
projections, and release and fertilization treatments
along with a variety of site preparation options can
be modeled. These options can be modeled along
with the ability to report yields by product type
(pulpwood, chip-n-saw, sawtimber, poles, etc.) distin-
guishes this model from many of the others. SiMS can
be obtained from ForesTech International, LLC.

12. Landscape Management System

The Landscape Management System (LMS) began
as a method for efficiently performing many of the
repetitive tasks that are required in forest planning
and management for projecting a stand through time
under a variety of management alternatives. In the
course of forest planning, developing the databases
requires more than 50 percent of the effort of planners
and analysts. In some cases the large number of alter-
natives combined with the large number of stands
makes projecting alternatives into the future a cum-
bersome data management process. As a result, the
amount of data that might be generated in the
development of a management plan could become
prohibitively large. LMS was created as a software
program that could associate more closely stand-level
data, geographic information, and growth and yield
models to make some parts of the planning effort
more efficient. LMS incorporates the capabilities of

ORGANON and FVS individual-tree, density-inde-
pendent growth and yield models to enable the pro-
jection of stands into the future. In addition, LMS
contains models to visualize, structurally, stands in
three dimensions, as well as a stand’s place on a land-
scape. LMS can be obtained from the College of For-
est Resources at the University of Washington.

III. OUTPUT FROM GROWTH AND
YIELD MODELS

The data that can be generated from whole-stand
models is generally more limited than output from
individual tree or gap models. In whole-stand models,
total stand estimates may be provided for various
measures of stand density (trees per unit area, basal
area), average stand conditions (DBH, height), and
measures of volume. Data that can be made available
from individual tree models include estimates of indi-
vidual tree (or tree record) characteristics through
time, including the amount of mortality. In addition,
this data can be aggregated to produce stand tables
(trees per unit area by diameter class) and stock tables
(volume per unit area by diameter class), and tables
that represent stand-level volumes and structural
characteristics. Other types of output that may be gen-
erated by various models include the culmination of
mean annual increment, forest products and other eco-
nomic or commodity production estimates, and coarse
woody debris estimates. The amount and type of out-
put will vary by model, and in some cases additional
programs may need to be developed to produce the
data desired in forest management and planning.

IV. MODEL EVALUATION

Users of growth and yield models must consider
how they will use the model and how they will assess
its performance, and ultimately decide whether the
model meets their needs [30]. Evaluation of a model
is not a simple process, and is partially subjective
and partially a function of the objectives of a planner
or analyst. Each growth and yield model has its
strengths and weaknesses; as a result, Buchman and
Shifley [31] suggested that when a decision regarding
the adoption of a model arises, some broad areas of
concern should be taken into consideration: those
related to the application environment, the perfor-
mance of the model, the biological realism, and the
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design of the modeling process. Some of the main
questions to ask are as follows.

Concerning the application environment:

• Is the model well-documented?
• Is assistance available from the developer?
• Is there a user’s group that can provide

assistance?
• If the model is a computer program, is it user-

friendly and intuitive?
• What data are required?
• Are the data requirements compatible with the

data we already manage?
• If data are missing, can the model impute

(estimate) the data?
• Are illegal data values caught and is the user

alerted?
• Is model calibration necessary for local

conditions?
• What type of computer is needed to run the

model?
• How fast does the model run on a new

computer?

Concerning the performance of the modeling system,
the biological realism, and the design:

• How accurate and precise are the projections?
• Do the projections contain bias under changing

management circumstances?
• Does accuracy deteriorate with longer

projections?
• Is the system easily modified for changing

management circumstances?
• Can some parts of the modeling system be

avoided if not needed?
• Are there conditions that would cause the

model to project unreasonable yields or forest
structures?

More difficult to assess are the costs associated
with changing from one system to another or simply
adopting a system for the first time, and with the
training and personnel needed to make it work effec-
tively. As a result, natural resource professionals
who must evaluate and select from among the vari-
ous growth and yield models may face a challenging
task [31].

V. SUMMARY

Projections of future forest conditions result in a
necessary set of information for the assessment of
alternative management plans. A large portion of
the forest management and planning effort should
be placed on careful and reasonable projections of
current and future conditions. The growth and devel-
opment of forest structures can be modeled using a
number of methods, from volume and yield tables
to growth and yield simulation models. The outcomes
from these modeling processes are critical in assess-
ing the economic, environmental, and social aspects
of management alternatives. Although it is obvious
that future commodity production plans are closely
tied to the projections of forest conditions, a number
of wildlife habitat relationships are also contingent
on forest stand density, tree species configurations,
and snag and coarse woody debris loads that are
derived from natural mortality and decay projections.
The methods used to project forest conditions into the
future need to be considered carefully, as some
regional models may not be applicable over broad
areas. In addition, the input required, process emu-
lated, and output desired may influence the selection
of a modeling process.

QUESTIONS

1. Forest growth dynamics. Given the following
data regarding recent annual changes in forest
land volume in Maine, what are the gross
growth, net growth, and net change for the
balsam fir (Abies balsamea), red spruce (Picea
rubens), and red maple (Acer rubrum) re-
sources? The average annual change in vol-
ume on forest land in Maine, for three select
species was derived from McWilliams et al.
[32].

Tree
species

Ingrowth
(1,000 ft3)

Accretion
(1,000 ft3)

Mortality
(1,000 ft3)

Removals
(1,000 ft3)

Balsam fir 43,696 82,158 83,752 69,108
Red

spruce
14,967 108,875 41,585 84,330

Red
maple

16,477 87,335 14,659 76,450

2. Nonlinear diameter distribution relationships of
uneven-aged stands. For Tract 38 from Meyer [5],
what would you expect the trees per acre to be
in the 13-inch diameter class?
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3. Nonlinear diameter distribution relationships of
uneven-aged stands. For Tract 38 from Meyer [5],
what would you expect the trees per acre to be
in the 14-inch diameter class? How is this esti-
mate of trees per acre different from the answer
provided for question 2, and why?

4. Nonlinear diameter distribution relationships of
uneven-aged stands. Develop a stand table for
Tract 41 from Meyer [5], where a ¼ 0.163, k ¼
66, and q ¼ 1.38, using diameters ranging from
1 inch to 40 inches.

5. Forest growth dynamics. What is the net annual
change in basal area of a fully stocked, even-
aged, 33-year old upland oak site in Kentucky
described using the following table? The
growth transition of a fully stocked, even-
aged, 33-year old upland oak site in Kentucky,
over seven years, was derived from Dale [33].

Basal area at
beginning
(ft2/ac)

Basal area
at end
(ft2/ac)

White oaks 73.3 75.3
Red oaks 18.0 16.5
Walnut, yellow-

poplar, ash, and
others

1.1 1.0

Hickory, gum,
maple, and
others

5.5 5.5

Dogwood,
sourwood,
sassafras, and
others

2.2 1.7

6. Even-aged versus uneven-aged management. Assume
that you are a forestry consultant in Kentucky,
and are advising a landowner who owns 200
acres of 40- to 50-year old mixed hardwood
stands. The landowner is a bit confused about
the even-aged and uneven-aged approaches to
the management of the forest. Prepare for them
a short memorandum that describes the main
similarities and differences between the two man-
agement approaches to their forest.

7. Yield and stock tables. Assume that you are working
for the Bureau of Indian Affairs in northern
Arizona, and are involved in the planning of a for-
ested area. When describing how to model the
growth and yield of forests, members of the
planning teamhave thrownaround the terms “vol-
ume table” and “yield table,” and as a result you
determine that they are unfamiliarwith the charac-
teristics of each. Prepare for the planning team a
short memorandum that describes the similarities
and differences between the two approaches for
estimating tree and stand volumes.

8. Growth and yield models. Assume that you work
for a small consulting firm in south Georgia
and are given the task of projecting the growth
of forests 20 years into the future. These analytical
efforts will support the development of forest
plans for private landowners that have come
to your firm for assistance. Your managers are
unsure which approach is more appropriate
for estimating forest conditions. Describe in a
short report the similarities and differences
between distance-independent models, distance-
dependent models, whole-stand models, and
gap simulators.
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Sociétié Forestière de Franch-Conté et Belfort. Besancon.
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C H A P T E R

5

Optimization of Tree- and Stand-Level
Objectives

There are at least four physical levels of forest management and planning where decisions must be made: at the tree level, the stand level,

the forest level, and the landscape level. With each level, the management issues grow in size and scope, and decisions made at each level may

be interconnected as well. However, tree-level decisions and stand-level decisions are not necessarily complementary; neither are stand-level
decisions and forest-level decisions. This chapter concerns tree- and stand-level decisions and how a landowner may want to maximize the

volume or value produced from a tree or a stand. Forest-level decisions are considered in forthcoming chapters. Optimal plans of action

are those where the schedule of activities will best meet the objectives of the landowner within the scope of their perceived physical level of

forest management. Of course, a number of constraints may guide the development of an optimal plan. In an effort to use resources wisely,
we need to understand how to develop guidelines for field implementation of activities, and an optimal solution to a management problem is a

reasonable starting point. In addition, landowners not only may want to understand the best course of action for the management of their

land, but also to compare the optimal plan to several alternatives in an effort to understand the associated trade-offs.

OBJECTIVES

In this chapter, we explore methods for optimizing
the management of a tree or stand of trees. The goal
here is to derive the optimal management of an indi-
vidual unit that in turn may contribute to the overall
management of the forest. A number of resource
managers and analysts dislike the term optimize, per-
haps because it implies one or more goals will over-
ride other goals, even if the implied importance of
goals are determined by the landowner. Instead,
simulatedmanagement actions may be more palatable
to many resource managers and analysts. At its basic
level of understanding, simulation of management
actions refers to the projection of a stand or forest
through time given a predefined set of management
actions. If stochastic (random) processes are involved
in the representation of the system being projected,
then multiple simulations of the same set of manage-
ment actions may lead to different results. The dis-
tribution of these results can then facilitate the
development of a confidence interval around which
likely (or unlikely) outcomes might be realized.
Whether or not stochastic processes are included in

the representation of a system, we could infer that
simply projecting a stand into the future, given a set
of management actions, represents a form of simula-
tion. As a result, simulation may be a valuable tool
for the forest management and planning process,
since what we hope to observe with repeated simula-
tions are the consequences of a set of management
actions applied to a stand or forest. In effect, we are
bringing the stand or forest into our office to study a
number of alternatives [1]. On the downside, there
is no guarantee that the simulated alternatives are
optimal given the resources available.

Exploring different management options for trees
or stands implies that by some ad hoc, haphazard,
or systematic method, you look into or investigate dif-
ferent management regimes for a stand of trees. As
with simulation, exploring options for trees or stands
in this manner does not imply that the best schedule
of management activities will be found, it simply sug-
gests that you examined some alternatives. Since
resources—time, energy, and money—usually are
limited, many landowners place a high level of
importance on reducing or eliminating their wasteful
use. As a result, there is the need to optimize, or make
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as efficient as possible, the schedule of activities that
should be applied to trees or stands of trees. Upon
completion of this chapter, you should be able to:

1. Understand how and why optimization would
be considered for determining plans of action
for stands or individual trees.

2. Determine the optimal cutting timing for an
individual tree based on economic criteria.

3. Discuss the various methods by which you
could develop an estimate of the optimal timber
rotation length for an even-aged stand of trees.

4. Discuss the factors that should be considered
when assessing the optimal thinning or partial
cutting entries into an even-aged stand or an
uneven-aged stand.

5. Discuss themanagement issues related to devel-
oping an optimal stand-level management plan
that emphasizes standdensity or stocking levels.

6. Understand the basic structure of dynamic
programming, its recursive methods, and
other issues related to its use in stand-level
optimization.

I. OPTIMIZATION

Each of us, in both our personal and professional
lives, encounters numerous situations on a daily basis
that require selecting actions and making decisions
with some forethought of how future conditions will
be affected. Some decisions can be difficult to make,
and can require considerable time for pondering or
analysis. If we were to act rationally, then we would
need to think through the effects of all the potential
choices and understand how theymay affect other peo-
ple or resources. Bellman [2] once painted a colorful
picture of personal and professional decision-making:

. . .in modern life, in economic, industrial, scientific and
even political spheres, we are continually surrounded by
multi-stage decision processes. Some of these we treat on
the basis of experience, some we resolve by rule-of-thumb,
and some are too complex for anything but an educated
guess and a prayer.

Though ad-hoc methods for making forest manage-
ment decisions are widespread even today, our natural
resource management decision environment is too com-
plex, economically, ecologically, and socially, and there
are too many important goals to consider simulta-
neously (e.g., returns on investments, habitat quality,
jobs) to make decisions in a haphazard fashion. The pro-
cess of making decisions is not trivial, and is the source
of great consternation among natural resource man-
agers. Some decisions we make are associated with con-
siderable economic and ecological uncertainty, whereas
others will have a collateral effect on economic, ecologi-
cal, or social conditions or processes. If a management
situation can formally be described and sufficiently
quantified, using variables and decisions associated
with moments in time, then optimization methods
can be helpful in sorting through the alternatives
and suggesting courses of action that will provide the

most benefit to the landowner. Optimization of objec-
tives is meaningless only when the criteria for judging
the value of the potential outcomes are unclear or
lacking [3].

Unfortunately, when the number of variables in a
management problem is large, the determination of
an optimum combination of management actions
becomes difficult. As a consequence, many problems
suffer from the curse of dimensionality. To fully enumer-
ate a management problem, or evaluate every option,
the number of options increases exponentially with
each additional variable. For example, assume that
you manage four stands of trees, and that over the next
decade you have the opportunity to thin each of them
once. To determine the number of possible combina-
tions of actions for simple problems such as these is

ðnumber of choicesÞnumber of management units

In our case, there are two choices for each stand (thin
or do not thin), so (2)4 ¼ 16 different plans of action.
Imagine a more realistic case, such as the Putnam
Tract described in Chapter 3, where you have 81
stands of trees. Assume that each stand, on average,
has potentially three management activities (includ-
ing doing nothing) that could be applied over the
next 15 years. The number of different management
plans that would need to be assessed for full enumer-
ation of the management situation would be (3)81, or
4.4 � 1038, an excruciatingly large number of alterna-
tives. Similarly, if at the stand-level we were consider-
ing three thinning options for a stand during five
different time periods, the number of distinct stand-
level alternatives we would need to evaluate are

ðnumber of choicesÞnumber of time periods

or (3)5, or 243. As a result, optimization techniques
can assist us with sorting through the options in an
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efficient manner. The theme of this chapter is to
explore options for scheduling a set of management
activities for individual trees or stands. The theme
of future chapters is to explore options for forests
composed of multiple stands and various options
for each stand.

II. TREE-LEVEL OPTIMIZATION

Optimal management decisions at the tree-level are
perhaps the finest scale at which decisions are made
in natural resource management. The main question
facing a land manager concerns the purpose of each
tree: How does it contribute to the landowner’s objec-
tives? Depending on the purpose of the tree, we may
or may not be able to quantify its value. For example,
landowners may indicate that purposes such as aes-
thetics, recreation, and wildlife habitat are important,
yet these are difficult to value at the tree level. How
much value would you put on a single tree that can
produce mast for deer, or on a tree that acts as your
favorite deer stand? These assessments may require
a subjective valuation on the part of the analyst or
the landowner. However, economic analyses related
to timber values can be much more objectively valued
at the tree-level, and these types of assessments will
be illustrated in this section.

To assess the economic value of a tree, a number of
characteristics of the tree need to be ascertained,
including its current growth rate, the presence of
defect, and any other quality that might increase or
reduce it market value. The economic value of trees
can increase rapidly if a tree has a high growth rate,
or has the potential to grow into higher lumber or
product grades. Market prices for pulpwood are sig-
nificantly less than sawtimber, which are lower than
the prices for plywood or peeler logs. Understanding
the dimensions and conditions that allow movement
upward in grade or product are therefore important
to a landowner. However, there are a number of
potential characteristics that can be seen on a tree that
can lower its value, such as cracks, splits, or other
internal or external defects that will act to reduce
the value of logs derived from a tree. As timber prices
change, the value of a tree will change; therefore an
assessment of future markets may be equally
important.

The optimum solution to a tree-level management
problem is one where the marginal cost of holding
the tree is equal to the marginal revenue from cutting
the tree. When expressed in terms of capital value, the
marginal cost is represented by the alternative rate of

return, and the marginal revenue is represented by
the value growth rate of the tree [4]. Therefore, to
optimize the economic value of a tree, we need
to compare the rate of growth in value of the tree to
the alternative rate or return (discount rate) specified
by the landowner. If a tree is growing in value at a
rate higher than the alternative rate of return, then
the decision should be to allow the tree to grow and
add value. If a tree is growing in value, due to a com-
bination of quality and volume growth, at a rate less
than the alternative rate of return, then the decision
should be to sell the tree, and reinvest the money in
opportunities that earn at least the alternative rate of
return. To calculate the value growth percent of an
individual tree, we need to know only two items:
the current value of the tree, and the projected future
value of the tree. The rate of growth can be deter-
mined using the following equation:

Rate of growth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Future value of tree

Present value of tree

� �
years

s
� 1

Once the determination to cut or leave each tree has
been made, the number of trees to remove from a stand
and the resulting total harvest volume for a tract arises
from a summation of the decisions applied to each
individual tree. Unfortunately, the efficiency of tree-
level management decisions is based on other opera-
tions that will likely occur within the stand. Harvesting
of individual trees may not be economically viable for
both the landowner and the logger unless the trees
are very highly valued. As a result, although a decision
to harvest an individual tree can be determined, it may
not be economically efficient (or possible) to extract the
tree from the forest when the costs for logging the tree
are considered.

Example

Assume you own a small stand of hardwoods in
central Tennessee, and you are considering the
options for a specific tree, a 100-foot tall yellow-pop-
lar (Liriodendron tulipifera) that is currently 22 inches
in diameter. Current prices for average grade yellow
poplar logs in your area are about $285 per thousand
board feet, as suggested by the Tennessee Depart-
ment of Agriculture—Division of Forestry [5]. You
measured the growth of the tree by extracting an
increment core, and note that its rate of growth is
about 0.5 inches in diameter per year. You estimate
that it currently contains 614 board feet of wood,
and that in two years it should contain 671 board feet
of wood. If you have selected an alternative rate of
return of 5 percent, then should you harvest the tree
now or wait?
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The present value of the tree is (0.614 thousand
board feet) � ($285 per thousand board feet), or
$174.99. In two years the future value of the tree will
be (0.671 thousand board feet) � ($285 per thousand
board feet), or $191.24, assuming that the tree remains
in good health and that the markets have not changed
much. The rate of growth of the value of the tree is then:

Rate of growth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$191:24

$174:99

� �
2

s
�1 ¼ 0:045, or 4:5%

What we find is that the value growth of the tree
over a two-year period is 4.5 percent. Given your
alternative rate of return of 5 percent, your decision
would be to harvest the tree now.

Example

Assume in this same stand of hardwoods, you also
are considering the options for a 90-foot tall yellow-
poplar tree that is currently 14 inches in diameter.
Again, current prices for average grade yellow poplar
logs in your area are about $285 per thousand board
feet. You measured the growth of the tree by extract-
ing an increment core, and note that its rate of growth
is about the same as the larger tree (0.5 inches per
year). You estimate that it currently contains 174
board feet of wood, and that in two years it should
contain 208 board feet of wood. If your alternative
rate of return is 5 percent, then should you harvest
the tree now or wait?

The present value of the tree is (0.174 thousand
board feet) � ($285 per thousand board feet), or
$49.59. In two years the future value of the tree will be
(0.208 thousand board feet) � ($285 per thousand
board feet), or $59.28, again assuming that the tree
remains in good health and that the markets have not
changed much. The rate of growth of the value of the
tree is then:

Rate of growth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
$59:28

$49:59

� �
2

s
�1 ¼ 0:093, or 9:3%

What we find with this tree is that the value
growth of the tree over a two-year period is about
9.3 percent. Given your alternative rate of return of
5 percent, your decision would be to let the tree grow
a few more years.

As we suggested, the value of a tree for aesthetics,
recreation, or wildlife may be subjectively assigned
by the analyst or the landowner. Another way to
approach the valuation problem is to assess the poten-
tial economic value of these trees, assume that the
opportunity cost of reserving a tree for other uses is
equal to the potential economic value. In a rational

decision-making environment, this type of analysis
may make sense; however you should recognize some
people do not agree with this type of comparison (eco-
nomic vs. ecological or social value), and may subse-
quently assign a value to trees at a level higher (or
lower) than the current market price.

III. STAND-LEVEL OPTIMIZATION

The next level up from tree-level optimization is
stand-level optimization, which involves developing
the very best management plan for a stand of trees.
The planning process may involve analyzing a num-
ber of intermediate treatments as well as final harvest
decisions, all scheduled to achieve one or more objec-
tives of the landowner. Constraints may also need to
be considered, such as those related to the timing of
activities, or related to the structure of the stand that
should remain after an activity has been implemen-
ted. Objectives and constraints for stands within for-
ests will vary according to the desires and needs of
a landowner, the condition of each stand, and the
larger socioeconomic and geographic context within
which the stand resides and the landowner operates.
Objectives and constraints can be associated with eco-
nomic values (cash flow, net present value), commod-
ities (timber volume), ecological values (habitat), or
social concerns (aesthetics, jobs). It is difficult, but
not impossible, to accommodate multiple goals or ser-
vices within individual stands of trees. The challenges
facing the production of multiple services from a sin-
gle stand or property were recognized over seventy
years ago, as von Ciriacy-Wantrup [6] noted:

On a single unit of land some uses are complementary or
supplementary under certain economic conditions, but more
often they are competitive.

As a result, many of the potential uses of a stand of
trees may compete with the main use(s), as suggested
by the landowner. Therefore, optimizing the use(s) of
the land can lead to (1) simply managing the land
with respect to the main use, (2) managing the land
with respect to the main use, yet accommodating
other uses as long as they do not interfere with the
attainment of the main use, or (3) managing the land
with respect to several uses of high importance.

Two problems have captured the attention of forest
managers over the last 40 years: the problem of the
optimal timber rotation for even-aged stands, and
the problem of optimal timing of intermediate treat-
ments for both even-aged and uneven-aged stands.
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The former frequently is called the rotation problem, and
the latter the thinning problem, and each of these was
dealt initially as an economic or commodity production
issue. More recently, problems concerning biodiversity
and forest health have driven the need for similar types
of stand-level optimization problem structures in an
effort to control optimal standdensity or stocking levels.

A. Optimum Timber Rotation

A rotation of trees is the number of years between the
establishment of the standand the final harvest. In classi-
cal systems of management and desired forest structure,
which we cover in Chapter 10, the rotation decision is
important for moving the structure of a land ownership
to one of a "normal" forest, which contains the same
amount of area in each age class. The rotation age is less
critical for other systems ofmanagement, yet still impor-
tant when we seek to optimize economic or commodity
production goals. Williams [7] describes seven types of
rotation ages for even-aged stands of trees:

1. The physical rotation age, or the life span of a
species of tree. Williams [7] notes that this may
be problematic in localized conditions, as natural
disturbances may shorten the physical length of
the life of a stand of trees. The main point, it
seems, is that the rotation age is defined by the
length of the average life span of trees. For a
given site, this obviously will vary by species,
since some tree species are more long-lived than
others. Coastal redwoods (Sequoia sempervirens)
for example, could live more than 1,000 years [8],
whereas red alder (Alnus rubra) growing on the
same site would have a much shorter natural life,
perhaps with a maximum age of 100 years [9].

2. The technical rotation age, or the length of time
required to grow a stand of trees to certain
dimensions to best meet the needs of various
commercial markets. For example, for oak trees to
be of value for wine barrel uses, they must be a
certain age and haveminimum annual ring count.
Landowners may want to provide a reasonable
amount of these to meet market needs while
earning a profit on themanagement of their forest.
In relatively stable markets, this could be seen as a
reasonable approach for developing a rotation
age. However product demand, inventories at
various mills, mill availability, competition from
other suppliers, and other factors create a large
amount of uncertainty regarding future product
needs. Many of these factors are not discernable
until you near a final harvest decision, and as a
result, making long-range plans based on a

technical rotation may be difficult. One challenge
for landowners is not to hold a stand of trees past
its ability to provide a reasonable amount of
suitable wood for commercial markets, because at
some point losses due to decay, diseases, insects,
and other factors will occur.

3. The silvicultural rotation age, or the age at which
the maximum seed production is obtained to
facilitate natural regeneration. Although seed
production is an important issue for some types
of silvicultural systems (seed tree harvest,
shelterwood, and group selection systems), the
production of seed may vary by physiographic
region, climatic factors, and stand condition,
and seed production can be stimulated by
intermediate silvicultural treatments. In addition,
seed production may be lower and more erratic
in some portions of the natural range of a tree
species [10]. As a general example of this method
for determining the optimal rotation age, in the
case of loblolly pine (Pinus taeda), Baker and
Langdon [10] suggest the following:

Seed production, of individual trees,
increases with tree age, size, and freedom from
crown competition. By age 25, enough seeds
may be produced in widely spaced trees to
regenerate a stand; however, trees at 40 years
generally produce three to five times more.
Rotations shorter than 30 years usually do not
lend themselves to natural regeneration.

4. The rotation age that provides the maximum
volume production. This concept, commonly
termed the biological rotation age, suggests that a
stand of trees should be harvested at the point
where average production (mean annual
increment) is at its highest. As we mentioned in
Chapter 2, the mean annual increment is simply
the volume (or weight) per unit area of products
divided by a stand’s age. In theory it represents
the average growth rate of products, but
the relationship to stand age is not linear
(Figure 5.1). Graphically, where the mean annual
increment and the periodic annual increment
cross is the suggested rotation age. The gross or
net volume of products can be used to determine
the mean annual increment (Figure 5.2). Net
volumes are those where defect, breakage, and
cull volume are removed from the gross volume.
However, biological rotation ages may differ
based on these assumptions, as net volumes
generally suggest slightly shorter rotations than
gross volumes. Further, if specific products are
considered, the mean annual increment may
differ considerably (Figure 5.3).

107III. STAND-LEVEL OPTIMIZATION



5. The income generation rotation age, or the one that
produces the highest average income, as
determined by dividing the potential harvest
revenue in each time period by the age of the
stand. This often is referred to as forest rent,
where the average annual revenue minus cost is
at its greatest level. This method, however, does
not recognize the cost of locking up the capital in
the forest investment. In addition, this method
for determining the optimal rotation age is
dependent in part on the assumptions made
about future stumpage prices. Uncertainty is
inherent in future prices levels, and poses a
problem for any projection of future economic

conditions and outcomes, thus this method
suffers from this assumption as much as other
economic methods. However, the other
interesting aspect of this method (and others) is
the different results that might be obtained if a
single composite price is assumed rather than an
individual price for each product that is
projected to be available over time (Figure 5.4).

6. The economic rotation age that produces the
maximum discounted net revenue. This method
seems to involve the determination of the
maximum net present value for a stand of trees
over time. Inherent in this policy is that only the
initial rotation age is considered, rather than

FIGURE 5.1 Mean and periodic annual increment for a south-
ern pine stand.

FIGURE 5.2 Mean and periodic annual increment for a south-
ern pine stand using gross and net volumes.

FIGURE 5.3 Mean and periodic annual increment for pulp-
wood and chip-n-saw products grown in a southern pine stand.

FIGURE 5.4 Mean annual revenue using a composite price and
a price specific to the products grown in a southern pine stand.
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future uses of the land over an infinite time
horizon. However, if you were to include in the
analysis successive rotations of the same type of
management, and produce a soil expectation
value, you would likely find that the economic
rotation age is slightly shorter using this rule
than when simply valuing the initial rotation of
trees (Figure 5.5).

7. The value growth percent rotation age of a stand.
In a manner similar to the valuing of current
and future states of individual trees, and
subsequently making a decision of whether to
cut or leave them standing, you can assess the
value growth rate of a stand of trees. This can be
accomplished by estimating the value increase
from one year to the next, then dividing that by
the previous value of the stand.

Value growth rate ¼ Value increaset!tþ1

Value of standt

� �
ð100Þ

For example, if a stand were valued at $906.71
per acre at age 19, and valued at $1,031.39 per
acre at age 20, the increase in value is

Value growth rate ¼ 1; 031:39� 906:71

906:71

� �
ð100Þ

¼ 13:75%

The results in this example represent the percent
value growth over a one-year period, but they
can be assessed over longer time intervals. The
decision rule would be to keep the stand
growing as long as the value growth percent is
above the alternative rate of return (discount
rate) that is assumed by the landowner

(Figure 5.6). If the value growth rate is greater
than the landowner’s alternative rate of return,
then the decision would be to let the stand
grow. If the value growth rate is less than the
landowner’s alternative rate of return, then the
decision would be to harvest the stand.

As we suggested, one consequence of determining
the length of the rotation period is that decisions far
off in the future are subject to a considerable amount
of uncertainty. For example, the chance of losing a
stand of trees to fire, insect, and disease outbreaks,
and to other risks increases as the length of a rotation
increases and this assumes that the occurrence of the
agent remains constant in time. In addition, long-term
projections of the structure of stands, as well as trends
in prices and costs are all highly uncertain the longer
we look into the future. Generally when we examine
the rotation problem, we assume that some economic
or commodity production assumptions are made that
suggest prices, costs, and management intensity are
held constant. We do this because it simplifies the prob-
lem. However, methods can be devised to add stochas-
tic (random) elements to the process, or to increase (or
decrease) prices and costs based on a market analysis.

B. Optimum Thinning Timing

The optimum schedule of thinnings or partial cuts
within a stand of trees is a difficult problem to solve
due to a number of factors, including:

• The potential mixture of tree species within a
stand.

• The varying growth rate of trees within a stand.

FIGURE 5.5 Optimum rotation age when using net present
value and soil expectation value for a southern pine stand.

FIGURE 5.6 Optimum rotation ages using the value growth
percent of a southern pine stand.
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• Thevaryinggrowth rateswithdifferent stand ages.
• The potential to thin from above (removing

the larger, taller trees), from below (removing
the smaller, shorter trees), or removing trees
proportional to the diameter distribution.

• The need to assess a large number of residual
stocking or density levels. For example, we
could remove 40 ft2 of basal area per acre in a
thinning, or 50 ft2 per acre, or 60 ft2 per acre, and
so on during a thinning entry. This sometimes is
referred to as the intensity of thinning.

• The potential to perform a thinning at any time
period in the analysis. This often is referred to as
the timing of thinning, the cutting cycle, or the
entry period.

In addition, a number of interactions occur among
these factors. The intensity of thinning at any one point
in time, for example, can affect the intensity of
subsequent thinnings as well as the potential final har-
vest volumes [11]. The type of thinning will affect the
diameter distribution and thus the value of the residual
stand, and the growth response of the residual stand
depends on the stocking and stand density that remains.
For even-aged stands, the thinning choices are confined
to those that can be implemented within a rotation;
however, thinnings may extend the optimum rotation
age. For uneven-aged stands, the entries are assumed
to continue forever, therefore the number of entries
represented in an uneven-aged management problem
is usually greater than those found in an even-aged
management problem. Optimum decisions for uneven-
aged stands involve determining the following:

• The optimal sustainable diameter distribution
• The optimal species mix
• The optimal entry cycle
• When converting even-aged stands to uneven-aged

stands, the optimal conversion strategy and length
of time required to adequately convert an even-
aged stand to an uneven-aged stand

When assessing the thinning options for even-aged
stands, the discounted net present value or the soil
expectation values generally are used. The present value
of a nonterminating series of harvest revenues has been
suggested as the bestmeasure for assessing the optimum
stand-level growing stock for uneven-aged stands [12].

C. Optimum Stand Density or Stocking

On many forests, maintaining the stand density
within a preferred range may be more highly desired
than maximizing an economic or commodity produc-
tion value. Expressing the density of a stand of trees

is a way to communicate the amount of vegetation
occupying a unit of land [13], and as we have shown
in Chapter 2, it can be expressed as an index. Riitters
and Brodie [14] suggested almost 25 years ago that
that optimal thinning strategies for stands should
include some knowledge of stand density, and the
density limits applicable for different tree species.
Maximum stand density indices have been suggested
for a number of tree species in the interior northwest
of the United States [15, 16]. Given the mixed species
nature of uneven-aged stands, a stand density index
can be weighted proportionately by the basal area of
each species to produce an overall stand density.
After accounting for the mixture of tree species,
bounds can then be placed on the achievement of
stand densities over time, effectively keeping stand
densities within an ecologically appropriate or mana-
gerially preferred range.

The management problem for optimal stand den-
sity becomes one of determining which trees to har-
vest in each time period to best maintain stand
density within a predefined range. The activities con-
sidered could be influenced by operational con-
straints that act at the tree-level, such as limiting the
treatments to trees or tree records that are of a certain
quality (e.g., trees smaller than a 25 inches DBH, or
greater than a 5 inches DBH). The activities consid-
ered also could be influenced by operational con-
straints at the stand-level, such as policies that limit
harvest entries until a minimum harvest level can be
obtained. A number of variations on operational con-
straints can reasonably be pursued, particularly as the
mixture of tree species and tree sizes change over
time in an uneven-aged stand.

Much of the early work in determining optimal man-
agement regimes for uneven-aged stands involved an
assessment of the optimal stocking to carry in a stand
at each point in time. The decisions associated with
optimal stocking rates involve periodic harvesting or
partial cuts, and the need to leave a certain amount of
residual stocking (basal area, trees per acre, or volume)
in a stand after the treatments were applied.

In the management of even-aged stands, two ques-
tions face the forest landowner: what level of stand
density should be maintained during the manage-
ment of the stand, and in response, how long should
the rotation last. To optimize the management of
stands, stand densities should be kept near an optimal
economic or biological level throughout the rotation. If
a rotation age is fixed, then it exerts an influence on the
stocking and density levels that need to be maintained
[4]. Methods for solving these types of problems are
similar to the thinning problem described in the previ-
ous section. The optimal growing stock of a stand of
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trees, from an economic perspective, is indicated when
the marginal unit revenue is equal to the marginal unit
cost [17]. As a result, the additional value accrued
through time is a necessary piece of information for
making this decision. If multiple products are consid-
ered, or when a significant change in grade of expected
products occurs, then the optimal stocking levels may
change.

Optimum stocking of an uneven-aged forest is
defined as the quantity of growing stock that permits
the maximum net return to the landowner over time
[17]. In doing so, we need to determine the optimum
point at which to stop the accumulation or build-up
of the growing stock. There are three general alterna-
tives to managing an uneven-aged forest: (1) allow
the growing stock to increase, (2) keep the growing
stock constant with periodic harvest entries or man-
agement activities, or (3) reduce the growing stock.
From an economic perspective, growing stock should
be increased as long as the marginal value growth
rate is greater than the alternative rate of return.

In either case of stand management, optimum
growing stock volume will increase with increasing
rates of growth. Better sites, lower mortality, fertiliza-
tion activities, and a more productive stand composi-
tion all may contribute to a higher rate of growth.
Any management-related costs that increase as grow-
ing stock levels increase (such as property taxes)
effectively act to reduce the optimum growing stock
level. Finally, as the alternative rate of return is low-
ered, the optimum growing stock level increases,
since the need to produce greater amounts of revenue
to cover the marginal costs is reduced [17].

IV. MATHEMATICAL MODELS FOR
OPTIMIZING STAND-LEVEL
MANAGEMENT REGIMES

One of the fundamental components of the man-
agement direction provided to (or by) field foresters
is the appropriate stocking level or stand density to
maintain over a course of time [18]. Other attributes
of a stand, such as the number of snags or amount of
down wood, could also serve as measures from which
objectives will be assessed. In developing a recommen-
dation for themanagement of a stand of trees,managers
typically consider the long time horizon associatedwith
themanagement of forests. How you schedule activities
to meet stand density or stocking goals over time can be
a complex planning problem, given the larger (perhaps
infinite) number of options generally available. Fortu-
nately, a number of mathematical models have been

developed in the last 50 years to assist in our ability to
incorporate the many options. Mathematical models
for stand-level optimization can be grouped into three
broad categories:

• The Hooke and Jeeves [19] method, and other
nonlinear programming approaches (e.g., [20, 21])

• Heuristics or meta models (e.g., [22, 23, 24])
• Dynamic programming approaches (e.g., [25, 26])

The Hooke and Jeeves method is a direct search
process, where a sequential analysis of alternatives
to a stand-level problem are assessed in a rational
manner. The method also consists of strategies for
assessing the next potential alternatives in a stream
of actions, based on previously examined results. This
type of problem-solving structure is similar to that
used by modern heuristic techniques. Nonlinear pro-
gramming is similar to linear programming, which
we cover in Chapter 7. These techniques are based
on finding the optimal solution to an equation set.
In linear programming the equations contain only lin-
ear relationships (i.e., XþY, not XY or X2Y). In nonlin-
ear programming the objective function and
constraints can be represented by nonlinear functions,
which is a useful characteristic since many of the
growth and yield relationships are nonlinear. Heuris-
tics are based on logic and rules-of-thumb, and are
designed to explore larger areas of the solution space,
either randomly or deterministically.

Dynamic programming is perhaps the most widely
used stand-level optimization process. From the 1970s
through the 1990s, significant advances occurred in
the application of dynamic programming to forest
management problems. Early research mostly empha-
sized economic or commodity production goals.
However, significant work continues today exploring
the use of the approach to recognize and accommo-
date environmental and social objectives. Dynamic
programming facilitates the examination of a large
number of alternatives for the management of a stand
of trees by reducing the range of options explored.
Enhancements to the dynamic programming process
by Yoshimoto et al. [27, 28] provide efficiencies in
the computational burden associated with solving a
complex management problem.

V. DYNAMIC PROGRAMMING

Dynamic programming often has been used to maxi-
mize biological potential (mean annual increment) and
economic returns (soil expectation value) related to a
stand of trees, and represents a technique for the
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systematic determination of optimal combinations of
decisions. Dynamic programming is also a method for
numerically solving a dynamic system of equations.
The range of types of problems that can be solved is
extremely wide, and encompasses not only natural
resource management issues, but many business and
industrial applications as well [29]. Since the manage-
ment of forests and the resulting growth responses of for-
ests are both sequences of actions thatmay follow similar
pathways at various points in time, sorting through a
group of alternatives and selecting the optimum course
of action may require multiple passes through the same
data.Whatmakes the dynamic programming interesting
is that you can work iteratively through the sequence of
decisions in a normal forward-flowing fashion, or work
backward through the sequence from the ending condi-
tion to the beginning condition, without having to make
the same calculations twice.

Stages within dynamic programming are the posi-
tions in the problem where a number of different con-
ditions of the problem can exist. In stand-level
optimization, stages could be, for example, the age
of a stand. Alternatively, if dealing with an uneven-
aged stand where age is irrelevant for decision-
making purposes, stages could be defined as the
number of years from the present point in time. In
the network illustrated in Figure 5.7, the stages con-
tain vertical columns of nodes. At each stage a policy
decision must be made. In the case of stand-level
management, this involves selecting a management
action (which includes not doing anything). The num-
ber of stages should reflect or encompass those that
are needed to adequately represent the reasonable
options for the management of a stand of trees.

States are the conditions of the problem that are
recognized at each stage (the nodes at each stage). For
stand-level optimization problems, these might refer to

different levels of residual growing stock volume or dif-
ferent residual stand densities at each stand age. In
other words, states are the various possible stand struc-
tural conditions that might exist if a certain course of
action is chosen. Each stage has a specific number of
states. For example, in Figure 5.7 stage one has only
one state, whereas stage two contains three states. States
need to be defined rationally, because using more states
suggests recognizing finer-scale ranges of values, and
requires additional computation time. However fewer,
coarser-resolution states may misrepresent important
differences in stand structure. States should describe
the characteristics of the stand that have an effect on
the objective function value. The number of states needs
to be controlled, therefore states that are described using
continuous numbers need to be approximated by a
range of values. For example, basal area can reasonably
range from 0 to 200 ft2 per acre in the southern United
States. States that contain 5- or 10-ft2 per acre ranges
would seem sufficient to represent the problem rather
than explicitly representing each square foot of basal
area as a state in a dynamic programming problem.

Should the number of stages and states that are used
to represent a problem expand to the point of very fine
delineations in ages and stand structure, the problem
may suffer from the curse of dimensionality. Thus,
there is a conflict in dynamic programming between
the ability to solve a problem and the desire to formu-
late it with using the highest resolution of data. As a
result, theremay be a need to limit the number of stages
and states within stages when defining the problem.
However, this may lead to situations where the deci-
sions made at one state may not lead nicely to a state
defined at the next (or preceding) stage. The nonlinear
growth of trees is one of the primary reasons, and the
fact that some growth models acknowledge accelerated
growth as a result of intermediate stand treatments is
another. Methods for overcoming the rounding errors
associated with fitting a variety of stand conditions into
states with broad descriptors (e.g., basal areas incre-
menting by 10 ft2 per acre) have been proposed [26].

A decision must be made at each stage of the analy-
sis that is guided by the notion that the best action for
the stand will be chosen. Decisions, in effect, involve
transforming a state associated with one stage to a
state associated with the next (or preceding, if working
backward) stage. Nodes reflect the entire set of deci-
sions across the time horizon, and can be represented
by a value that has been accumulated from the begin-
ning stage of the problem to the end, or vice versa.
Branches are the transitions that are possible from
nodes at one stage to nodes at the next stage. A value
is assigned to each branch indicating the benefit or cost
associated with the transition from one state to another
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FIGURE 5.7 Example states and stages for a network of choices
related to a management problem.
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(e.g., fully-stocked to clearcut, fully-stocked to 50%
stocking, etc.). Since the nodes and branches form a
network of sorts, the goal of the dynamic program-
ming process is to find the shortest or longest path
through the network. Within a network, shortest paths
relate to minimizing an objective, longest paths relate
to maximizing an objective.

A. Recursive Relationships

Dynamic programming uses either forward recur-
sion or backward recursion to solve a management
problem. Forward recursion involves moving in a direc-
tion from the first stage to the last stage. Backward recur-
sion is the opposite, where the problem is solved from
the last stage backward to the first stage. Forward
recursion is advantageous for problems that involve
uncertain time horizons [29]. Backward recursion is
advantageous for solving problems that contain options
with the same time horizon. In forest management,
backward recursion of an even-aged management
problem would start with the oldest possible stand
age recognized and solve for an optimal management
plan backward to the youngest stand age recognized.
Forward recursion starts with the youngest age recog-
nized and determines for each possible rotation length
the optimal treatment path [30]. For uneven-aged man-
agement problems, age is replaced with time. One
advantage of forward recursion is that the integration
with stand growth models is facilitated because stand
growth functions are a forward recursion process.

The recursion process itself requires very little mem-
ory. For example, if we were moving forward through
the network described in Figure 5.7, we might know
how we reached a particular node, but the details are
unimportant. In recursive problems, the process works
by finding the optimal policy for states at stages earlier
than what have already been assessed. For example, in
Figure 5.7, if we understood the optimal policies related
to states 9 through 13 at stage 4, we could determine
which of the states at stage 3 (5–8) would be used to
get to states 9 through 13 at stage 4. For example, we
might have found that the best course of action was to
use state 5 to go to states 9 through 11, and state 7 to
go to state 13.

B. Caveats of Dynamic Programming

Two aspects of dynamic programming are impor-
tant to understand and are helpful in interpreting
the results that are generated:

The optimal path through the network of states and
stages does not necessarily include the highest
cumulative reward at each age of the stand for an

even-aged management problem, or each year
of the plan for an uneven-aged management
problem. The most efficient decision to make
regarding the management of a stand, for
example, may include treatments that reduce
the standing volume or delay the revenues.

Assuming we are moving forward through a
network of options, given the state atwhichwe are
located within a stage, the optimal path from this
point forward is independent of howwearrived at
this point. Stated anotherway, an optimal solution
has the property that whatever the previous
decisions were, the remaining decisions will
always constitute an optimalmanagement regime,
regardless of the state or intermediate stage. As a
result, the decisions that remain will lead to the
optimal solution and are independent of any
previous decisions [2]. This concept often is
referred to as the Principle of Optimality [31]. For
example, if an optimal solution to the
management of an even-aged stand were

Age 0, Site prepare and plant
Age 1, Herbaceous weed control
Age 15, Commercial thin
Age 16, Fertilize
Age 23, Commercial thin
Age 30, Clearcut

then the optimal pathway of a similar stand on a
similar site that is age 16 must be the same
(fertilize, then commercial thin at age 23, and
clearcut at age 30), regardless of previous
management actions.

C. Disadvantages of Dynamic Programming

Although we have stressed the advantageous
aspects of dynamic programming for addressing the
need to optimize stand-level decisions, as with any
process for making decisions there are some disad-
vantages. The disadvantages associated with using
dynamic programming for stand-level optimization
include the following:

• The lack of shadow prices or other measures of
sensitivity. Shadow prices usually are provided by
other traditional mathematical optimization
techniques such as linear programming, the focus
of Chapter 7. Shadow prices help you understand
how much the objective function would change
with the addition or subtraction of one more unit
of a constraint. For example, if a constraint were
designed to limit the residual basal area in a stand
to 100 ft2 per acre, then a shadow price might allow
you to understand how the objective function

113V. DYNAMIC PROGRAMMING



might change if one more unit (square foot) of the
constraint were added or subtracted.

• Stages and states need to be reasonably defined. If
stage intervals are long (many years) and state
ranges are large (e.g., 30–50 ft2 residual basal area
ranges) the true optimal solution might not be
located [32].

• Uncertainty of future conditions and events,
as with any modeling process, could cause a
problem. One of the major drawbacks of many
optimization processes is that a number of
important assumptions are considered static.
Prices, costs, interest rates, and taxes are all
examples of information that are frequently held
static in an analysis. We say this not to discourage
you from analyzing alternatives, for most
important decisions would seem to require a
rigorous analysis of the options or risks. However,
some uncertainty always is associated with
projections into the future. In some of these cases, a
stochastic version of dynamic programming could
be used, but it would require more information
about the problem, and may also be a more
extensive computational process.

D. Dynamic Programming Example—
An Evening Out

To illustrate how we might use dynamic program-
ming, let’s take a diversion from growing trees and
explore an example that may be similar to your daily
lives. Assume that on one particular evening you plan
to leave from home in your car, pick up a coffee or
soft drink, and then study for a few hours at either
the library, student union, or forestry school. After-
ward, you plan to visit with some friends for a little
while and watch your favorite television show. Later
in the evening, you will need to drive home. The
potential options available to you can be described
by the network illustrated in Figure 5.8, where node 0
is your home, nodes 1 and 2 are the potential places to
get coffee or a soft drink, nodes 3 through 7 are the
potential places you will visit in your travel, and
node 8 is once again your home. Let’s also assume
that you want to minimize the cost of your evening’s
worth of activities. As a result, we need to place a cost
on the actions associated with each arc leading from
node 0 to node 8 (Table 5.1). For this exercise, let’s
assume that the costs associated with the gasoline,
insurance, and wear and tear on your car are esti-
mated to be about $0.40 per mile.

One way to solve the problem is to select the cheap-
est cost at each stage of the trip. For example, the
lowest cost alternative from home to the coffee shop

or mini-mart is $2.61. From the mini-mart, the cheapest
cost alternative is to study at the student union ($1.08).
From the student union, the cheapest cost alternative is
to meet at gathering place #1 ($1.52), from where you
will need to go home eventually ($1.60). The total cost
is $6.81, but is this the lowest cost alternative for your
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FIGURE 5.8 A network consisting of the possible choices
related to an evening’s worth of activities.

TABLE 5.1 Costs Associated with an Evening’s
Worth of Activities

From-node To-node ra!b Comment

0 1 $2.85 Coffee ($1.65) þ 3 miles @
$0.40 per mile

0 2 $2.61 Soft drink ($1.29) þ 3.3 miles
@ $0.40 per mile

1 3 $1.20 3.0 miles @ $0.40 per mile

1 4 $1.00 2.5 miles @ $0.40 per mile

1 5 $1.60 4.0 miles @ $0.40 per mile

2 3 $1.40 3.5 miles @ $0.40 per mile

2 4 $1.08 2.7 miles @ $0.40 per mile

2 5 $1.44 3.6 miles @ $0.40 per mile

3 6 $1.60 4.0 miles @ $0.40 per mile

3 7 $1.88 4.7 miles @ $0.40 per mile

4 6 $1.52 3.8 miles @ $0.40 per mile

4 7 $1.56 3.9 miles @ $0.40 per mile

5 6 $2.08 5.2 miles @ $0.40 per mile

5 7 $2.24 5.6 miles @ $0.40 per mile

6 8 $1.60 4.0 miles @ $0.40 per mile

7 8 $1.12 2.8 miles @ $0.40 per mile

ra!b ¼ The “reward” for going from node a (from-node) to node b

(to-node) on a branch in the dynamic programming network. In
this case, it represents the cost associated with each action.
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evening’s activities? The route taken using this
approach was 0!2!4!6!8.

To help understand how the dynamic program-
ming process works, some terminology needs to be
defined:

From-node ¼ The node from where a branch
originates. It precedes the to-node in a forward
recursion process. It follows the to-node in a
backward recursion process.

To-node ¼ The node where a branch ends. It
precedes the from-node in a backward recursion
process. It follows the from-node in a forward
recursion process.

Cost ¼ The accumulated cost associated with the
route.

Route ¼ The path through the network
represented by the cost.

ra!b ¼ The “reward” for going from node a (from-
node) to node b (to-node) on a branch in the
dynamic programming network.

Rb ¼ The maximum reward possible for moving
along a particular path to node b. It equals the
maximum value of Ra þ ra!b for all nodes a that
lead to node b.

Pb ¼ The previous node that provided the path for
the maximum reward possible.

Using the reverse method of dynamic program-
ming, let’s evaluate the options. First, from node 8
(at the final stage) backward to nodes 6 and 7 (at
stage 4) we find the following:

Stage From-node Cost To-node Route
4 6 1.60 8 6!8*

7 1.12 8 7!8*

As a result, R6 ¼ $1.60, since r6!8 ¼ $1.60, and R7

¼ $1.12, since r7!8 ¼ $1.12. R8 initially had no
value, so it was not added to the two reward
values. In addition, P6 ¼ node 8, and P7 also ¼
node 8. These results are not too interesting. They
simply say that the best route from node 6 or 7 is
to node 8 (denoted with an asterisk (*)). When we
begin to consider the other stages, we find more
intriguing results.

Stage From-node Cost To-node Route
3 3 3.20 6 3!6!8

3 3.00 7 3!7!8*
4 3.12 6 4!6!8
4 2.68 7 4!7!8*
5 3.68 6 5!6!8
5 3.36 7 5!7!8*

As a result of this second iteration, we find R3 ¼ $3.00,
since r3!7 ¼ $1.88, and R7 was $1.12.

At this juncture, we needed to minimize the value
of the two options related to from-node 3,

Minimize

R3 þ r3!6 ¼ ð$1:60þ $1:60Þ ¼ $3:20

R7 þ r3!7 ¼ ð$1:12þ $1:88Þ
¼ $3:00 ðwhich becomes R3Þ

as well as minimize the value of the options related to
from-nodes 4 and 5:

Minimize

R6 þ r4!6 ¼ ð$1:60þ $1:52Þ ¼ $3:12

R7 þ r4!7 ¼ ð$1:12þ $1:56Þ
¼ $2:68 ðwhich becomes R4Þ

Minimize

R6 þ r5!6 ¼ ð$1:60þ $2:08Þ ¼ $3:68

R7 þ r5!7 ¼ ð$1:12þ $2:24Þ
¼ $3:36 ðwhich becomes R5Þ

Acting as a tracking process, P3¼ node 7, P4¼ node 7,
and P5 ¼ node 7. Here we find that the best routes from
any states at stage 3 (3, 4, or 5) take us through nodes 7
and 8, which is not the route we chose earlier by simply
summing the lowest cost alternatives available at each
stop along the way. At this point we need to remember
that the lowest cost from node 3 forward is $3.00, that
the lowest cost from node 4 forward is $2.68, and that
the lowest cost from node 5 forward is $3.36.

Stage From-node Cost To-node Route
2 1 4.20 3 1!3!7!8

1 3.68 4 1!4!7!8*
1 4.96 5 1!5!7!8
2 4.40 3 2!3!7!8
2 3.76 4 2!4!7!8*
2 4.80 5 2!5!7!8

As a result of this third iteration, we find R1 ¼ $3.68,
since r1!4 ¼ $1.00, and R4 was $2.68.

In this analysis, we needed to minimize the value
of the three options related to from-node 1:

Minimize

R3 þ r1!3 ¼ ð$3:00þ $1:20Þ ¼ $4:20

R4 þ r1!4 ¼ ð$2:68þ $1:00Þ
¼ $3:68 ðwhich becomes R1Þ

R5 þ r1!5 ¼ ð$3:36þ $1:60Þ ¼ $4:96

Can you determine how we arrived at the value of
R2? Again, acting as a tracking process, P1 ¼ node 4
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and P2 ¼ node 4. Using the information gathered
from this analysis, the best route from the coffee shop
forward is through nodes 4, 7, and 8 (student union,
gathering place #2, then home). The best route from
the mini-mart forward is also through nodes 4, 7,
and 8. An assessment of the final stage (#1) will pro-
vide us with the least-cost alternative, and determine
whether to go to the coffee shop or the mini-mart
first. We need to remember that the least-cost route
forward from node 1 is $3.68, and the least-cost route
forward from node 2 is $3.76.

Stage From-node Cost To-node Route
1 0 6.53 1 0!1!4!7!8

0 6.37 2 0!2!4!7!8*

As a result of this final iteration, we find R0 ¼ $6.37,
since r0!2 ¼ $2.61, and R2 was $3.76.

In this analysis, we needed to minimize the value
of the final two options, which were related to from-
node 0:

Minimize

R1 þ r0!1 ¼ ð$3:68þ $2:85Þ ¼ $6:53

R2 þ r0!2 ¼ ð$3:76þ $2:61Þ
¼ $6:37 ðwhich becomes R0Þ

In addition, P0 ¼ node 2. Although each of these
last two alternatives costs less than our initial
attempt at solving the problem, the alternative that
takes you to the mini-mart, student union, gathering
place #2, then back home is the optimal, costing
$6.37 for the evening’s activities. This could have
been determined by building the path using the
appropriate Pb values:

P0 ¼node 2 ðimplying moving from node 0 to node 2Þ
P2 ¼node 4 ðimplying moving from node 2 to node 4Þ
P4 ¼node 7 ðimplying moving from node 4 to node 7Þ
P7 ¼node 8 ðimplying moving from node 7 to node 8Þ

As you might have noticed, dynamic programming
works by accumulating the optimal objective function
values as it moves from one stage to the next. Subopti-
mal decisions also are ignored from one stage to the
next. For example, once we determined in stage 3 that
travel through node 6 (gathering place #1) was subop-
timal, this opportunity was no longer considered dur-
ing stages 1 or 2. This allows dynamic programming
to continually reduce the solution space, and avoid
complete enumeration of the problem. Two important
pieces of information are produced at the conclusion of
the last stage of the analysis:

1. The objective function value has been identified. In
this case, the objective function was to minimize
the cost of an evening’s activity, which was found
to be $6.37.

2. The optimal solution to the problem has been
located: Drive to the mini-mart and pick up a soft
drink, drive to the student union and study for a
few hours, drive to gathering place #2 and watch
your favorite television show with your friends,
then return home. In our network (Figure 5.8) this
was represented by route 0!2!4!7!8.

E. Dynamic Programming Example—Western
Stand Thinning, Fixed Rotation Length

Using the western forest stand introduced earlier in
this book, several alternatives for the management of
the stand can be explored under the assumption that
the landowner had determined not to clearcut the
stand until it was 55 years old and that the landowner
desired to maximize the value of the investment. The
alternatives for this example include the following:

• Doing nothing prior to clearcutting
• Thin at age 35, from below, to a residual basal

area of 90 ft2 per acre
• Thin at age 35, from below, to a residual basal

area of 100 ft2 per acre
• Thin at age 35, from below, to a residual basal

area of 110 ft2 per acre
• Thin at age 35, from below, to a residual basal area

of 90 ft2 per acre, then thin again at age 45, from
below, to a residual basal area of 100 ft2 per acre

• Thin at age 35, from below, to a residual basal area
of 90 ft2 per acre, then thin again at age 45, from
below, to a residual basal area of 110 ft2 per acre

• Thin at age 35, from below, to a residual basal area
of 100 ft2 per acre, then thin again at age 45, from
below, to a residual basal area of 100 ft2 per acre

• Thin at age 35, from below, to a residual basal area
of 100 ft2 per acre, then thin again at age 45, from
below, to a residual basal area of 110 ft2 per acre

• Thin at age 35, from below, to a residual basal
area of 110 ft2 per acre, then thin again at age 45,
from below, to a residual basal area of 100 ft2

per acre
• Thin at age 35, from below, to a residual basal

area of 110 ft2 per acre, then thin again at age 45,
from below, to a residual basal area of 110 ft2

per acre

These 10 alternatives could be assessed individu-
ally to determine which one would provide the high-
est return. In practice, perhaps hundreds of options
might be assessed for individual stands. However,
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we limited our analysis to these 10 to provide a
balance between illustrating the technical detail of
dynamic programming and providing a realistic man-
agement example.

The alternatives can be assessed using the back-
ward recursion (or reverse) method of dynamic pro-
gramming. A network of the states and stages
related to the problem can be designed to better envi-
sion the transitions related to the structure of the
stand through time (Figure 5.9). Here, we decided to
define the stages as some period of time within which
a decision is made. For example, at stage 3 we imple-
ment a clearcut harvest. At stages 1 and 2 we need to
determine whether or not to thin the stand. At stage 1
we will also account for the site preparation and
planting costs related to the stand. Let’s begin the
analysis at stage 3 using node 11. The states consist
of residual basal area levels, or the approximate basal
area that would remain after the treatments were
applied. Using the process we described earlier, and

using the data provided in Table 5.2, where the dis-
count rate is 5% and the stumpage price is $400 per
MBF. At stage 4 we find the following:

Stage From-node Net revenue To-node Route
3 5 1,225.99 11 5!11*

6 1,000.85 11 6!11*
7 923.88 11 7!11*
8 848.09 11 8!11*
9 669.60 11 9!11*

10 628.60 11 10!11*

As a result of this analysis,

R5 ¼ $1; 225:99 P5 ¼ node 11

R6 ¼ $1; 000:85 P6 ¼ node 11

R7 ¼ $923:88 P7 ¼ node 11

R8 ¼ $848:09 P8 ¼ node 11

R9 ¼ $669:60 P9 ¼ node 11

R10 ¼ $628:60 P10 ¼ node 11
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FIGURE 5.9 Network of options for a managed Douglas-fir
stand. Nodes 2-4 are first thinning (from below) options, with resid-
ual basal areas noted beside each node in ft2 per acre. Nodes 9-10
represent second thinning options.

TABLE 5.2 Discounted Revenues and Costs Associated
with Some Management Alternatives for a Managed Douglas-

Fir Stand

From node To node Volume harvested (MBF) ra!b

0 1 — (250.00)

0 2 3.378 (5.04)

0 3 4.360 66.17

0 4 5.352 138.11

1 5 — 0.00

2 6 — 0.00

2 9 7.931 353.08

2 10 9.343 415.94

3 7 — 0.00

3 9 6.188 275.48

3 10 7.636 339.94

4 8 — 0.00

4 9 4.347 193.52

4 10 5.762 256.52

5 11 44.858 1,225.99

6 11 36.620 1,000.85

7 11 33.804 923.88

8 11 31.031 848.09

9 11 24.500 669.60

10 11 23.000 628.60

ra!b ¼ The “reward” for going from node a (from-node) to node b

(to-node) on a branch in the dynamic programming network. In
this case, it represents the discounted net revenue.
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As we suggested in the example describing your
activities during an evening of study and relaxation,
these results are not that interesting. They simply
indicate that the best route from nodes 5 to 10 is to
node 11, the clearcut activity (best route from each
state is denoted with an asterisk (*)). Although we
used costs to sort out the alternatives earlier, here
net revenue is used. What this provides is the cumu-
lative net revenue of the route. Moving backward one
stage, we find the following results:

Stage From-node Net revenue To-node Route
2 1 1,225.99 5 1!5!11*

2 1,000.85 6 2!6!11
2 1,022.58 9 2!9!11
2 1,044.54 10 2!10!11*
3 923.88 7 3!7!11
3 945.08 9 3!9!11
3 968.54 10 3!10!11*
4 848.09 8 4!8!11
4 863.12 9 4!9!11
4 885.12 10 4!10!11*

At this point in the analysis,

R1 ¼ $1; 225:99 ðR5 þ r1!5Þ P1 ¼ node 5

R2 ¼ $1; 044:54 ðR10 þ r2!10Þ P2 ¼ node 10

R3 ¼ $968:54 ðR10 þ r3!10Þ P3 ¼ node 10

R4 ¼ $885:12 ðR10 þ r4!10Þ P4 ¼ node 10

The net revenue, as we mentioned earlier, is
cumulative, thus the calculations involve the net
revenue associated with the decision at this stage
and the net revenue associated with the best path
from the to-node to the final destination. For exam-
ple, the net revenue for moving from node 3 to node
10 involves the net revenue associated with this thin-
ning option ($339.94 per acre) plus the net revenue
associated with the best path from node 10 to the
final destination ($628.60 per acre). Here we find that
the best routes from the states at stage 2 are the
following:

• If we are at node 1, proceed to node 5, then to
node 11 (no thin, no thin, clearcut)

• If we are at node 2, proceed to node 10, then
node 11 (thin to 110 ft2 per acre at age 35, thin to
100 ft2 per acre at age 45, then clearcut)

• If we are at node 3, proceed to node 10, then
node 11 (thin to 100 ft2 per acre at age 35, thin to
100 ft2 per acre at age 45, then clearcut)

• If we are at node 4, proceed to node 10, then
node 11 (thin to 90 ft2 per acre at age 35, thin to
100 ft2 per acre at age 45, then clearcut)

Each of the thinning options suggests that the sec-
ond thinning involves a residual basal area of 100 ft2

per acre.

Stage From-node Net revenue To-node Route
1 0 975.99 1 0!1!5!11

0 1,039.50 2 0!2!10!11*
0 1,034.71 3 0!3!10!11
0 1,023.23 4 0!4!10!11

Nearing the final determination of the optimal
thinning regime(s), we find that

R0 ¼ $1; 039:50 ðR2 þ r0!2Þ P0 ¼ node 2

Each of these last four alternatives involves the cost
of the site preparation and planting ($250 per acre)
along with the discounted cost of the thinning options
(where appropriate). As a result, the best alternative
for this stand is:

Site prepare and plant the stand
Thin the stand to 110 ft2 per acre at age 35
Thin the stand to 100 ft2 per acre at age 45
Clearcut the stand at age 55

This management regime could have been deter-
mined by building the path using the appropriate Pb

values:

P0 ¼ node 2 (implying moving from site
preparation and planting to thinning the stand
to 110 ft2 per acre at age 35)

P2 ¼ node 10 (implying moving from thinning to
110 ft2 per acre at age 35, to thinning to 100 ft2

per acre at age 45)
P10 ¼ node 11 (implying moving from thinning to

100 ft2 per acre at age 45 to a final harvest at
age 55)

As you might have noticed, this example of
dynamic programming accumulated the discounted
net revenue from one stage to the next. The site prep-
aration and planting costs were not discounted
because they were assumed to have been incurred
immediately at the start of the investment. In addi-
tion, since all the investment alternatives began and
ended with the same time horizon, no adjustment
for varying investment lengths was required.

F. Dynamic Programming Example—Southern
Stand Thinning, Varying Rotation Lengths

Determining the optimal rotation length using
dynamic programming is somewhat different than
determining the optimal thinningpolicies for even-aged
stands, since the latter usually assumes a fixed rotation

118 5. OPTIMIZATION OF TREE- AND STAND-LEVEL OBJECTIVES



length.Here,we leave the rotation length open-ended at
first, anduse ra!b values that reflect their contribution to
soil expectation value. The contributions associated
with each branch in a dynamic programming network
are compounded to the end of the rotation, then dis-
counted to the present to reflect incurring the cost (or
revenue) perpetually in future rotations of the same set
of treatments. Each ra!b value that is not associatedwith
a final harvest is adjusted using the equation:

r0a!b ¼ ra!b
ð1þ iÞR�t

ð1þ iÞR � 1

" #

where:

R ¼ The rotation age assumed in the analysis
t ¼ The time period in which the cost or revenue

is incurred

Final harvest values are adjusted using the equation:

r0a!b ¼ ra!b
1

ð1þ iÞR � 1

" #

Take, for example, an even-aged stand located in the
southern United States. Several basic management
regimes (Figure 5.10) were considered that included thin-
ning at age 18 and possibly age 25, with potential clearcut
harvest agesof 25, 30, and35.Whichof thesemanagement
alternatives would you suggest to a landowner who had
the intention of maximizing his or her investment? Given
a set of yields for the thinnings and final harvests, and
assumptions regarding the stumpage prices for the mix-
ture of products (which varies by age given assumptions
of the mixture of pulpwood, chip-n-saw, and sawtimber
volume),we could develop the "rewards" associatedwith
each branch in the dynamic programming network
(Table 5.3). Site preparation, planting, and herbaceous
weed control costs are assumed to be $205 per acre in this
example, using reasonable costs for these treatments
recently reported by Folegatti et al. [33].

There is one caveat to this problem, however, that
makes it slightly complicated: the thinning revenues
could be associated with final harvest ages ranging
from 25 to 35. As a result, we would need to deter-
mine the revenue associated with each thinning
occurring within a different final harvest regime. We
redefine the reward to reflect this fact.

rxx;a!b ¼ The }reward} for going from node a
ðfrom� nodeÞ to node b ðto� nodeÞ on a
branch in the dynamic programming
network;with an associated final
harvest age of xx:

For example, the stand represented at node 6,
which represents a thinning at age 25 to a residual
basal area of 100 ft2 per acre, could be clearcut at
age 30 or age 35. Therefore, the contribution to the
present value of this perpetual series of subsequent
final harvest revenues needs to be calculated twice:

1. If the clearcut age is 30, the perpetual series of
revenues begins at age 30, and repeats every 30
years (60, 90, 120, etc.). The associated reward
for this option is:

r30; 6!10 ¼ r6!10
1

ð1:05Þ30 � 1

" #
¼ $1; 785ð0:301029Þ

¼ $537:34

2. If the clearcut age is 35, the perpetual series of
revenues begins at age 35, and repeats every 35
years (70, 105, 140, etc.). The associated reward for
this option is:

r35; 6!10 ¼ r6!10
1

ð1:05Þ35 � 1

" #
¼ $2; 700ð0:221434Þ

¼ $597:87
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FIGURE 5.10 Network of options for a managed southern pine
stand. Nodes 2–4 are first thinning (from below) options, with
residual basal areas noted beside each node in ft2 per acre. Nodes
6–8 represent second thinning options.
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The thinning options require more extensive anal-
ysis. Let’s focus on node 2, which was thinned at
age 18 to a residual basal area of 100 ft2 per acre.

From node 2 forward there are two choices, thin
it again or clearcut the stand. The final harvest
option terminates at age 25, thus the reward for this
choice is

r25; 2!9 ¼ r2!9
1

ð1:05Þ25 � 1

" #
¼ $1; 308ð0:419049Þ

¼ $548:12

However, if the stand is thinned, it could have either
a final harvest age of 30 or 35. Therefore, the contribu-
tion to the present value of this perpetual series of
subsequent final harvest revenues also must be calcu-
lated twice:

r30; 2!6 ¼ r2!6
ð1:05Þ30�25

ð1:05Þ30 � 1

" #
¼ $264ð0:384197Þ

¼ $101:43

r35; 2!6 ¼ r2!6
ð1:05Þ35�25

ð1:05Þ35 � 1

" #
¼ $264ð0:360693Þ

¼ $95:22

The options that involve moving from node 0 to
nodes 1 through 4 each can involve regeneration
costs. The regeneration cost itself is $205, but the
regeneration cost associated with repeated rotations
needs to be factored into the analysis. As a result,
moving from node 0 to node 2, for example, and
assuming a 25-year rotation age, involves calculating
the regeneration cost associated with a 25-year rota-
tion age:

$205
ð1:05Þ25�0

ð1:05Þ25 � 1

" #
¼ $205ð1:419049Þ ¼ $290:91

Moving from node 0 to node 2 is also associated
with a potential thinning value:

$171
ð1:05Þ25�18

ð1:05Þ25 � 1

" #
¼ $171ð0:589644Þ ¼ $100:83

Combining the revenue and the cost produces the
reward for the route:

r25; 0!2 ¼ $100:83� $290:91 ¼ �$190:08

The alternatives for the southern thinning problem
can be assessed using the backward recursion (or
reverse) method or forward recursion methods of
dynamic programming. To begin, the analysis at
stage 3 by assessing all the opportunities that result
in the states described at stage 3. The states consist
of residual basal area levels, and leading back to these

TABLE 5.3 Discounted Revenues and Costs Associated
with Some Management Alternatives for a Managed Southern

Pine Stand

From

node

To

node

Volume

harvested

(tons)

Price

($/ton)

Final

harvest

age (xx) rxx, a!b

0 1 — — 25 (290.91)

0 1 — — 30 (266.71)

0 1 — — 35 (250.39)

0 2 19 9.00 25 (190.08)

0 2 19 9.00 30 (174.27)

0 2 19 9.00 35 (163.60)

0 3 24 9.00 25 (163.55)

0 3 24 9.00 30 (149.94)

0 3 24 9.00 35 (140.76)

0 4 30 9.00 25 (131.71)

0 4 30 9.00 30 (120.75)

0 4 30 9.00 35 (113.36)

1 5 — 0.00 — 0.00

1 9 124 12.00 25 623.55

2 6 22 12.00 30 101.43

2 6 22 12.00 35 95.22

2 9 109 12.00 25 548.12

3 6 16 12.00 30 73.77

3 6 16 12.00 35 69.25

3 7 24 12.00 30 110.65

3 7 24 12.00 35 103.88

3 9 103 12.00 25 517.94

4 7 17 12.00 30 78.38

4 7 17 12.00 35 73.58

4 8 26 12.00 30 119.87

4 8 26 12.00 35 112.54

4 9 96 12.00 25 482.74

5 10 147 15.00 30 663.77

5 11 166 18.00 35 661.65

6 10 119 15.00 30 537.34

6 11 150 18.00 35 597.87

7 10 110 15.00 30 496.70

7 11 140 18.00 35 558.01

8 10 100 15.00 30 451.54

8 11 129 18.00 35 514.17

rxx, a!b ¼ The “reward” for going from node a (from-node) to node b
(to-node) on a branch in the dynamic programming network, with
an associated final harvest age of xx. In this case, it represents the
discounted net revenue.
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states are final harvests (nodes 10 and 11) that occur
at ages 30 and 35:

Stage From-node Net revenue To-node Route
3 5 663.77 10 5!10*

5 661.65 11 5!11
6 537.34 10 6!10
6 597.87 11 6!11*
7 496.70 10 7!10
7 558.01 11 7!11*
8 451.54 10 8!10
8 514.17 11 8!11*

As a result of this analysis,

R5 ¼ $663:77 P5 ¼ node 10

R6 ¼ $597:87 P6 ¼ node 11

R7 ¼ $558:01 P7 ¼ node 11

R8 ¼ $514:17 P8 ¼ node 11

With this initial analysis, we find that the best route
from the unthinned state (5) is to perform a final har-
vest at age 30, and the best routes from the thinned
states (6–8) is to wait an extra five years and perform
the final harvest at age 35. Moving backward one
stage, we find the following results:

Stage From-node Net revenue To-node Route
2 1 663.77 5 1!5!10*

1 623.55 9 1!9
2 693.09 6 2!6!11*
2 548.12 9 2!9
3 667.12 6 3!6!11*
3 661.89 7 3!7!11
3 517.94 9 3!9
4 631.59 7 4!7!11*
4 626.71 8 4!8!11
4 482.74 9 4!9

At this point in the analysis,

R1 ¼ $663:77 ðR5 þ r1!5Þ P1 ¼ node 5

R2 ¼ $693:09 ðR6 þ r35;2!6Þ P2 ¼ node 6

R3 ¼ $667:12 ðR6 þ r35;3!6Þ P3 ¼ node 6

R4 ¼ $631:59 ðR7 þ r35;4!7Þ P4 ¼ node 7

The final stage of the analysis will reveal the appro-
priate management regime for this stand.

Stage From-node Net revenue To-node Route
1 0 397.06 1 0!1!5!10

0 529.49 2 0!2!6!11*
0 526.36 3 0!3!6!11
0 518.23 4 0!4!7!11

Nearing the final determination of the optimal
thinning regime(s) and rotation age, we find that

R0 ¼ $529:49 ðR2 þ r35;0!2Þ P0 ¼ node 2

Each of these last four alternatives included the
cost of the site preparation and planting along with
the discounted cost of the thinning options (where
appropriate). As a result, the best alternative for this
stand seems to be to:

• Prepare the site and plant the stand
• Thin the stand to 100 ft2 per acre at age 18
• Thin the stand to 100 ft2 per acre at age 25
• Clearcut the stand at age 35

Thismanagement regimecouldhavebeendetermined
by building the path using the appropriate Pb values:

P0 ¼ node 2 (implying moving from site
preparation and planting to thinning the stand
to 100 ft2 per acre at age 18)

P2 ¼ node 6 (implying moving from thinning to
100 ft2 per acre at age 18, to thinning to 100 ft2

per acre at age 25)
P10 ¼ node 11 (implying moving from thinning to

100 ft2 per acre at age 25 to a final harvest at age 35)

It has been suggested that the backward recursion
method of dynamic programming can be used only to
solve management problems with a single rotation
length time, and that a number of backward recursion
runs are needed to fully evaluate a problem [30]. How-
ever, we have shown here that by assessing the best
choice at each state (in terms of discounted perpetual
future values), the backward recursion method is just as
effective at locating the optimum solution as the forward
method. As a check on this assertion, the best forward
recursion paths for each potential rotation length is:

Clearcut age 25:
Route: 0!2!9
Value: (r25, 0!2 þ r25, 2!9) ¼ (–190.08 þ 548.12) ¼

$358.04 per acre

Clearcut age 30:
Route: 0!2!6!10
Value: (r30, 0!2 þ r30, 2!6 þ r30, 6!10) ¼ (–174.27 þ

101.43 þ 537.34) ¼ $464.50 per acre

Clearcut age 35:
Route: 0!2!6!11
Value: (r35, 0!2 þ r35, 2!6 þ r35, 6!11) ¼ (–163.60 þ

95.22 þ 597.87) ¼ $529.49 per acre

As you can see, the optimum solution is to clearcut
the stand at age 35, after two intermediate thinnings.
The resulting soil expectation value ($529.49 per acre)
is exactly the same as what we found with the back-
ward recursion method.
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VI. SUMMARY

Managers have to make decisions and be able to jus-
tify their selection of management alternatives for indi-
vidual trees or stands of trees. The tools that are used
to provide information are only as good as the data upon
which they were created, therefore in some cases care
should be taken to ensure that high quality data are
used. Blame for poor decisions sometimes usually is
placed on the analytical methodology, yet ultimately, it
is the interpretation of the results by the manager and
the judgement of the manager that matters [7]. Being
able to assess a number of alternatives for the manage-
ment of trees and stands is a fundamental step in the
management of forests, and demonstrates your compe-
tence as amanager of resources to your supervisor or cli-
ent. Stand-level optimization is important for sorting
through the options available, and in cases where land-
owners desire to use resources efficiently, assists in the
decision-making process. There is one distinct drawback
in optimization at this fine of a scale, however. When
you consider the management of a tree or stand, gener-
ally these decisions are not impacted by the decisions

assigned to other trees or stands, nor by the condition
of the surrounding landscape. However, decisionsmade
at this scale may be useful for the development of alter-
natives for larger forest- or landscape-level problems.
For example, higher-level goals that involve resources
from more than one stand can influence decisions made
at the tree or stand level. These include organizational
wood-flow objectives as well as wildlife habitat objec-
tives, each of which may require a large spatial context
to assess. However, stand-level optimization is used
very often in the management of forests, and attempts
to integrate stand-level optimization with forest-level
goals are pervasive in forest planning. For example, we
may want to include the optimal rotation for each stand
as one silvicultural option in a forest-level plan of action
that is designed to produce maximum volume for forest
landowner. Another approach is to have available not
only the optimal stand-level management plan, but
other stand level regimes that may include facilitating
the development of a particular type of habitat, or that
provide some flexibility with regard to volume flows.
We will cover a variety of issues related to forest-level
planning in Chapters 7 through 12.

QUESTIONS

1. Curse of dimensionality. Consider an uneven-aged
hardwood stand in Ohio. You are tasked with
developing a management recommendation for
the stand that will encompass actions to be under-
taken over the next 30 years. Breaking the timeline
down into three decades, you determine that two
types of thinning alternatives can be prescribed
for the stand in each decade. Knowing that pre-
scribing none of the thinnings is an option, as well
as prescribing all of the thinnings is an option, how
many different alternatives would need to be eval-
uated? How would this change if the number of
thinning options changed to six?

2. Tree-level optimization. Assume that you manage a
small parcel of land in upstate New York, and
that you have a 20-inch black cherry (Prunus sero-
tina) on your property that you estimate contains
364 board feet of sound wood. Current stumpage
prices for your area are about $450 per thousand
board feet for black cherry, and you expect that
they will remain at about this level for the next
couple of years. If in three years the tree might
contain 411 board feet, then should you wait to
cut it then, or cut it now? Your alternative rate
of return is 5 percent.

3. Tree-level optimization. Assume that you manage a
small parcel of land in Indiana, and that you have
a 29-inch northern red oak (Quercus rubra) on
your property that you estimate contains about
1,024 board feet of no. 1 common lumber. Current
stumpage prices for your area are about $600 per
thousand board feet for no. 1 common red oak,
and you expect that they will remain at about this
level for the next couple of years. If in five years
the tree might contain 1,223 board feet, then
should you wait to cut it then, or cut it now? Your
alternative rate of return is 5 percent.

4. Optimum timber rotation. One of your landowner
clients is interested in setting a rotation age for
their 30-year-old stand of eastern hardwoods.
Prepare for the landowner a short, one-page sum-
mary of the various approaches you would use to
define a rotation age.

5. Optimum thinning schedule. A landowner in
Arkansas owns a sizable stand of older pines with
some hardwoods scattered throughout. Theywant
to manage the stand as an uneven-aged forest,
maintaining a continuous overstory, providing
habitat for wildlife, and maintaining a visually
pleasing landscape. They want to understand
how they can keep this forest structure for the next
30 to 40 years. Prepare for the landowner a one-
page summary of the factors that should be
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considered when contemplating the development
of an optimum thinning schedule.

6. Dynamic programming. You recently have been
hired by a consultant in Maine, and they are
interested in understanding more about stand-
level optimization using dynamic programming.
During your interview you mentioned that you
had experience with quantitative forest manage-
ment techniques, so they naturally consider you
an expert in the subject area. Prepare for your
supervisor a short one- to two-page discussion
on the basic methodology behind dynamic pro-
gramming as a method for developing stand-
level optimal management regimes, and point
out its strengths and weaknesses.

0
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9

4

200
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Age 60

160160

3

224

180

Age 70

7
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180

8

6

235
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7. Dynamic programming. Assume that you manage a
even-aged stand of red pine (Pinus resinosa) in Min-
nesota. A number of thinning options can be
applied to the stand over the intended rotation
age (40 years). If the objective were to maximize
the production of basal area over the intended rota-
tion age, then what course of action would you
take? Use the following data and figure, and design
solve the problem using dynamic programming.

From node To node ra!b

0 1 0
0 2 40
1 3 0
1 4 44
2 5 28
3 6 0
3 7 55
4 7 27
4 8 47
5 8 29
6 9 246
7 9 206
8 9 185
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C H A P T E R

6

Graphical Solution Techniques for
Two-Variable Linear Problems

Stand-level optimization frequently is used to develop plans of action for many landowners who have small holdings, however

when a broader forest- or landscape-level perspective is considered, a trade-off may be required on stand-level decisions. Much of

the remainder of this book addresses these broader considerations and the associated planning problems. In addition, we will present
a number of methods for addressing forest- or landscape-level goals, as they may be used in conjunction with optimal stand-level

decisions. As an introduction to broader-scale issues in forest management and planning, this chapter’s goal is to enhance problem

solving and critical-thinking skills in students enrolled in natural resource management programs. Students may have been exposed

to word problems in their elementary education days, but a review of them in relation to natural resource management may be a
necessary precursor to the concepts that follow in the next few chapters of this book. Viewing the solutions to natural resource man-

agement problems as graphs could help us understand the concepts related to the solution space, optimality, feasibility, and efficiency.

Management problems are described in this chapter in two dimensions, hence the use of two variables, to facilitate the visualization of

solutions.

OBJECTIVES

Linear models are widely used for develop-
ing contemporary strategic forest management plans.
Although we begin coverage of addressing planning
models with linear programming in the next chapter,
to understand how forest planning models work, it
may be necessary to view linear problems in graphical
form first. Unfortunately, somemay lose the ability to
comprehend multidimensional space when moving
beyond two or three dimensions. Therefore, we focus
on simple two- variable problems in this chapter and
provide graphical and algebraic representations of
the constraints so that the solution space, where

feasible solutions to a problem reside, can be exam-
ined. Upon completion of this chapter, you should
be able to:

1. Understand how a problem described verbally
or in writing could be translated into a set of lin-
ear equations.

2. Graph the constraints associated with two-
variable linear problems.

3. Identify the feasible region and the optimal solu-
tion for two-variable linearmanagement problems.

4. Algebraically identify the optimal solution to lin-
ear problems.

5. Understand the terms feasibility, infeasibility,
efficiency, inefficiency, and optimality.
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I. TRANSLATING FORESTRY AND
NATURAL RESOURCE PROBLEMS FROM

WORD PROBLEMS INTO
MATHEMATICAL RELATIONSHIPS

For many people, the most difficult aspect about
solving problems is taking a written or spoken repre-
sentation of them (from a colleague or supervisor)
and translating it into a set of quantitative relation-
ships. Therefore, this chapter is provided as a review
of interpreting and solving word problems. Since it
may have been some time since students have used
these skills, we provide an introduction (or review)
of their application in natural resource management.
With this in mind, we walk through three manage-
ment problems very explicitly (in Sections II.A, II.B,
and II.C), then one other problem less explicitly,
with the hope that students will think about how
the problems were developed and solved. In addi-
tion, this chapter serves as a prelude to the forthcom-
ing chapters on forest-level planning.

Following are a set of steps we might logically use
to effectively solve a problem that is either communi-
cated verbally or in writing.

1. Understand the management problem. If the
problem is verbally given to you, then after
listening carefully, you should write down the
problem and review it with the land manager or
landowner. Thoroughly reading through a
written problem, and carefully listening to a
spoken problem are important so that you can
prevent considering solutions that may not be
appropriate, and thus prevent wasting time. If a
landowner, for example, suggests the periodic
attainment of revenue is not important, then
plans that explicitly provide this may be
irrelevant and lead to suboptimal solutions for
the landowner. In addition, when developing an
understanding of a problem, some information
that is not given initially, but ultimately is
necessary to solving the problem, might be
identified through clarification of the problem
with the landowner. For instance, when
clarifying a management problem, you may
determine that one of a set of desires expressed
by the landowner is actually more important
than others.

2. Translate the management problem into
mathematical equations. Although many
people don’t consider themselves to be
“quantitative,” the need to quantify
relationships is important in all fields of natural
resource management, particularly when

determining how to allocate budgets to projects
or how to allocate people to management
activities. Thus this second step is needed to
force you to work in an organized fashion. After
understanding the problem, you will need to
identify the potential decisions that are being
considered, develop variables and coefficients,
and assign them to the potential decisions. For
example, if a decision involves determining
how many acres to assign to treatment #1 within
stand #1, then the variable developed to
represent this decision might be designated
S1T1. And, if each acre of stand #1 can produce
12,000 board feet of timber volume (12 MBF)
when managed under treatment #1, the
coefficient 12 may be associated with the
variable. Further, you must clearly understand
what types of values can be assigned to each
variable (i.e., acres of land, miles of road,
number of snags, etc.). In the cases presented in
this chapter, we will identify the objective of
each problem (maximize or minimize some
value) and the constraints on the activities that
are being scheduled. Each of these relationships
will be described by linear equations that are
made up of the variables, their coefficients
(perhaps), and other terms that place limits on
those decisions. Finally, keep in mind that in
these examples we need to represent all
relationships in a linear manner, thus there are
no nonlinear relationships (e.g., X2, XY,
DBH2H). However, these may be necessary in
more complex planning problems.

3. Solve the problem using mathematical or
graphical methods. The set of linear equations
that are developed for a management problem
can be solved in such a way that allows you to
locate the optimal solution. In the examples
provided in this chapter, we will demonstrate
how to use graphical methods to draw the
linear relationships, identify the feasible region
of the solution space, and locate the optimal
solution to the problem. In addition, each
example will be solved algebraically to provide
greater solution precision. Of course, to
visualize a management problem graphically,
we reduce the problem to a number of variables
(2) and use a small set of linear equations that
can easily be drawn on graph paper. In practice,
you will deal with numerous competing
decisions for each natural resource management
issue. However, as we have noted, visualizing
three or more dimensions (for three or more
decisions) is difficult.
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4. Check the solution to the management
problem. Once a management problem has
been solved, and the optimal solution has been
located, you should perform some analysis to
check the solution values. It is not unreasonable
to find, in doing so, that the problem was not
specified correctly. One method is to take the
resulting optimal values of the decision
variables and insert them into the constraints to
see whether the constraints still hold (i.e., are
not violated). Another method is to view a
graphical representation of the solution to see
whether the solution and the constraints were
developed correctly. Either way, verification of
the results is important. This step could occur
concurrently with the previous step.

The examples that we present in this chapter
were designed to develop your skills in creating
mathematical relationships from a written descrip-
tion of a problem. The linear relationships should
then be graphed in two-dimensional space and
solved. In addition, we provide some guidance to
help you understand how a problem can be checked
for feasibility. Ultimately, the solution to the man-
agement problem should be translated back into a
written description of the activities necessary to
optimize the resources available.

II. EXAMPLE PROBLEMS IN NATURAL
RESOURCE MANAGEMENT

The following four examples were developed to
help students visualize how a word problem can be
graphed to define the solution space of a management
problem. The solution space is a general area within
which managers can make decisions about how to
allocate resources. These examples utilize only two
variables, so a simple X-Y graph can be developed.
In addition, the relationships within each problem
are linear, meaning that straight lines can be drawn
to identify the feasible region of the solution space, or
the area of the solution space within which all combi-
nations of X and Y lead to solutions that can be imple-
mented without violating a constraint. We make this
assumption again about two variables being involved
in linear relationships to simplify the discussion. In
addition, many functional relationships are nonlinear,
thus much more difficult to graph by hand than lin-
ear equations. Additionally, we solve three of the pro-
blems algebraically to illustrate how the precision of
the solution differs with that provided by the graphi-
cal method. We describe the next four problems: a

road construction plan, a snag development plan, a
fish structure plan, and a hurricane clean-up plan.

A. A Road Construction Plan

Assume that you work for a medium-sized forestry
company in the interior western United States, and are
developing a plan of action related to road construction
opportunities over the next year. Your annual budget is
$300,000, andyouwant tobuild asmuch roadasyou can
within the limitations of your system. Based on recent
road construction contracts, building a standard woods
road, one without an aggregate surface, will cost about
$30,000 per mile. Building a road with a layer of coarse
aggregate (rock) will cost about $50,000 per mile. After
doing some preliminary reconnaissance, you decide
that you need at least 1.5 miles of rocked road. And,
you decide that at most, you need four miles of rocked
road. At this point, your organization has already
signed a contract with a local road construction com-
pany to develop 2.5 miles of woods road next year.
You have decided that at most, up to six miles of woods
road need to be built next year. The question is, how
many miles of each type of road should be built given
the budget constraint, your assessment of the road sys-
tem needs, and the other obligations?

Understand the Management Problem

As mentioned in the written description of the prob-
lem, you are interested in building asmuch road as pos-
sible next year. This suggests that you need tomaximize
the number of miles of road that will be built over the
next year.As a result, two decision variables are needed:

WR ¼ miles of woods road that will be constructed
over the next year

RR ¼ miles of rocked road that will be constructed
over the next year

Translate the Management Problem into
Mathematical Equations

Since the problem is to maximize the sum of the
miles of road that are built, the objective function is
relatively straightforward:

Maximize WRþ RR

The objective function represents the sum of the
miles of woods roads and rocked roads to be con-
structed next year. One obvious constraint relates to
the road construction budget:

30, 000 WRþ 50, 000 RR � 300, 000

Here, we will multiply the miles of each type of
road to be built by the cost coefficient associated with
each type of road. As you can see, the total cost of
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building both types of road must be less than or equal
to your budget. Based on your preliminary analysis,
you determined that at least 1.5 miles of rocked roads
are needed, therefore another relatively simple con-
straint to the problem is:

RR � 1:5

In addition, you determined that at most, four
miles of rocked road are needed, thus a subsequent
constraint to the problem is:

RR � 4

Given the contractual obligation to a road con-
struction company, you must build 2.5 miles of
woods road. As a result, a fourth constraint on the
management problem is:

WR � 2:5

Finally, you determined that, at most, six miles of
woods road are needed. Therefore the final constraint
to the problem is:

WR � 6

Solve the Problem and Check the Solution

To visualize this two-variable problem, we can
develop a graph with two axes that represent the
amount ofwoods and rocked roads to be built, and label
themWR and RR (Figure 6.1). The extent of the scale on
each axis can be limited to 10 units (miles of road) or so,
which is slightlymore themaximumnumber ofmiles of

road that we already know can be scheduled for con-
struction. On this graphwewill draw lines representing
the constraints. To begin the graphing of this two-vari-
able linear model, we will first consider the budget con-
straint. Our goal is to draw a straight (linear) line that
represents this constraint, and to do so we can deter-
mine the point where the budget constraint line will
pass through each axis. For example, if the extent
of rocked roads constructed was assumed to be 0 miles,
the maximum length of woods roads that could be con-
structed would be 10 miles ($300,000 budget/$30,000
per mile of woods road). This indicates that one end of
the budget constraint line is whereWR¼ 10 andRR¼ 0.

Conversely, if the number of woods road miles
constructed was assumed to be 0 miles, the maximum
length of rocked roads that could be constructed
would be six miles. This tells us that the other end
of the budget constraint line can be plotted where
WR ¼ 0 and RR ¼ 6. We then draw a straight line
(Figure 6.2) to connect the two X-Y (WR-RR) pairs
(10, 0 and 0, 6). One interpretation of the resulting
graph is that every point on or below the budget con-
straint line is considered feasible (i.e., does not violate
the budget constraint). Another interpretation is that
every point above the line is considered infeasible.
As an easy check on this assertion, a feasible solution
is one where the length of rocked roads to be built is
0 miles (RR ¼ 0) and the length of woods roads to be
built is 0 miles (WR ¼ 0). The resulting point that
represents this combination of choices is below the
budget constraint line, therefore all points below
the budget constraint line are feasible.
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FIGURE 6.1 Initial development of a two-variable graph for the
road construction problem, with the miles of rocked roads to be
built on the Y-axis, and the amount of woods roads to be built on
the X-axis.
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FIGURE 6.2 The budget constraint for the road construction
problem.
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The other four constraints to the road construction
problem suggest the use of lines that are drawn either
horizontally or vertically. Since RR is represented by
the Y-axis of the graph, the two remaining RR-related
constraints (RR � 1.5 and RR � 4) are horizontal
lines. Feasible solutions to the road construction prob-
lem are combinations of WR and RR that can be
found in the area between these two constraints
(Figure 6.3). Since WR is represented by the X-axis,
we draw one line that rises vertically where WR ¼ 6
miles to represent the maximum amount of woods
roads that can be built. Feasibility is maintained here
by all points to the left of the line, since we can build
at most six miles of WR. The final constraint is repre-
sented by a second vertical line drawn where WR ¼
2.5 miles. Feasibility is maintained here by all points
to the right of the line, since we needed at least
2.5 miles of WR. Once all the constraints have been
plotted on the graph, and the direction of feasibility
is noted for each of the constraints, the entire feasible
region (gray area) of the solution space can be visua-
lized (Figure 6.3).

Various combinations of woods roads and rocked
roads can be assessed for feasibility either by viewing
the X-Y (WR-RR) location on the graph, or by placing
the optimal values of WR and RR back into each con-
straint and assessing whether the logic related to each
constraint is still true. For example, given the assump-
tions noted earlier, we might ask whether building
four miles of each type of road result in a feasible
solution. If you were to plot on the graph the location
where WR ¼ 4 and RR ¼ 4, you would find that it is

slightly outside of the feasible region. InsertingWR¼ 4
and RR ¼ 4 into each of the constraints (where appro-
priate), you would also find that the budget constraint
would be violated, since it would require $320,000 to
build four miles of each type of road, and this exceeds
our budget ($300,000).

To graphically locate the optimal solution to the
road construction problem, you could create a series
of lines (parallel to each other) that represent the
slope of the objective function, by adding a test value
to the right-hand side (beyond an equality sign) of the
objective function (Figure 6.4). These test values rep-
resent the total number of miles constructed of both
types of road, since the objective was to maximize
the sum of the roads constructed (WR þ RR). Another
way to graph the objective function is to determine its
slope by algebraically rearranging the objective func-
tion to resemble Y ¼ MX þ B where M equals the
slope, Y the decision variable on the Y-axis, X repre-
senting the decision variable on the X-axis and
B equaling the test value mentioned earlier. After cal-
culating the value for M, you can use the rise/run
ratio to construct your first objective function line.
Since an objective function line equaling one test
value is parallel to the same function equaling
another test value you can easily draw a whole family
of lines with a ruler or simple straight edge.

The goal here is to find the line that has a test value
that rests on the last corner of the feasible region of
the solution space pointing outward toward the max-
imum values of RR and WR, since this is a maximiza-
tion problem. In other words, we are looking for a
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FIGURE 6.3 A graph of the entire set of constraints to the road
construction problem, and the areas related to the constraints where
solutions are feasible.
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FIGURE 6.4 Identification of the optimal solution to the road
construction problem using a family of objective functions.
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solution that increases toward the northeast corner of
a two-dimensional graph but is also feasible. In this
case, we find that the graphical solution for equation
RR þ WR is approximately 8.4 because it touches
the last corner of the solution space (Figure 6.4),
where WR and RR are approximately 6.0 and 2.4,
respectively. However, the graphical solution gives
only an approximate answer due to the scale and res-
olution of the graph. Regardless of this limitation, this
is your estimate of the optimal solution to the prob-
lem (build 6.0 miles of woods roads, and 2.4 miles
of rocked roads).

The graphical method for solving the road con-
struction problem is very useful in conceptually
understanding how the constraints form a feasible
region that outlines many possible solutions. In addi-
tion, the graphical approach allows the construction
of objective function lines that are used to identify
the solution that is not only feasible, but also optimal.
In other words, the optimal solution is one with the
highest objective function value. Although the graph-
ical method is very useful from a conceptual stand-
point, its ability to find the optimal combination of
decision variables and objective function value is not
very precise. Interpreting the solution from the graph
is dependent on the scale of the X and Y axis as well
as the grid size of the graph paper. Each of these
can lead to a lack of precision in your solution. A sim-
ple mathematical approach to solving the road con-
struction problem is to algebraically solve the
problem for the combination of decisions that best
meet the objective.

To solve the problem algebraically, we first sum-
marize the road construction problem described ear-
lier. The objective is to maximize miles of road built.
This is illustrated by Equation (6.1).

Maximize WRþ RR ð6:1Þ
The objective faces six constraints, which limit how

many miles of road that can be built. These constraints
are illustrated by Equations (6.2) through (6.6).

30,000 WRþ 50,000 RR � 300, 000 ð6:2Þ
RR � 1:5 ð6:3Þ
RR � 4 ð6:4Þ

WR � 2:5 ð6:5Þ
WR � 6 ð6:6Þ

To achieve the objective of building as many miles
of road as possible, we need to find the combina-
tions of WR and RR that are feasible, or satisfy the

constraints of Equations (6.2) through (6.6). To solve
for two unknowns, you need to use two equations.
To start, you can use Equations (6.2) and (6.3) and
assume that all of the inequality signs are equalities.

30, 000 WRþ 50, 000 RR ¼ 300,000

RR ¼ 1:5

Then, you can take Equation (6.2) and isolateWR by
moving the RR to the right-hand side of the equation:

30,000 WR ¼ 300,000� 50,000 RR

and divide both sides of the equation by 30,000. This
results in the following:

WR ¼ 10� 1:67 RR

Now, you can substitute Equation (6.3) into (6.2) to
get:

WR ¼ 10� 1:67 ð1:5Þ
This yields a potentially feasible combination of

WR equaling 7.5 and RR equaling 1.5. To evaluate
whether this combination of WR and RR is feasible,
you need to substitute these values into Equations
(6.4), (6.5), and (6.6). For Equation (6.4) you can
clearly see that RR ¼ 1.5 is less than 4, so you con-
clude that this constraint is satisfied. For Equation
(6.5), WR ¼ 7.5 satisfies the constraint that WR has
be equal to or greater than 2.5. For Equation (6.6),
we see that a WR of 7.5 does not satisfy the constraint
of being less than 6. Given that the combination of
WR ¼ 7.5 and RR ¼ 1.5 does not satisfy all the con-
straints it is deemed an infeasible solution.

This is obviously only one possible solution, how-
ever. Since there are five constraint equations, you
could envision that there are 10 unique possible combi-
nations of WR and RR that can be derived (Table 6.1).
In this problem, there are actually only eight unique
possible combinations of WR and RR, since two con-
straint combinations involve only one decision vari-
able (constraint combinations 3 and 4, and 5 and 6).
Remember, not all combinations will be feasible.
Once you determine that a combination is not feasible
then you do not consider it as a potential solution.
For the road construction problem, the constraints
suggest that there are eight unique combinations of
WR and RR that could solve the problem, however
only five combinations yield unique feasible solutions
(Table 6.1). If you examine Figure 6.4 closely, you will
see that these five solutions actually represent the
corners of the feasible region of the solution space.

The first unique solution using a combination of
constraints in Equations (6.2) and (6.4) yields an
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objective function value of 7.32 miles of road con-
structed. The second combination, Equations (6.2)
and (6.6), yields an objective function value of 8.4
miles of road constructed. The third combination,
Equations (6.3) and (6.5), yields 4.0 miles of road
built. The fourth unique combination, Equations
(6.3) and (6.6), yields 7.5 miles of road built. The last
unique combination, Equations (6.4) and (6.5) yields
6.5 miles of road built. Since the goal is to build as
many miles of road as possible, your optimal solution
is the second combination, which generates 8.4 miles
of road to be built, by constructing 6 miles of woods
road and 2.4 miles of rocked road.

B. A Plan for Developing Snags to Enhance
Wildlife Habitat

In this example, assume that you work as a wildlife
biologist for the U.S. Forest Service in Sweet Home,
Oregon. In your position, you need to develop an
annual plan of action to develop snags (dead trees)
in clearcuts to enhance habitat conditions for pileated
woodpeckers (Dryocopus pileatus) and purple martins
(Progne subis). Your goal is to develop as many snags
as possible over the next year. You decide, based on
the available local expertise, that you will either have
someone blast (with dynamite) the tops out of trees,
or have someone top (cut) the trees with a chainsaw.
All of this, of course, happens about 100 feet off the
ground, thus the cost for blasting the trees is esti-
mated to be $100 per tree, whereas the cost for chain-
saw cutting is estimated to be $50 per tree. The
budget for this work is, unfortunately, only $80,000.
Prior to doing this analysis, you already have entered
into a contract with a local logger to top 250 trees with

a chainsaw, and you also have entered into a contract
with a local consultant to blast 100 trees with dyna-
mite. However, you also have determined that at
most, 600 of the trees can be blasted due to the prox-
imity of the trees to nearby homes.

Understand the Management Problem

As you may have gathered in the problem just
described, you are interested in creating as many
snags as possible, which implies that you seek to
maximize the number of snags created. Two decision
variables therefore are needed, such as the following:

CS ¼ number of snags created using a chainsaw
DS ¼ number of snags created using dynamite

Translate the Management Problem into
Mathematical Equations

The objective function to the problem is to maxi-
mize the total number of the snags created over the
next year.

Maximize CSþDS

As with the previous road construction example,
one constraint can be developed that relates to the
annual budget:

100 DSþ 50 CS � 80, 000

Here, each snag created using dynamite will cost
$100, and each snag created using a conventional
chainsaw will cost $50. The total cost for both snag-
creation processes must be less than the budget.
Based on your previous commitments, there are min-
imum numbers of each type of snag that need to be
included in your final plan. These include at least

TABLE 6.1 Possible Combinations of Woods Roads and Rocked Roads by Combining Algebraically the Constraints
Related to the Road Construction Problem

Constraint combination Woods roads (miles) Rocked roads (miles) Total (miles) Budget ($) Feasible?

(2) and (3) 7.50 1.50 9.00 300,000 No

(2) and (4) 3.32 4.00 7.32 299,600 Yes

(2) and (5) 2.50 4.50 7.00 300,000 No

(2) and (6) 6.00 2.40 8.40 300,000 Yes

(3) and (4) — — — — —a

(3) and (5) 2.50 1.50 4.00 150,000 Yes

(3) and (6) 6.00 1.50 7.50 255,000 Yes

(4) and (5) 2.50 4.00 6.50 275,000 Yes

(4) and (6) 6.00 4.00 10.00 380,000 No

(5) and (6) — — — — — a

aOne variable undetermined through the constraint combination.
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250 chainsaw-created snags and at least 100 dyna-
mite-created snags:

CS � 250

DS � 100

Finally, only a limited number of snags can be cre-
ated using the blasting method. Therefore, the prob-
lem must include a constraint limiting the number
of snags created in this manner:

DS � 600

Solve the Problem and Check the Solution

To visualize this two-variable problem, we develop
a graph with two axes, and label them DS and CS
(Figure 6.5). The budget constraint and constraints
related to existing agreements are drawn using tech-
niques described in the previous section, along with
the resource-related constraint that concerns the maxi-
mum number of snags created from blasting trees with
dynamite. Once all the constraints have been plotted
on the graph, and the direction of feasibility is noted
as it relates to each constraint, we can visualize the fea-
sible region of the solution space. The optimal solution
to this problem is one whereDS¼ 100, and CS¼ 1,400,
or where we would create 100 snags using dynamite,
and 1,400 snags using a chainsaw (Figure 6.6).

To solve the problem algebraically, you can begin by
summarizing the snag development. The objective is to
maximize the sum of snags created. This is illustrated
by Equation (6.7).

Maximize CSþDS ð6:7Þ

The objective faces five constraints that limit how
many snags can be created. These constraints are illus-
trated by Equations (6.8) through (6.11).

100 DSþ 50 CS � 80, 000 ð6:8Þ
CS � 250 ð6:9Þ
DS � 100 ð6:10Þ
DS � 600 ð6:11Þ

To achieve the objective of creating as many snags
as possible, we need to find the combinations of DS
and CS that are feasible or satisfy the constraints in
Equations (6.7) through (6.11). To start, you can use
Equations (6.8) and (6.9). First, you can take Equation
(6.8) and isolate DS by moving the CS to the right-
hand side of the equation, and divide both sides of
the equation by 100. This results in the following:

DS ¼ 800� 0:5 CS

Now, you can substitute Equation (6.9) into (6.8) to
get:

DS ¼ 800� 0:5 ð250Þ
This substitution yields a potentially feasible com-

bination of DS equaling 675 and CS equaling 250. To
evaluate whether this combination of DS and CS is
feasible, you need to substitute these values into
Equations (6.10) and (6.11). For Equation (6.10) you
can clearly see that DS ¼ 675 is greater than 100, so
we conclude that this constraint is satisfied. For Equa-
tion (6.11), you see how DS ¼ 675 is greater than 600,
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FIGURE 6.5 The graphed constraints to the snag development
problem, and the identification of the feasible region (gray area).
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which does not satisfy the constraint. Given this infor-
mation, you should not consider this combination of
DS and CS for any further evaluation. The next combi-
nation to consider is Equations (6.8) and (6.10). Follow-
ing the same process as before but now isolating CS,
you now get CS equal to 1,400 andDS equals 100. Tak-
ing this combination, you evaluate Equations (6.9) and
(6.11) to see that they are satisfied. This combination of
DS and CS creates 1,500 snags. Another combination of
DS and CS to evaluate can be solved by using Equa-
tions (6.8) and (6.11). Solving forDS andCS using these
equations yields aCS of 400 and aDS of 600, which cre-
ates 1,000 snags. Equations (6.9) and (6.10) yield a CS
and DS that creates only 350 snags. Solving Equations
(6.9) and (6.11) forCS andDS creates a feasible solution
that generates 850 snags. Since the goal is to create as
many snags as possible, our optimal solution is the sec-
ond combination that generates 1,500 snags by chain
sawing 1,400 trees and dynamiting 100 trees.

C. A Plan for Fish Habitat Development

For the third example of graphical and algebraic
techniques applied to a two-variable linear problem,
assume that you are a fisheries andwildlife consultant,
and have entered into a contract with the U.S. Forest
Service to develop fish structures in streams within a
specific watershed in Idaho. These fish structures are
designed to facilitate the development of pools in the
stream system. The structures themselves can be devel-
oped using either logs or boulders. Assume that the
Forest Service would like you to develop these struc-
tures across as manymiles of stream as possible within
the limit of the budget. After reviewing maps and
aerial photographs, you decide that at least five miles
of the stream system should be treated by placing logs
in various places, and that at least 2.5 miles should be
treated using boulders. Given the limited availability
of large boulders in this area, you have determined that
only up to 7.5 miles of streams can be treated with
boulders. The budget for doing this work is $250,000.
It will cost $10,000 per stream mile to create fish struc-
tures using logs, and $21,000 per stream mile to create
structures using boulders.

Understand the Management Problem

After reading through the problem statement, you
may have gathered that the objective of the problem is
to treat as many miles of stream as possible with either
logs or boulders. This implies that you need to maxi-
mize the miles of stream treated. To simplify the prob-
lem, we will also assume that the same stream reach
will not be treated with both logs and boulders. Two
decision variables therefore are needed for this analysis:

Logs ¼ number of miles of streams where logs will be
installed to create pools

Boulders ¼ number of miles of streams where
boulders will be installed to create pools

Translate the Management Problem into
Mathematical Equations

The objective function to the problem is to maxi-
mize the sum of the miles of stream that are treated
with either logs or boulders.

Maximize Logsþ Boulders ð6:12Þ
The constraints associated with this problem

include the following:

1. (Budget) 10,000 Logs þ 21,000
Boulders � 250,000 (6.13)

2. (Logs minimum) Logs � 5 (6.14)
3. (Boulders minimum) Boulders � 2.5 (6.15)
4. (Boulders maximum) Boulders � 7.5 (6.16)

After working through the previous two problems,
you should be able to understand how these four con-
straints arose from the written description of the man-
agement problem.

Solve the Problem and Check the Solution

For this two-variable problem, we develop a graph
(Figure 6.7) and label the two axes Logs and Boulders.
All the constraints related to the budget and the
resources (both the availability of resources and the
limitations related to resources) are drawn, and once
the direction of feasibility is noted (as it relates to each
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constraint), you should be able to visualize the entire
feasible region of the solution space. The optimal solu-
tion to this problem is where Logs is approximately 20,
and Boulders ¼ 2.5. This suggests that to best utilize
the budget, about 20 miles of the stream system
should be enhanced with logs to create pools for fish
habitat, and about 2.5 miles of the stream system
should be enhanced with boulders to create pools for
fish habitat.

To achieve the objective of treating as many miles
of stream as possible with logs and boulders, you
need to find the combinations of Logs and Boulders
that are feasible or satisfy the constraints in Equa-
tions (6.13) through (6.16). To start, you can use
Equations (6.13) and (6.14). First, you can take Equa-
tion (6.13) and isolate Boulders by moving the Logs to
the right-hand side of the equation, and divide both
sides of the equation by 21,000. This results in the
following:

Boulders ¼ 11:9� 0:48 Logs

Now, you can substitute Equation (6.14) into Equa-
tion (6.13) to get:

Boulders ¼ 11:9� 0:48ð5Þ
This yields a potentially feasible combination of

Boulders equaling 9.52 and Logs equaling 5. To evalu-
ate whether this combination of Boulders and Logs is
feasible, you need to substitute these values into
Equations (6.15) and (6.16). For Equation (6.15) you
can clearly see that Boulders ¼ 9.52 is greater than
2.5 so you conclude that this constraint is satisfied.

For Equation (6.16), you can see how Boulders ¼ 9.52
is greater than the upper limit of 7.5 so it does not sat-
isfy the constraint. Given this information, you
should not consider this combination of Boulders and
Logs for any further evaluation.

The next combination to consider is Equations (6.13)
and (6.15). Following the same process as before but
isolating Logs, we now get Logs equal to 19.75 and
Boulders equal to 2.5. Taking this combination, we
evaluate Equations (6.14) and (6.16) see that they are
satisfied. This combination of Boulders and Logs treats
22.25 miles of stream. Another combination of Boulders
and Logs to evaluate can be solved by using Equations
(6.13) and (6.16). Solving for Boulders and Logs using
these equations yields Logs of 9.25 and Boulders of 7.5,
which treats 16.75 miles of stream. Equations (6.14)
and (6.15) yield Logs and Boulders that treat only 7.5
miles of stream. Solving Equations (6.14) and (6.16)
for Logs and Boulders creates a feasible solution that
treats 12.5 miles of stream. Since the goal is to treat as
many miles of stream as possible, our optimal solution
is the second combination that treats 22.25 miles of
stream by installing logs in 19.75 miles of streams and
laying boulders in 2.5 miles of streams, all to create
pools to enhance fish habitat quality.

D. A Hurricane Clean-up Plan

In this example, assume that you work as a govern-
ment forester in Hancock County, Mississippi. You
have been assigned the task for developing a hurricane
clean-up plan for 750 acres of forested property
adversely affected by Hurricane Katrina (Figure 6.8).

FIGURE 6.8 Hurricane damage to a
pine stand after Hurricane Katrina in
2005.
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The agency you work for wants to minimize the cost of
the clean-up process. You decide that you will either
have someone cut and haul the debris off the site to a
nearby landfill, or have someone cut, pile, and burn
the debris on the site. The cost for cutting and hauling
the debris is estimated to be $2,000 per acre, and the cost
for cutting, piling, and burning is estimated to be $1,000
per acre. The budget for this work is $1,000,000 for the
750 acres. Prior to doing this analysis, you already have
entered into a contract with a local logging contractor to
cut and haul 200 acres of debris costing $400,000, and
you also have entered into an agreement with the Mis-
sissippi Forestry Commission to burn at least 300 acres,
and alongwith the cutting and piling activities, this will
cost $300,000. However, you also have determined that
the emission of smoke particulates into the atmosphere
couldpose a significant health risk to local communities,
so no more than 500 acres, which will cost $500,000, can
be cut, piled, and burned.

Understand the Management Problem

After having worked through the previous prob-
lems, you quickly surmise that you are interested
here in reducing the cost of clean-up as much as pos-
sible, which implies that you need to minimize your
clean-up costs. Two decision variables therefore are
needed, such as the following:

CH ¼ cost of cutting and hauling woody debris to
nearby landfills

CPB ¼ cost of cutting, piling, and burning woody
debris on site

Translate the Management Problem into
Mathematical Equations

The objective function to the problem is to mini-
mize the cost of cleaning up the 750 acres in Hancock
County, MS.

Minimize CH þ CPB ð6:17Þ
The constraints associated with this problem

include the following:

CH þ CPB � 1, 000, 000 ð6:18Þ
CH � 400, 000 ð6:19Þ
CPB � 300, 000 ð6:20Þ
CPB � 500, 000 ð6:21Þ

Solve the Problem and Check the Solution

To visualize this two-variable problem, we develop
a graph with two axes, and label them CH and CPB
(Figure 6.9). The budget constraint and constraints
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FIGURE 6.9 Identification of the fea-
sible region and optimal solution to the
hurricane clean-up problem.
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related to existing agreements are drawn using techni-
ques described in the previous section. Once all the
constraints have been plotted on the graph, and the
direction of feasibility is noted as it relates to each con-
straint, we can visualize the feasible region of the solu-
tion space. The optimal solution to this problem is one
where CH ¼ 400,000 and CPB ¼ 300,000, or where you
would treat only 500 acres of the property (Figure 6.9).

If we were to insist that all 750 acres of land are
treated with one or both of the two methods, then
we could rearrange the problem so that the decision
variables are acres treated, and the decisions are
related to assigning acres to each treatment.

Minimize 2, 000 CH þ 1, 000 CPB ð6:17Þ
where CH and CPB represent acres for each treat-
ment. The constraints associated with this modified
problem include the following:

2, 000 CH þ 1, 000 CPB � 1, 000, 000 ð6:18Þ
2, 000 CH � 400, 000 ð6:19Þ
1, 000 CPB � 300, 000 ð6:20Þ
1, 000 CPB � 500, 000 ð6:21Þ

And the following additional constraint,

CH þ CPB ¼ 750 ð6:22Þ
Since the last constraint is an equality, if we were

to solve the problem we would find a single solution,
rather than a feasible region of solutions, where
CH ¼ 250 acres and CPB ¼ 500 acres.

III. OPTIMALITY, FEASIBILITY, AND
EFFICIENCY

When we assign a value to a set of decision vari-
ables associated with a mathematical problem, we
say we have developed a solution to the problem.
Whether the solution is feasible, infeasible, optimal,
or suboptimal is another matter, however. As you
may have gathered through the discussion of the
examples presented in this chapter, a feasible solution
is one where the values for each decision variable
are such that all the constraints are satisfied (i.e.,
not violated). For example, in Figure 6.7, a solution
that requires five miles of stream to be treated with
boulders and 10 miles of stream to be treated
with logs in an effort to create better fish habitat is

a feasible solution. A solution that requires treating
10 miles of streams with boulders and 10 different
miles of streams with logs violates two constraints,
the budget constraint and the constraint related to
the maximum length of stream that could be treated
with boulders. This latter case is considered to be an
infeasible solution, since one or more constraints are
violated.

The optimal solution to a management problem is
one where a set of values assigned to the decision
variables produces the highest (in the case of a
maximization problem) or lowest (in the case of a
minimization problem) possible objective function
value. Given that there are usually numerous feasible
solutions to a problem, this is the one that produces
the most favorable and efficient plan for a landowner.
Any feasible solution, or combination of management
choices, that leads to an objective function value that
is not the optimal value is known as a suboptimal
solution. Suboptimal solutions are not necessarily
bad, and often are implemented in practice (perhaps
without understanding why they are suboptimal).
In many cases, you may find that there numerous
suboptimal solutions that are not very different from
the optimal solution. A common example involves
switching the harvest timing of a management unit
with that of another, because of some issue (perhaps
related to equipment logistics) that was not recog-
nized in the original mathematical problem. Also
keep in mind that suboptimal, feasible solutions
may be far from the optimal solution, as quantified
by the objective function value. At the extreme, some-
times doing nothing at all is a suboptimal, feasible
solution. Graphically, when the origin (0,0) is located
on the edge of the feasible region of the solution
space, doing nothing at all may represent a subopti-
mal feasible solution.

There are times, however, when no optimal
solutions can be located for a management problem.
This situation could arise if there are no feasible
solutions to a problem. For example, in the snag
development problem of Section II.B, if the con-
straints were simply

100 DSþ 50 CS � 80, 000

CS � 250

DS � 800

then we would find that no feasible solution to the
problem can be developed, because the budget
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required to create 250 snags using a chainsaw and 800
snags using dynamite would be $92,500, which
would violate the budget constraint. In other cases,
numerous feasible, optimal solutions may be avail-
able for a management problem. For example, if we
added one last constraint to the fish structure man-
agement problem from Section II.C, that indicated
that no more than 15 miles of stream could be
treated,

Bouldersþ Logs � 15

then we would find, when we graphed the problem,
that a number of solutions are both feasible and
optimal (those along the line from points A to B in
Figure 6.10) since this last constraint has the same
slope as various versions of the objective function
(e.g., Boulders þ Logs ¼ 10, Boulders þ Logs ¼ 20).

Solutions to problems are said to be efficient when
there are no other solutions that can produce more
of one of the outputs, while producing the same
amount of the other outputs. Two examples will help
illustrate this point. First, from the problem described
in Section II.A, one feasible solution could be
where we construct 2.4 miles of rocked roads and
four miles of woods roads (RR ¼ 2.4 and WR ¼ 4).
We know, of course, that this is not the optimal solu-
tion to the management problem. It is also not the
most efficient solution to the problem. We know this
because we could have constructed the same amount
of rocked roads (2.4 miles), yet also could have con-
structed two more miles of woods roads, creating

the solution RR ¼ 2.4 and WR ¼ 6. Alternatively, we
could create a solution with the same amount of
woods roads (4 miles), yet with 1.2 more miles of
rocked roads (RR ¼ 3.6 and WR ¼ 4). Each of these
solutions would be considered more efficient, within
the framework of the problem, than the solution
RR ¼ 2.4 and WR ¼ 4.

As a second example, try to imagine a broader prob-
lem of scheduling forest management activities that
will simultaneously produce timber volume and affect
the quantity of wildlife habitat. The feasible solutions
to the problem might be graphed (Figure 6.11) in such
a way to show the trade-offs among the goals. What is
provided, of course, is a generic solution space, but it
illustrates nicely the concept of efficiency. Point A
on the graph illustrates an inefficient solution. That
is, the combination of activities that produced the
solution described by point A could be improved so
that the same amount of wildlife habitat is available,
yet with a larger timber harvest volume (point B), or
that the same amount of timber volume could be
produced, yet with a larger amount of wildlife habitat
(point C). In either of the latter two cases, a rear-
rangement of the temporal or spatial distribution of
activities could result in a more efficient forest plan.
The plan that is described by point D is infeasible,
since one or more constraints must be violated for
the objective function value to be located outside of
the feasible region. To get to point D, we would either
need more resources or need to relax one or more
constraints.
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infeasible solutions to a broad timber harvest and wildlife habitat
management problem.
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The curved line that describes the outer edge of the
solution space in Figure 6.11 is sometimes called a
production possibility frontier. This curve represents
the efficient solutions to the problem under consider-
ation. If resources are allocated efficiently to the man-
agement of the forest, then the possible solutions and
the trade-offs among competing efficient solutions
can be visualized very clearly. The production possi-
bility frontier curve can be convex with respect to
the origin of the graph (curving or bulging outward),
but not necessarily so. The relationships are interest-
ing in that we can determine the maximum amount
of one output (wildlife habitat) that is possible given
any other amount of the other output, and the given
amounts of inputs (land, labor, budget, etc.). The rela-
tionship of the two levels of output generally indi-
cates that increases in the production of one output
will usually result in decreases in the production of
the other output.

Although the specific location and timing of activities
is not presented, the alternatives that are considered
when viewing a production possibility frontier can pro-
vide information that is relevant to a planning process.
Broadly speaking, planners andmanagersmight be able
to better understand the fact that efficiently managing
resources that are not complementary with respect to
their achievement requires that increasing the value of
one output may result in decreased values of another
output. When resources are not being managed effi-
ciently, one output could be increased without a
subsequent decrease in other outputs.

IV. SUMMARY

Understanding the goals, objectives, and constraints
of a landowner or a management situation is a neces-
sary aspect of forest planning. This process is instru-
mental in determining how to address a management
problem, and in determining the aspects of the prob-
lem that need a thorough assessment. The problems
we presented in this chapter involved only two vari-
ables, which we acknowledge simplifies manymodern
forest management and planning challenges. How-
ever, two-variable linear problems are easy to visualize
and provide an entry point into understanding how
other quantitativemethods approach developing feasi-
ble forest plans. With three or more decision variables,
a problem becomes difficult or impossible to visualize,
yet the concepts of the solution space, the feasible
region, efficiency, and infeasibility remain the same.
In addition, nonlinear relationships will likely be intro-
duced into conventional forest management and
planning problems, and graphical solutions involving
thesemay becomedifficult to visualize.Nonlinear rela-
tionships include the growth behavior of trees, the
development and decay of snags and down wood, the
adjacency of harvests, stream-related impacts (e.g.,
temperature concerns), wildlife habitat relationships,
and others. As we move forward, we will introduce a
number of forest- or landscape-level management
planning techniques that can be used to address these
more realistic problems.

QUESTIONS

1. Pruning Contract. Assume that you work for
Continental Pacific Timberlands in western
Washington, and you are in charge of the prun-
ing program, which has a budget of $130,000.
After reviewing the forest inventory, you deter-
mine that there are a sufficient number of acres
of well-stocked Douglas-fir (Pseudotsuga menzie-
sii) in your district in need of pruning this year.
There are two available contractors for this work,
and you want them to prune as many acres as
possible; however, you only want one contractor
on the district at any one time. You want all the
work to be completed in 70 days. You determine
through conversations with the contractors that
Crew #1 requires 0.16 days per acre, and Crew

#2 requires 0.13 days per acre. On average, you
will have the crews prune 100 trees per acre.
Crew #1 indicates that their work will cost
$1.95 per tree. Crew #2 will cost $2.05 per tree.
Finally, to compare their work, you want to give
at least 50 acres to each of the two crews. To
visualize the problem and the associated solu-
tion space,

(a) Write out the problem formulation (objective
function and constraints).

(b) On a graph, draw and label the lines to
describe each constraint.

(c) Identify the feasible region on the graph.

Would it be feasible to allocate 100 acres to crew
#1 and 300 acres to crew #2? Would allocating
250 acres to each crew lead to a feasible solution?

138 6. GRAPHICAL SOLUTION TECHNIQUES FOR TWO-VARIABLE LINEAR PROBLEMS



2. Developing a trail system. Assume that you work
for a National Park in Colorado. As part of your
job you need to develop an estimate for the
development of a new trail system. You would
like to develop as many trails (defined by their
length) as possible, however your budget is only
$150,000. Two types of trails can be built: (1) eas-
ily traveled trails that are initially cut with a
small bulldozer, then hand-raked and graded,
and (2) rougher, more natural trails developed
using picks, axes, and shovels. In each case, the
average grade of the trails will be maintained
at, or below, 8%, and aligned to suit the topogra-
phy of the area. All debris within 25 feet of the
trails will be removed as well. You estimate that
the first type of trail (1) can be developed at a
rate of five miles per month, at a cost of about
$7,500 per mile. Since hand tools are primarily
used the second type of trail (2) can be devel-
oped at a slower rate, four miles per month, yet
cost about $4,000 per mile. At a minimum you
decide that you want to develop at least two
miles of each type of trail. Ideally, you would
like all the work to be completed in six months,
and you would like the work to be completed
using only one contractor and one crew. The
rates of trail development can be converted to
(1) 0.2 months per mile, and (2) 0.25 months
per mile to make the problem more readily solv-
able. To visualize the trail development problem
and the associated solution space,

(a) Write out the problem formulation (objective
function and constraints).

(b) On a graph, draw and label the lines to
describe each constraint.

(c) Identify the feasible region on the graph.

Optimally, about how many miles of each type
of trail should be built over the next six months?
Would it be feasible to build 10 miles of trail type
1 and 20 miles of trail type 2?

3. Cruising a Potential Land Purchase Area. Assume
that you work for a timber investment manage-
ment organization (TIMO) in Louisiana. You
need to develop an estimate of the timber
resources on 5,000 acres that your organization
is considering buying. You need to have cruised
as much of this land as possible, however your
budget is only $36,000. Two local consulting for-
esters can do the timber cruising for you; consul-
tant #1 prefers to use fixed plot sampling,
consultant #2 prefers to use point (prism)

sampling. You want to give as much work as
you can to each of them. Consultant #1 is some-
what busy, but can cruise up to 3,000 acres
within your time frame, however they need a
guarantee of 1,000 acres before they will agree
to do the work. You have agreed (by contract)
to provide this. Consultant #2 also requires a
guarantee of 1,000 acres, but can cruise as many
acres as are possible within the time frame. Con-
sultant #1 can do the work for $8.50 per acre.
Consultant #2 can do the work for $6.50 per acre.
To visualize the problem and the associated
solution space,

(a) Write out the problem formulation (objective
function and constraints).

(b) On a graph, draw and label the lines to
describe each constraint.

(c) Identify the feasible region on the graph.

Would it be feasible to ask consultant #1 to cruise
3,000 acres, and consultant #2 to cruise 2,000
acres? Would giving 2,500 acres to each
consultant lead to a feasible solution?

4. Snag development. Table 6.1 is instructive in
understanding the combinations of choices that
can be used to evaluate solutions from an al-
gebraic manipulation of the constraints. Use
the constraints suggested for problem II.B to
develop a table similar to Table 6.1 that illus-
trates the options for CS and DS. Highlight the
combinations that are infeasible, and make a
note of the optimal solution.

5. Hurricane clean-up plan. Given the information
provided in Section II.D, solve algebraically the
hurricane clean-up plan problem.

6. Cruising the Putnam Tract. You need to develop
an estimate of the timber resources on the 2,602
acres that your organization manages within
the Putnam Tract. You need to have cruised as
much of this land as possible, however your
budget is only $20,000. As with the Louisiana
problem, two local consulting foresters are avail-
able who can do the timber cruising for you; con-
sultant #1 prefers to use point (prism) sampling,
and consultant #2 prefers to use fixed plot sam-
pling. You want to give as much work as you
can to each of them. Consultant #1 is somewhat
busy, but can cruise up to 1,500 acres within
your time frame; however, they need a guaran-
tee of 500 acres before they will agree to do the
work. You have agreed (by contract) to provide
this. Consultant #2 also requires a guarantee of
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500 acres, but can cruise as many acres as are
possible within the time frame. Consultant #1
can do the work for $7.20 per acre. Consultant
#2 can do the work for $8.50 per acre. To visualize
the problem and the associated solution space,

(a) Write out the problem formulation (objective
function and constraints).

(b) On a graph, draw and label the lines to
describe each constraint.

(c) Identify the feasible region on the graph.
(d) What is the optimal solution to the problem?
(e) How would you allocate the areas on a map

of the Putnam Tract?

7. Stream enhancement project on the Lincoln Tract.
Assume that as a land manager for the Lincoln
Tract, you want to improve fish habitat on about
one mile of stream in the southwest portion of
the property (see the following figure). The fish
habitat structures to facilitate the development

Roads

Streams

Stream to be treated with logs or boulders

of pools can be developed using either logs or
boulders. Assume that you would like to
develop these structures within the entire mile
of stream, if possible, within the limit of your
budget ($15,000). After reviewing the site, you
decide that at least 0.25 miles of the stream sys-
tem should be treated by placing logs in vari-
ous places, and that at least 0.30 miles should
be treated using boulders. It will cost about
$11,000 per stream mile to create fish structures
using logs, and $19,000 per stream mile to cre-
ate structures using boulders.

(a) Write out the problem formulation (objective
function and constraints).

(b) On a graph, draw and label the lines to
describe each constraint.

(c) Identify the feasible region on the graph.
(d) What is the optimal solution to the problem?
(e) How would you allocate the areas to treat on

a map of the Lincoln Tract?
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C H A P T E R

7

Linear Programming

In this chapter, we introduce the concept of linear programming. Although developed independently a few years earlier by Russian and

Dutch scientists, linear programming was formalized in a general form in 1947 when colleagues of George Dantzig suggested he use the term

as a descriptor for the solution technique he had developed for the U.S. Air Force [1]. The reasoning behind the choice of words was: (1) Dant-
zig’s problem-solving methods were based on linear equations, and (2) the term “programming” was (in 1947) synonymous with “planning”

in the military. Linear programming has since been adopted for use in a number of fields, including business and natural resource manage-

ment. In forest management and planning, typically it is used to allocate activities and resources across a broad area, such as a forest or range-
land landscape, and over a long time frame. Linear programming also allows us to understand the trade-offs between different management

objectives, and the trade-offs among management constraints. Many, if not all of the U.S. National Forest plans developed from about 1970 to

today have used linear programming. In addition, a number of industrial companies, state forest management organizations, and Canadian

provinces also use linear programming for the development of forest plans. As a result, over the past 40 years a large number of natural
resource management plans have been developed using this problem-solving technique.

OBJECTIVES

In developing a natural resource management
plan, we often either maximize or minimize some
set of values, otherwise we are simply simulating
management activities. Although simulation is
widely used in science to test hypotheses or scenar-
ios, we concentrate here on optimization processes,
which allow us to separate, rank, and evaluate dif-
ferent plans of actions. Ultimately, we would prefer
to develop the best plan possible to use as a guide
in managing our natural resources. We say a guide
here because we usually fail to incorporate into a
planning process all the characteristics of a manage-
ment problem. Weather conditions, for example,
could force a land manager to deviate from a plan,
as could natural disasters, price fluctuations
beyond their forecasted values, and other unfore-
seen or unrecognized circumstances at the time
the plan was developed. The next few sections of

this chapter describe the aspects of a mathematical
programming problem-solving method, linear pro-
gramming, and illustrate how a linear program-
ming model can be developed to represent a forest
planning problem. After solving a linear program-
ming problem, we discuss the concepts of feasibil-
ity and efficiency once again. Upon completing
this chapter, you should be able to:

1. Understand the components of linear program-
ming that are necessary to allow you to develop
a solution to a natural resource management
problem.

2. Construct an objective function, resource and pol-
icy constraints, and accounting rows associated
with a natural resource management problem.

3. Interpret the solution values generated, once a
linear programming problem has been solved.

4. Apply the concepts of feasibility, infeasibility,
efficiency, and inefficiency to a linear program-
ming problem and its associated solution.
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I. INTRODUCTION

Mathematical programming is a generic term for a
set of methods that can be used to optimize an objective
in light of constraints imposed on management activ-
ities or constraints imposed on the allocation of land
to various uses [2]. Linear programming is one of these
mathematical programming techniques. Although first
developed over 60 years ago, one of the first papers
describing its potential for assisting with the develop-
ment of natural resource management plans came in
1962 [3]. Many natural resource management plans
today call for the sustainability of resources, and
involve imposing constraints on a problem to ensure
that the use of resources does not surpass a desired
rate. Mathematical programming methods such as lin-
ear programming can accommodate these problems.
As a result of the need to efficiently use resources,
and because of improvements in computer technology,
linear programming has been used successfully in
natural resource planning [4]. Linear programming,
much to the consternation of students in natural
resource management disciplines, continues to be
used widely throughout North America today.

A linear programming model for a management
problem is composed of an objective function, one
or more constraints, and perhaps some accounting
rows. These equations form the basis for a quantita-
tive method of solving problems. Two key elements
of these models are (1) that all the relationships
needed to develop a plan must be quantifiable, and
(2) that all the relationships in the model are linear.
The output, or solution, to a linear programming prob-
lem (the plan) provides a quantitative assessment of
the proposed management activities.

II. FOUR ASSUMPTIONS INHERENT IN
STANDARD LINEAR PROGRAMMING

MODELS

Each linear programming model, in its most basic
form, is guided by the fourmain assumptions of propor-
tionality, additivity, divisibility, and certainty. Some
variations on these assumptions have been explored
over the past four decades; however, our work will
adhere to theseaswedevelopandsolvenatural resource
management problems in the next two chapters.

A. The Assumption of Proportionality

Each variable in a linear programming problem
is associated with a coefficient (e.g., revenue per unit

produced, cost per mile of road built). The contribu-
tion of each product produced (or road built, etc.) to
the objective function is proportional to the number
of units of each product produced (or number of
miles of roads of each type developed). For example,
if 10 units of product A are produced, and if each
is worth $50, then the contribution to the objective
function is $500. If 20 units of product A are pro-
duced, then the contribution to the objective function
is $1,000. The contribution of product A to the objec-
tive function is thus proportional to the value (poten-
tial revenue) of product A ($50), and does not change
if more (or less) of a product is produced.

B. The Assumption of Additivity

Each variable in an objective function contributes
to the objective function value in a way that is inde-
pendent of the other variables. For example, the value
of product A ($50 of revenue per unit produced) does
not increase or decrease with the number of units of
products B and C that are produced.

C. The Assumption of Divisibility

The value assigned to each variable in a linear pro-
gramming model is assumed to be a continuous real
number, thus it can be assigned fractional values.
For example, a solution to a maximization problem
could be A ¼ 3.24, B ¼ 112.94, and C ¼ 12. Each value
must be zero or greater, if this is not apparent at first
glance. In some real-life problems, this assumption
maynot be valid, andmay require another type of solu-
tion technique to be employed. For example, if wewere
attempting to maximize the number of fish structures
(let’s assume either logs or boulders) inserted into a
stream system, then a solution of 12.56 logs and 9.23
boulders would seem unreasonable. In this case, we
may need to ensure that the value assigned to each var-
iable in the model be an integer, which would require
a solution technique such as mixed integer program-
ming (i.e., some variables can be assigned integers,
some assigned continuous numbers), or integer pro-
gramming (i.e., all variables are assigned integers).

D. The Assumption of Certainty

With this linear programming assumption, the
coefficients associated with each variable are assumed
to be known with certainty. This implies that there
are no stochastic (random) variations in the coeffi-
cients within a linear programming model. For exam-
ple, the revenue for each unit of product A is $50, not
$50 � some random interaction (e.g., $49.35 in some
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instances, $52.94 in others, and so on). In addition,
when we discuss the constraints to linear models in
a later section, all the right-hand side values of the
equations (the goals) are known with certainty. Papps
[5] provides an example of stochastic linear program-
ming in forest management planning, where this
assumption is relaxed.

III. OBJECTIVE FUNCTIONS FOR
LINEAR PROGRAMMING PROBLEMS

An objective function for a linear programming
model is a linear function that helps you evaluate
the quality of a solution to a problem. It is used by
the model to evaluate all potential combinations of
management actions. Associated with objective func-
tions is the notion that something is either being
maximized or minimized. For example, should a land-
owner be interested in creating as much high quality
wildlife habitat as possible over the next decade, he
or she would require a plan that maximized habitat
quality. If a landowner were interested in producing
timber volume at the lowest cost possible, then he or
she may require a plan that minimized manage-
ment-related costs. As an example of an objective
function, assume that the intent of a management
problem is to generate as much revenue as possible,
and that there are three decisions (produce product
A, B, or C). If each unit of product A generates $50 of
revenue, each unit of product B produces $60 of reve-
nue, and each unit of product C produces $100 of reve-
nue, then the objective function would become:

Maximize 50 Aþ 60 Bþ 100 C

Obviously, some constraints would be required to
ensure that the number of units that are suggested
to be produced are consistent with the resources,
labor, and productive capacity of the system. Other-
wise the solution to this problem would be A ¼ 1,
B ¼ 1, and C ¼ 1, which is an unbounded solution.
Alternatively, assume that you are managing a forest
road construction budget, and that the management
problem is not only to build roads, but to minimize
the costs incurred. Three activities are possible: road
type A costs $20,000 per mile, road type B costs
$15,000 per mile, and road type C $12,500 per mile.
The objective function then would become:

Minimize 20, 000 Aþ 15, 000 Bþ 12, 500 C

In this case, of course, some constraints would be
necessary to ensure that some roads are built; otherwise
the solution would become A ¼ 0, B ¼ 0, and C ¼ 0.

In real-life natural resource planning models, the
decision variables required can number into the
hundreds or thousands. In this section of the book,
to provide a practical example that can be easily fol-
lowed by students, we present a small forest planning
problem that consists of 20 stands (management
units) of various sizes. The planning horizon is
assumed to be 15 years, and there are three planning
periods that are each five years long. The landowner’s
objective is to maximize the net present value of the
scheduled management activities.

Volumes contained in the stands of trees are simi-
lar to the average yields (cords) for planted loblolly
pine (Pinus taeda) stands in south Georgia, on
medium sites (SI25 ¼ 65) found in the Service Fores-
ter’s Handbook [6]. Some variation was incorporated,
and the values were then converted to tons per acre
using 5,600 pounds per cord as a standard [7]. The
interest rate assumed is 5 percent, as is a stumpage
price of $25 per ton for pine products. Table 7.1 illus-
trates the basic characteristics of each stand that

TABLE 7.1 Characteristics of 20 Loblolly Pine Stands
in South Georgia

Stand

Size

(acres) Agea

Period 1

volume

(tons/ac)

Period 2

volume

(tons/ac)

Period 3

volume

(tons/ac)

1 12.3 15 40 62 84

2 35.6 20 64 87 104

3 34.6 30 104 117 127

4 85.4 30 102 115 126

5 65.4 25 87 104 117

6 69.1 15 42 64 87

7 78.3 20 65 89 106

8 71.0 10 20 42 64

9 19.6 25 85 101 114

10 34.8 30 101 114 125

11 81.6 25 89 106 119

12 90.2 20 62 85 101

13 45.6 30 106 120 131

14 67.2 15 43 65 88

15 38.6 10 22 44 67

16 49.1 15 44 66 88

17 58.3 20 63 87 103

18 26.8 30 103 117 126

19 53.0 20 65 89 107

20 46.0 10 18 40 61

aStand age in the middle of planning period 1.
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will allow us to develop the objective function and
subsequent constraints.

Since there are 20 stands, and three time periods
in which the area (acres) of each stand could be har-
vested, there are 60 potential decisions that could
be made, assuming only one prescription is allowed
per stand per time period. Therefore, 60 decision vari-
ables are needed, each of which will contain the acres
assigned to each decision. To create decision vari-
ables, we use both characters (letters) and numbers
to describe the stand and the potential harvest period.
The variables will take the form S1P1, where S indi-
cates that the stand number follows (in this case,
stand 1), and P indicates that the time period of har-
vest follows (in this case, time period 1). This is just
one of many ways we could define decision variables
to represent the choices available.

To begin the development of the objective function,
first we must remember what we are attempting to
do—maximize net present value (NPV). Each of the
60 decision variables will appear in the objective func-
tion, and each needs a coefficient that describes the
potential net present value per acre for each decision.
It is important to remember that both aspects of the
linear objective function (the coefficients and the asso-
ciated decision variables) must be compatible. For
example, the coefficients in this case are dollars per
acre, and the decisions involve acres to assign to each
choice. When multiplied together, the result is dollars
(net present value), which needs to be maximized.
The coefficient for decision variable S1P1 (harvest
stand 1 in time period 1), is:

ð40 tons per acreÞ
�ð$25 per tonÞ=ð1:052:5Þ ¼ $885:17 per acre

Here, the volume per acre is multiplied by the
stumpage price, then divided by the interest rate
raised to a period of time that represents the mid-
point of the first time period (2.5 years from now).
The coefficient for decision variable S1P2 (harvest
stand 1 in time period 2) is:

ð62 tons per acreÞ
� ð$25 per tonÞ=ð1:057:5Þ ¼ $1075:01 per acre

and the coefficient for decision variable S1P3 (harvest
stand 1 in time period 3) is:

ð84 tons per acreÞ
� ð$25 per tonÞ=ð1:0512:5Þ ¼ $1141:18 per acre

Following this example through the entire set of 20
stands, we should be able to develop an objective
function that resembles the one shown here:

Maximize
885.17 S1P1 þ 1075.01 S1P2

þ 1141.18 S1P3 þ 1416.27 S2P1
þ 1508.48 S2P2 þ 1412.89 S2P3
þ 2301.44 S3P1 þ 2028.65 S3P2
þ 1725.35 S3P3 þ 2257.18 S4P1
þ 1993.97 S4P2 þ 1711.77 S4P3
þ 1925.25 S5P1 þ 1803.24 S5P2
þ 1589.50 S5P3 þ 929.43 S6P1
þ 1109.69 S6P2 þ 1181.93 S6P3
þ 1438.40 S7P1 þ 1543.16 S7P2
þ 1440.06 S7P3 þ 442.59 S8P1
þ 728.23 S8P2 þ 869.47 S8P3
þ 1880.99 S9P1 þ 1751.22 S9P2
þ 1548.74 S9P3 þ 2235.05 S10P1
þ 1976.63 S10P2 þ 1698.18 S10P3
þ 1969.50 S11P1 þ 1837.92 S11P2
þ 1616.67 S11P3 þ 1372.01 S12P1
þ 1473.80 S12P2 þ 1372.13 S12P3
þ 2345.70 S13P1 þ 2080.66 S13P2
þ 1779.69 S13P3 þ 951.56 S14P1
þ 1127.03 S14P2 þ 1195.52 S14P3
þ 486.84 S15P1 þ 762.91 S15P2
þ 910.22 S15P3 þ 973.69 S16P1
þ 1144.36 S16P2 þ 1195.52 S16P3
þ 1394.14 S17P1 þ 1508.48 S17P2
þ 1399.30 S17P3 þ 2279.31 S18P1
þ 2028.65 S18P2 þ 1711.77 S18P3
þ 1438.40 S19P1 þ 1543.16 S19P2
þ 1453.64 S19P3 þ 398.33 S20P1
þ 693.55 S20P2 þ 828.71 S20P3

IV. ACCOUNTING ROWS FOR LINEAR
PROGRAMMING PROBLEMS

Accounting rows are used to aggregate values that
may be needed for reporting purposes, although the
values accumulated through an accounting row also
could be used to constrain the solution to a problem.
As an example, a natural resource management orga-
nization may be developing a plan that maximizes
the net present value of activities over a 20-year time
horizon and subject to a variety of constraints. The
management organization may also desire to under-
stand how much habitat, or how much timber vol-
ume is produced each time period. To do so, they
would need to somehow add up the habitat or vol-
ume produced in each time period. Accounting rows
are used for this purpose. To develop an accounting
row, you must understand what it is that you are
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trying to accumulate. Three brief examples are help-
ful here, a land area accounting row, a commodity
production accounting row, and a habitat-related
accounting row.

A. Accounting Rows Related to Land Areas
Scheduled for Treatment

Using the model we began building in this chap-
ter, assume that you are interested in determining
how much land area is being scheduled for treat-
ment (harvest) each time period. Variables such as
S1P1, as you recall, indicate the stand and period
of harvest, and will be assigned a real (continuous)
number that represents the area (acres) assigned to
the activity. If S1P1 ¼ 12.56, then the linear program-
ming solution indicates that 12.56 acres of stand 1
should be harvested in time period 1. Similarly, if
S2P1 ¼ 4.75, then the linear programming solution
indicates that 4.75 acres of stand 2 should be har-
vested in time period 1. To understand how much
total land area was scheduled for treatment in time
period 1, you would naturally add together the
values assigned to the decision variables that relate
to time period 1:

S1P1þ S2P1 ¼ area scheduled for harvest in
time period 1

To understand how much land area was scheduled
for treatment in time period 2, you would add together
the values assigned to the decision variables that relate
to time period 2:

S1P2þ S2P2 ¼ area scheduled for harvest in
time period 2

With other similar equations, you could under-
stand how many acres are scheduled for treatment
in each time period of the forest plan. To make the
relationships useable in a linear programming
model, we must first change the right-hand side
(RHS) of each equation to a variable (rather than a
set of words). Therefore, assume that the area sched-
uled for treatment in time period 1 will be, when
summed, contained in the variable AC1, that the area
scheduled for treatment in time period 2 will be
contained in the variable AC2, and so on. The
accounting rows then become:

S1P1þ S2P1 ¼ AC1

S1P2þ S2P2 ¼ AC2

Finally, linear programming models require that
the right-hand side (RHS) of the equation be a value

(a number), not a variable, so we need to adjust the
equations using a little algebra to ensure that all vari-
ables are found on the left-hand side of each equation:

S1P1þ S2P1� AC1 ¼ 0

S1P2þ S2P2� AC2 ¼ 0

When the linear programming model has been
solved, the total number of acres will be easily accessed
by simply consulting the solution for the values
assigned to variables AC1, AC2, and so on.

The full land area accounting rows for the 20-unit
problem we began developing in Section III are now
presented. First is the accounting row related to the
total area scheduled for harvest in time period 1:

S1P1 þ S2P1 þ S3P1 þ S4P1 þ S5P1 þ S6P1
þ S7P1 þ S8P1 þ S9P1 þ S10P1 þ S11P1 þ S12P1
þ S13P1 þ S14P1 þ S15P1 þ S16P1 þ S17P1
þ S18P1 þ S19P1 þ S20P1 � AC1 ¼ 0

As we noted earlier, we are using a new variable
(AC1) to represent the total number of acres harvested
in time period 1. The accounting row related to the
total land area scheduled for harvest in time period 2
is similar to the one created for time period 1:

S1P2 þ S2P2 þ S3P2 þ S4P2 þ S5P2 þ S6P2
þ S7P2 þ S8P2 þ S9P2 þ S10P2 þ S11P2 þ S12P2
þ S13P2 þ S14P2 þ S15P2 þ S16P2 þ S17P2
þ S18P2 þ S19P2 þ S20P2 � AC2 ¼ 0

And finally, the accounting row related to the total
land area scheduled for harvest in time period 3 is:

S1P3 þ S2P3 þ S3P3 þ S4P3 þ S5P3 þ S6P3
þ S7P3 þ S8P3 þ S9P3 þ S10P3 þ S11P3 þ S12P3
þ S13P3 þ S14P3 þ S15P3 þ S16P3 þ S17P3
þ S18P3 þ S19P3 þ S20P3 � AC3 ¼ 0

We could use the knowledge gained with this
information to constrain a plan such that minimum
or maximum land areas are harvested during each
time period, or to ensure that an equal land area is
harvested during each time period. At a minimum,
the variables AC1, AC2, and AC3 can be used simply
to report the area scheduled for harvest in each time
period.

Accounting rows can also be developed for other
uses, such as for tracking the amount of older forest
harvested in each time period. Assume that the older
forest includes those stands that are at least 30 years
old. If you wanted to know how much area of older
forest was harvested in each time period, then you
could design an accounting row to add up the areas
assigned to the decision variables that are used to
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represent the older forests. For example, the account-
ing rows related to the harvest of older forest during
each of the three time periods could be:

Time period 1
S3P1 þ S4P1 þ S10P1 þ S13P1 þ S18P1 � OF1 ¼ 0

Time period 2
S3P2 þ S4P2 þ S5P2 þ S9P2 þ S10P2 þ S11P2
þ S13P2 þ S18P2 � OF2 ¼ 0

Time period 3
S2P3 þ S3P3 þ S4P3 þ S5P3 þ S7P3 þ S9P3
þ S10P3 þ S11P3 þ S12P3 þ S13P3 þ S17P3
þ S18P3 þ S19P3 � OF3 ¼ 0

These equations are more extensive for time peri-
ods 2 and 3 since some younger stands become “older
forest” later in the management of the property. You
could use the knowledge gained with this informa-
tion to constrain a plan such that a limited area of
older forest is scheduled for harvest during each time
period. Otherwise, the plan may, based on the contri-
bution of each stand to the net present value of the
forest, suggest harvesting all the older forest first
(not an uncommon practice). Alternatively, you can
use the information developed here to ensure that
an equal amount of older forest is present in each of
the time periods of the management plan. At a mini-
mum, the variables OF1, OF2, and OF3 can be used
simply to report the area of older forest scheduled
for harvest in each time period.

B. Wood Flow-Related Accounting Rows

To further build upon the model introduced in this
chapter, assume that you are now interested in under-
standing how much timber volume is being scheduled
for harvest during each time period of a forest plan.
Wood-flow accounting rows increase the usability of
the linear programming solution, as the aggregation of
volume scheduled for harvest can be used to constrain
a problem. Again, the decision variables (such as S1P1)
will be assigned a real (continuous) number that repre-
sents the area (acres) scheduled for harvest. To under-
stand how much timber volume is scheduled for
harvest you would need to know the volume per acre
associated with each stand in each time period of the
management plan. With this information, an equation
can be constructed, such as the one shown here, that
accumulates the total volume scheduled for harvest:

V1P1� S1P1þ V2P1� S2P1 ¼ volume scheduled
for harvest in time
period 1

Here, V1P1 is a technical coefficient that represents
the timber harvest volume per acre for stand 1 during

time period 1. Similarly, V2P1 represents the timber
harvest volume per acre for stand 2 during time
period 1. These coefficients must be developed prior
to attempting to solve the linear programming model.

As with the area-related accounting rows, to make
the relationships useable in a linear programming
model, we must change the RHS to a variable (rather
than a set of words). Therefore assume here that the
total volume scheduled for harvest in time period 1
will be contained in the variable HV1. The accounting
row then becomes:

V1P1� S1P1þ V2P1� S2P1 ¼ HV1

As we noted earlier, linear programming models
require that the RHS be a value (not a variable), so
we need to adjust the equation to show all variables
on the left-hand side of the equation:

V1P1� S1P1þ V2P1� S2P1�HV1 ¼ 0

The wood-flow accounting rows for the 20-unit
problem we began developing in Section III are now
presented. First is the accounting row related to the
total timber volume scheduled for harvest during
time period 1:

40 S1P1 þ 64 S2P1 þ 104 S3P1 þ 102 S4P1
þ 87 S5P1 þ 42 S6P1 þ 65 S7P1 þ 20 S8P1
þ 85 S9P1 þ 101 S10P1 þ 89 S11P1 þ 62 S12P1
þ 106 S13P1 þ 43 S14P1 þ 22 S15P1 þ 44 S16P1
þ 63 S17P1 þ 103 S18P1 þ 65 S19P1 þ 18 S20P1
� HV1 ¼ 0

As we noted earlier, we are using a new variable
(HV1) to represent the total harvest volume sched-
uled in time period 1. The accounting row related to
the total volume scheduled for harvest during time
period 2 is similar to the one created for time period 1,
yet uses different coefficients and variables to repre-
sent the volume per unit area related to the potential
decisions for time period 2:

62 S1P2 þ 87 S2P2 þ 117 S3P2 þ 115 S4P2
þ 104 S5P2 þ 64 S6P2 þ 89 S7P2 þ 42 S8P2
þ 101 S9P2 þ 114 S10P2 þ 106 S11P2 þ 85 S12P2
þ 120 S13P2 þ 65 S14P2 þ 44 S15P2 þ 66 S16P2
þ 87 S17P2 þ 117 S18P2 þ 89 S19P2 þ 40 S20P2
� HV2 ¼ 0

Finally, the accounting row related to the total
volume scheduled for harvest in time period 3 is:

84 S1P3 þ 104 S2P3 þ 127 S3P3 þ 126 S4P3
þ 117 S5P3 þ 87 S6P3 þ 106 S7P3 þ 64 S8P3
þ 114 S9P3 þ 125 S10P3 þ 119 S11P3
þ 101 S12P3 þ 131 S13P3 þ 88 S14P3 þ 67 S15P3
þ 88 S16P3 þ 103 S17P3 þ 126 S18P3
þ 107 S19P3 þ 61 S20P3 � HV3 ¼ 0
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The knowledge gained with this information can
be used to constrain a forest plan such that either (1)
a minimum amount of volume is harvested in each
time period, (2) a maximum amount of volume is har-
vested in each time period, or (3) an equal amount of
volume is harvested in each time period. In addition,
constraints can be designed to ensure that the harvest
levels do not decline from one time period to the next.
At a minimum, the variables HV1, HV2, and HV3 can
be used simply to report the volume scheduled for
harvest in each time period.

C. Habitat-Related Accounting Rows

As we mentioned in Chapter 3, there are a number
of quantitative methods for evaluating the quality of
habitat for fish and wildlife species. As an example
of how we might account for the habitat of a wildlife
species, assume that the species in question prefers
older forest habitat. In conjunction with more detailed
data regarding the current and future forest structure
of each stand, you arrived at the potential habitat suit-
ability index values for each stand, given that the stand
is not harvested (Table 7.2).

To be able to determine the quality of habitat
related to forest plans using this example, we need
to calculate the nonharvested portion of each stand
in each time period, as harvested areas of each stand
are assumed (in this example) to have a habitat suit-
ability index value of 0. This is not to imply that all
harvested areas (clearcuts) lead to habitat scores of 0;
in fact some wildlife species thrive in early succes-
sional forests. However, our example suggests that
the habitat scores shown in Table 7.2 relate to uncut
areas. To determine how much of each stand is not
harvested in each time period, 60 new variables are
introduced. These variables will take the form N1P1,
where N indicates that the stand number follows
(in this case, stand 1), and P indicates that the time
period of harvest follows (in this case, time period 1).
However, the values assigned to these variables (acres)
will indicate how much of each stand has not been
harvested each time period.

For example, if S1P1 is assigned the amount of
land harvested in stand 1 during time period 1, then
it makes sense that N1P1 should be assigned a value
that represents the balance of the area of stand 1, up
to the size of the stand:

S1P1þN1P1 ¼ 12:3

Therefore, if 5.0 acres of stand 1 are scheduled for
harvest during time period 1 (S1P1 ¼ 5.0), the amount
of stand 1 that is not harvested at the end of time
period 1 would have to be 7.3 acres (N1P1 ¼ 7.3).
Twenty of these equations are needed to determine

the amount of land of each stand not scheduled for
harvest during time period 1.

To determine how much land area of each stand
remains uncut in time period 2, we need to under-
stand how much of each stand is scheduled for har-
vest during both time periods 1 and 2. The resulting
equation uses the decision variables for time periods
1 and 2:

S1P1þ S1P2 þN1P2 ¼ 12:3

Thus if 5.0 acres of stand 1 are scheduled for har-
vest during time period 1 (S1P1 ¼ 5.0), and 3.3 acres
are scheduled for harvest during time period 2
(S1P2 ¼ 3.3), then the balance (4.0 acres) is assigned
to variable N1P2 to represent the amount of land that
remains uncut in stand 1 at the end of time period 2.

Finally, to determine how much land area of each
stand remains uncut at the end of time period 3, we
need to understand how much of each stand is sched-
uled for harvest during time periods 1, 2, and 3. The
equation utilizes decision variables for time periods
1 to 3:

S1P1þ S1P2þ S1P3þN1P3 ¼ 12:3

TABLE 7.2 Habitat Suitability Index (HSI) Values for
20 Loblolly Pine Stands in South Georgia

Stand Size (acres) Agea

Period 1

HSI

(per ac)

Period 2

HSI

(per ac)

Period 3

HSI

(per ac)

1 12.3 15 0.304 0.450 0.629

2 35.6 20 0.482 0.663 0.768

3 34.6 30 0.805 0.903 0.904

4 85.4 30 0.765 0.882 0.972

5 65.4 25 0.683 0.797 0.892

6 69.1 15 0.377 0.526 0.692

7 78.3 20 0.514 0.690 0.789

8 71.0 10 0.181 0.352 0.501

9 19.6 25 0.669 0.738 0.812

10 34.8 30 0.788 0.869 0.903

11 81.6 25 0.629 0.810 0.910

12 90.2 20 0.447 0.609 0.779

13 45.6 30 0.814 0.905 0.995

14 67.2 15 0.397 0.505 0.654

15 38.6 10 0.218 0.331 0.498

16 49.1 15 0.361 0.474 0.649

17 58.3 20 0.478 0.707 0.766

18 26.8 30 0.799 0.872 0.962

19 53.0 20 0.500 0.688 0.821

20 46.0 10 0.141 0.363 0.505

aStand age in the middle of planning period 1.
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With the 60 equations that it takes to determine
how many acres of each stand are left uncut in each
time period, we can now build an accounting row to
add up the habitat units associated with each time
period of the management plan. Using the HSI values
provided in Table 7.2 as coefficients, the accounting
row for time period 1 becomes:

0.304 N1P1 þ 0.482 N2P1 þ 0.805 N3P1
þ 0.765 N4P1 þ 0.683 N5P1 þ 0.377 N6P1
þ 0.514 N7P1 þ 0.181 N8P1 þ 0.669 N9P1
þ 0.788 N10P1 þ 0.629 N11P1 þ 0.447 N12P1
þ 0.814 N13P1 þ 0.397 N14P1 þ 0.218 N15P1
þ 0.361 N16P1 þ 0.478 N17P1 þ 0.799 N18P1
þ 0.500 N19P1 þ 0.141 N20P1 � HU1 ¼ 0

The new variable introduced (HU1) is considered
the sum of "habitat units" because the HSI coefficient
is a per-acre value, and the values contained in the
decision variables describe the nonharvested areas
(acres). The result is a number not between 0 and 1,
as most habitat suitability indices are represented,
but between 0 and the size of the forest, since theo-
retically, if the HSI values were all 1.0, and no
stands were scheduled for harvest, the sum would
match the total area of the forest. Using the HSI
values from Table 7.2, the accounting row related
to habitat units present after scheduled harvests
during time period 2 is:

0.450 N1P2 þ 0.663 N2P2 þ 0.903 N3P2
þ 0.882 N4P2 þ 0.797 N5P2 þ 0.526 N6P2
þ 0.690 N7P2 þ 0.352 N8P2 þ 0.738 N9P2
þ 0.869 N10P2 þ 0.810 N11P2 þ 0.609 N12P2
þ 0.905 N13P2 þ 0.505 N14P2 þ 0.331 N15P2
þ 0.474 N16P2 þ 0.707 N17P2 þ 0.872 N18P2
þ 0.688 N19P2 þ 0.363 N20P2 � HU2 ¼ 0

Finally, using the HSI values from Table 7.2, the
accounting row related to habitat units present after
scheduled harvests during time period 3 is:

0.629 N1P3 þ 0.768 N2P3 þ 0.904 N3P3
þ 0.972 N4P3 þ 0.892 N5P3 þ 0.692 N6P3
þ 0.789 N7P3 þ 0.501 N8P3 þ 0.812 N9P3
þ 0.903 N10P3 þ 0.910 N11P3 þ 0.779 N12P3
þ 0.995 N13P3 þ 0.654 N14P3 þ 0.498 N15P3
þ 0.649 N16P3 þ 0.766 N17P3 þ 0.962 N18P3
þ 0.821 N19P3 þ 0.505 N20P3 � HU3 ¼ 0

We could use the knowledge obtained with this
information to constrain a plan such that the total num-
ber of habitat units does not fall below a minimum
level determined by the wildlife biologist in your orga-
nization. The valuesHU1, HU2, andHU3 could also be
converted to an average HSI value for the entire prop-
erty (between 0 and 1) by multiplying them by the
inverse of the size of the property. The size of our

example forest is 1,062.5 acres, thus the inverse is
0.00094118. To convert the habitat units to HSI values,
new variables could be introduced (HSI1, HSI2, and
HSI3), and the relationships would become:

0.00094118 HU1 ¼ HSI1
0.00094118 HU2 ¼ HSI2
0.00094118 HU3 ¼ HSI3

Since all variables must be located on the left-hand
side of the equation, the linear programming equa-
tions become:

0.00094118 HU1 � HSI1 ¼ 0
0.00094118 HU2 � HSI2 ¼ 0
0.00094118 HU3 � HSI3 ¼ 0

Here, the variables HSI1, HSI2, and HSI3 can be
used simply to report the average habitat quality dur-
ing each time period, or they can be used to constrain
the forest plans generated by mandating minimum or
maximum levels. However, a linear programming
solver may suggest that when using these types of
equations, the problem is poorly scaled. That is, the
coefficients used are small relative to the values
assigned to the variables. Fortunately, this usually
does not prevent the problem from being solved.

V. CONSTRAINTS FOR LINEAR
PROGRAMMING PROBLEMS

Two types of constraints generally are used in lin-
ear programming models: resource and policy (mana-
gerial) constraints. Resource constraints ensure that
no more of some resource at our disposal can be used
in a plan of action. Resources include budgets, person-
nel, machines and equipment, and land. Policy con-
straints guide the development of plans by forcing
the plan to adhere to either organizational goals or
regulatory restrictions. Organizational policies, such
as maintaining habitat suitability above a certain level,
producing a certain revenue, or maintaining costs
within a budget, are very common. Regulatory policies
could include clearcut size restrictions (in states or
provinces with forest practice laws), restrictions on
sediment production from harvesting activities, as
well as many others imposed by forces outside the
organization.

A. Resource Constraints

We will first deal with resource constraints in the
context of the management problem we have been
building since Section III. In the problem that has been
developed so far, the only type of resource we have
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introduced has been the land itself. We described the
landbase (20 stands, 1,062.5 acres) in Table 7.1, and
we suggested that the main decisions are to assign
harvests to acres within each stand. It should seem
obvious that since the time horizon of the plan being
developed is relatively short (15 years), each stand
should be harvested only once. Taking this a little fur-
ther, as a planner, we should not schedule more acres
for harvest than we have available. Thus the resource
constraints that we need to develop for this problem
should indicate that the sum of the area assigned for
harvest over the time horizon should not exceed the
total size of each stand. These types of constraints
need to be developed for each stand. The resource
constraint for stand 1, for example, would be:

S1P1þ S1P2þ S1P3 � 12:3

In other words, the area scheduled for harvest dur-
ing time period 1 (S1P1), plus the area scheduled for
harvest during time period 2 (S1P2), plus the area
scheduled for harvest during period 3 (S1P3) should
not exceed the total size of the stand (12.3 acres, or
the resource). The amount of area scheduled for har-
vest in a stand can certainly be less than the total size
of the stand; in fact, no land area could be scheduled
for harvest in a stand. Listed here is the full set of
resource constraints for this management problem:

S1P1 þ S1P2 þ S1P3 <¼ 12.3
S2P1 þ S2P2 þ S2P3 <¼ 35.6
S3P1 þ S3P2 þ S3P3 <¼ 34.6
S4P1 þ S4P2 þ S4P3 <¼ 85.4
S5P1 þ S5P2 þ S5P3 <¼ 65.4
S6P1 þ S6P2 þ S6P3 <¼ 69.1
S7P1 þ S7P2 þ S7P3 <¼ 78.3
S8P1 þ S8P2 þ S8P3 <¼ 71.0
S9P1 þ S9P2 þ S9P3 <¼ 19.6
S10P1 þ S10P2 þ S10P3 <¼ 34.8
S11P1 þ S11P2 þ S11P3 <¼ 81.6
S12P1 þ S12P2 þ S12P3 <¼ 90.2
S13P1 þ S13P2 þ S13P3 <¼ 45.6
S14P1 þ S14P2 þ S14P3 <¼ 67.2
S15P1 þ S15P2 þ S15P3 <¼ 38.6
S16P1 þ S16P2 þ S16P3 <¼ 49.1
S17P1 þ S17P2 þ S17P3 <¼ 58.3
S18P1 þ S18P2 þ S18P3 <¼ 26.8
S19P1 þ S19P2 þ S19P3 <¼ 53.0
S20P1 þ S20P2 þ S20P3 <¼ 46.0

B. Policy Constraints

Any of the variables we have introduced so far, the
decision variables or the variables created in conjunc-
tion with the accounting rows (from Section IV), can
be used to constrain a solution. We will discuss briefly

three of the common types of policy constraints, and
provide some examples that relate to the management
problem that has been developed in this chapter.

1. Constraints on Harvested Areas

Harvest area constraints are very common in natu-
ral resource management problems. If left uncon-
strained, then the harvested area that is scheduled
during each time period could fluctuate widely.
These types of constraints are generally fairly simple
to formulate. For instance, if we were interested in
specifying a minimum harvest area of 300 acres dur-
ing time period 1, then a policy constraint can be
designed as this:

AC1 � 300

If we were interested in a maximum harvest area of
500 acres during time period 1, then another policy
constraint would become:

AC1 � 500

Policy constraints do not necessarily have to include
inequalities (i.e., less than or equal to, greater than
or equal to). We could, as a policy, indicate that the
harvest area during time period 1 needs to be some
very specific value, such as 350 acres:

AC1 ¼ 350

If we were interested in having scheduled harvest
areas be the same from one time period to the next,
then the relationships could be described with the
following:

AC1 ¼ AC2

AC2 ¼ AC3

Of course, here we would need to shift all the vari-
ables to the left-hand side of each equation for these
to be of use in a linear programming model:

AC1� AC2 ¼ 0

AC2� AC3 ¼ 0

We also developed accounting rows to accumulate
the area of older forest harvested in each time period.
We could use these variables (OF1, OF2, and OF3) to
regulate how much of the older forest is scheduled
for harvest during each time period. Constraints such
as the following could be developed to accomplish
this task:

OF1 � 100

OF2 � 100

OF3 � 100
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2. Constraints on Harvested Volume

The volume scheduled for harvest also commonly
is constrained in many natural resource management
plans. Examples include minimum and maximum
levels of harvest volume for various forest products,
nonmarket goods, or rangeland resources. As these
pertain to the management problem we have been
building in this chapter, we could define minimum
and maximum harvest levels:

HV1 � 30, 000

HV1 � 40, 000

Alternatively, we could ensure that an even-flow
of timber harvest volume is scheduled. What this
implies is that the scheduled harvest volume is the
same from one time period to the next.

HV1�HV2 ¼ 0

HV2�HV3 ¼ 0

Example

A short-term harvest schedule was illustrated by
Macmillan and Fairweather [8] for an industrial forest
ownership in northwestern Pennsylvania. The forest
types included black cherry (Prunus serotina), red
maple (Acer rubrum), sugar maple (Acer saccharum),
and red oak (Quercus rubra). The time horizon was
very short (5 years) and the objective was to maxi-
mize the net present value of the harvest over this
time frame. Stumpage values, an estimate of the per-
cent growth of stands, and depletion values were
used to determine the potential net present value of
harvesting each stand during each of the five years.
The decision variables were assumed to represent
the amount of acres in each stand that could be sched-
uled for harvest during each year, and as a result,
they were defined as continuous numbers. The
annual demand of a local mill was used as a policy
constraint on the minimum and maximum volume
to be harvested each year. A set of resource con-
straints limited the amount of area scheduled for har-
vest in each stand to the size of each stand. The
problem formulation consisted of the following:

Maximize
Net value per acreX;Y

ð1þ iÞY�1

 !

where:

X ¼ a stand
Y ¼ a year

subject to:

1. Resource constraints:

X5
Y¼1

Scheduled areaX;Y � AreaX;Y

2. Wood flow constraints:

XN
X¼1

Scheduled areaX;Y Harvest volumeX;Y

� Minimum harvest target 8Y
XN
X¼1

Scheduled areaX;Y Harvest volumeX;Y

� Maximum harvest target 8Y
The notation 8Y simply means for each year, thus

the minimum and maximum harvest volume con-
straints were in effect each year. Several sensitivity
analyses were performed by adjusting the costs and
growth rate assumed. These alternative plans helped
to understand how the plan might change if eco-
nomic or ecological conditions in the future change.
When stand-level growth rates were assumed to
increase, for example, some stands were scheduled
later in the time horizon rather than earlier under
the initial assumptions, because the value growth
rate of certain stands had become greater than the
alternative rate of return. Further, when prices
changed, the product mix scheduled for harvest over
time changed. An increase in one product price cre-
ated conditions that allowed the scheduled harvests
of stands earlier than when they normally would
have been scheduled.

3. Constraints on Habitat Availability

Wildlife habitat that is developed for any species
of interest could be used to control the development
of a plan of action. For example, using the example
we have been building upon in this chapter, our
wildlife biologist could indicate that one policy
might be to maintain HSI levels above 0.600 for the
entire 1,062.5 acre forest. Since we developed vari-
ables earlier to represent the overall HSI during each
time period (HSI1, HSI2, and HSI3), these can be
incorporated into constraints to guide the develop-
ment of a plan.

HSI1 � 0:600

HSI2 � 0:600

HSI3 � 0:600
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VI. DETACHED COEFFICIENT MATRIX

Another way of viewing a linear programming
problem is to represent it as a matrix in what is called
a detached coefficient form. A detached coefficient
matrix is a tableau form of a problem, which may bet-
ter represent how you would arrange the variables
and coefficients when solving the problem in a com-
puter spreadsheet. Here, we use a matrix where one
column is reserved for each variable in the model,
and one row is reserved for each equation (whether
an objective function, constraint, or accounting row).
Contained in the matrix are the technical coefficients
associated with the use of each decision variable in
each equation. To illustrate the use of a detached coef-
ficient matrix, we will follow the development of a
problem first proposed by Johnson and Stuart [9] for
a portion of the Brush Mountain area of the Jefferson
National Forest in Virginia. The planning problem
involves determining the assignment of land to vari-
ous land allocations, which in turn reflects the need
to produce timber, wildlife habitat, cattle forage, and
wilderness. The example allocation-scheduling prob-
lem utilizes nine variables to represent six allocation
decisions and three periodic harvest levels.

YAE1 ¼ Proportion of zone A assigned to timing
choice 1 of the timber/birds allocation
scheduling choice

YAE2 ¼ Proportion of zone A assigned to timing
choice 2 of the timber/birds allocation
scheduling choice

YAF1 ¼ Proportion of zone A assigned to timing
choice 1 of the wilderness/birds allocation
scheduling choice

YBG1 ¼ Proportion of zone B assigned to timing
choice 1 of the timber/forage allocation
scheduling choice

YBG2 ¼ Proportion of zone B assigned to timing
choice 2 of the timber/forage allocation
scheduling choice

YBP1 ¼ Proportion of zone B assigned to timing
choice 1 of the wilderness/forage allocation
scheduling choice

Q1 ¼ Timber harvest volume scheduled for time
period 1

Q2 ¼ Timber harvest volume scheduled for time
period 2

Q3 ¼ Timber harvest volume scheduled for time
period 3

The Brush Mountain management problem was
designed to maximize the net present value of a forest
plan over a three-period time horizon.

Maximize 147 YAE1 þ 143 YAE2 þ 68 YAF1 þ 85 YBG1

þ 45 YBG2 þ 40 YBP1

The coefficients in the objective function repre-
sent the total net present value for each allocation of
land in each management zone (in thousands of dol-
lars), and included proposed timber harvests, costs
associated with roads, trails, and other recreation-
related revenues or expenses. The decision variables
represent the percentage of the management zone
assigned to each allocation decision. In the case of
the two wilderness-related decision variables, the
net present value represents a positive economic
return to recreational experiences. Two land account-
ing rows were created to ensure that the proportion of
the area assigned to each choice within a zone would
equal, yet not exceed, 100 percent.

YAE1 þ YAE2 þ YAF1 ¼ 1

YBG1 þ YBG2 þ YBP1 ¼ 1

Three timber volume accounting rows were devel-
oped to accumulate the harvest volume from each of
the four non-wilderness options.

621 YAE1 þ 600 YAE2 þ 300 YBG1 þ 150 YBG2 �Q1 ¼ 0

594 YAE1 þ 672 YAE2 þ 330 YBG1 þ 330 YBG2 �Q2 ¼ 0

708 YAE1 þ 618 YAE2 þ 520 YBG1 þ 350 YBG2 �Q3 ¼ 0

The coefficients here represent values in thousand
cubic feet that are available from each management
zone during each time period. Once harvest volumes
are accumulated into the variables Q1, Q2, and Q3, a
nondeclining harvest volume can be controlled with
two constraints:

Q2 �Q1 � 0

Q3 �Q2 � 0

A sediment constraint was added to the problem to
limit the sediment units (tons) produced as a result of
management activities over background levels natu-
rally occurring in the area.

3038 YAE1 þ 2703 YAE2 þ 25 YAF1 þ 2105 YBG1

þ 1305 YBG2 þ 17 YBP1 � 50, 000

Finally, at least one of the two management zones
had to be assigned to a wilderness designation. As a
result, the two variables related to a wilderness desig-
nation need to be assigned binary integer values to
represent a yes/no allocation decision. The constraint
that ensures the assignment of one of the two to a
wilderness designation is:

YAF1þYBP1 ¼ 1
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With this last constraint, it should be obvious that
once a wilderness designation has been assigned to
a management zone, the other options for that zone
are moot, since the land accounting rows presented
earlier will preclude the assignment of any additional
portion of the zone to the timber/birds or timber/
forage land allocations.

For this problem, the detached coefficient matrix
shown in Table 7.3 presents the decision variables
as column headers, and a description of the type of
equation in the far left-hand column. The values
within the matrix represent the coefficients related
to each variable, as they are necessary within each
linear equation. What you should notice in the matrix
is (1) there are no values for row-column intersections
involving decision variables that are not present
in the associated equation; in fact the majority of inter-
sections are empty; and (2) the value “1” implicitly
represents those row-column intersections where vari-
ables in associated equations that have no obvious
technical coefficient value.

VII. MODEL I, II, AND III LINEAR
PROGRAMMING PROBLEMS

The method for defining decision variables in a lin-
ear programming problem can fall into three classes:
Model I, Model II, or Model III. A Model I linear pro-
gramming problem utilizes decision variables that
track the history of a stand or strata over the entire

time horizon of the forest plan. For uneven-aged
stands, a single decision variable may represent the
structural condition of a stand (for example) over time,
given the management prescriptions periodically
scheduled for that stand. A decision variable such as
S1R1 may represent stand 1, management regime 1,
and include outcomes and associated conditions
throughout the plan’s time horizon if areas of the
stand are assigned this management regime. In even-
aged stands, the decision variable will often include
the timing of the final harvests and associated out-
comes and conditions prior to and after the harvest.
In either case, a number of decision variables may be
required to represent the various series of actions
(regimes) that can be applied to a stand or strata over
the entire time horizon of a plan, even if two different
series of actions involve the same specific activity
scheduled during the same specific time period.

A Model II linear programming problem tracks the
history of a stand only until a final harvest is sched-
uled. After the final harvest, the areas regenerated in
a Model II problem are aggregated into a separate
regenerated decision variable associated with a spe-
cific time period. Stated another way, at the point of
regeneration, the history of the initial stand or strata
is lost, and all regenerated areas are aggregated if
they were scheduled for a final harvest during the
same time period. As a result, Model II is best suited
for even-aged management regimes. As compared to
a Model I problem, fewer decision variables generally
are required in a Model II problem. However, deci-
sion variables are required to track the initial stand

TABLE 7.3 A Detached Coefficeint Matrix for the Brush Mountain Planning Problem (from [9])

YAE1 YAE2 YAF1 YBG1 YBG2 YBP1 Q1 Q2 Q3 RHS

Maximize 147 143 68 85 45 40 – – – –

Land 1 1 1 – – – – – – ¼ 1

accounting – – – 1 1 1 – – – ¼ 1

constraints – – – – – – – – – –

Volume 621 600 – 300 150 – �1 – – ¼ 0

accounting 594 672 – 330 330 – – �1 – ¼ 0

constraints 708 618 – 520 350 – – – �1 ¼ 0

Nondeclining – – – – – – �1 1 – � 0

yields – – – – – – – �1 1 � 0

Sediment 3038 2703 25 2105 1305 17 – – – � 5000

constraint – – – – – – – – – –

Wilderness – – 1 – – 1 – – – ¼ 1

constraint – – – – – – – – – –
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or strata (1) until a final harvest occurs, (2) until the
subsequent final harvest occurs, if the second stand
is regenerated, and (3) through the end of the time
horizon whether the initial stand or strata was sched-
uled for final harvest or not. To summarize the differ-
ences, Model I preserves the areas that form any
stand or strata throughout the time horizon, and
Model II aggregates areas after final harvest into regen-
erated classes. Both models require resource con-
straints to ensure that no more areas than are
available can be assigned to the different management
options. However, Model I requires only as many
resource constraints as there are stands or strata, and
Model II may require these constraints along with
others to track the regenerated age class areas.

Johnson and Scheurman [10] coined the terms
Model I and Model II, and they are both widely used
in natural resource management planning problems.
Model III is less commonly used, however. This
model aggregates stands or strata of the same age
class at the beginning of a management planning
analysis, and it is these age classes that are tracked
through the time horizon of the management plan.
Similar to Model II, once a final harvest occurs, the
regenerated strata contains the amount of the area
harvested. Although Model II and Model III may
seem to more efficiently represent a planning prob-
lem, these management problems can become cum-
bersome to develop when differences in site quality
or forest type, for example, need to be recognized.
As a result, some very large linear programming
models may arise, given the potential management
pathways for land areas, and given the constraints
necessary to control the movement of land (or other
resource) through the network of options [11].

VIII. INTERPRETATION OF RESULTS
GENERATED FROM LINEAR
PROGRAMMING PROBLEMS

A problem formulation, as it is known in operations
research, is the mathematical expression of the man-
agement problem that is being solved. Solving a prob-
lem requires using techniques such as the simplex
method (described in Appendix B) that are contained
within computer programs (“solvers”). Although
many different solvers are available to apply to linear
programming models, we focus here on input to, and
output from LINDO [12], and the methods we would
use to formulate the management problem we have
been developing in this chapter.

As a first management scenario, assume using the
example we have been developing in this chapter that
we simply want to maximize the net present value of
a management plan, and that the only constraints are
the resource-related constraints. However, we will
include several accounting rows as well, to quickly
assess the number of acres scheduled for harvest in
each time period, as well as the scheduled harvest
volumes. LINDO requires that the objective function
be stated first, followed by the words “subject to”
(on a separate line), and then the constraints, each
given a sequential number starting with the number
2. At the end of the list of constraints, the word
“end” is placed. In the following problem formula-
tion, constraints 2 through 21 represent the resource
constraints, and constraints 22 through 30 represent
the accounting rows.

Maximize
885.17 S1P1 þ 1075.01 S1P2

þ 1141.18 S1P3 þ 1416.27 S2P1
þ 1508.48 S2P2 þ 1412.89 S2P3
þ 2301.44 S3P1 þ 2028.65 S3P2
þ 1725.35 S3P3 þ 2257.18 S4P1
þ 1993.97 S4P2 þ 1711.77 S4P3
þ 1925.25 S5P1 þ 1803.24 S5P2
þ 1589.50 S5P3 þ 929.43 S6P1
þ 1109.69 S6P2 þ 1181.93 S6P3
þ 1438.40 S7P1 þ 1543.16 S7P2
þ 1440.06 S7P3 þ 442.59 S8P1
þ 728.23 S8P2 þ 869.47 S8P3
þ 1880.99 S9P1 þ 1751.22 S9P2
þ 1548.74 S9P3 þ 2235.05 S10P1
þ 1976.63 S10P2 þ 1698.18 S10P3
þ 1969.50 S11P1 þ 1837.92 S11P2
þ 1616.67 S11P3 þ 1372.01 S12P1
þ 1473.80 S12P2 þ 1372.13 S12P3
þ 2345.70 S13P1 þ 2080.66 S13P2
þ 1779.69 S13P3 þ 951.56 S14P1
þ 1127.03 S14P2 þ 1195.52 S14P3
þ 486.84 S15P1 þ 762.91 S15P2
þ 910.22 S15P3 þ 973.69 S16P1
þ 1144.36 S16P2 þ 1195.52 S16P3
þ 1394.14 S17P1 þ 1508.48 S17P2
þ 1399.30 S17P3 þ 2279.31 S18P1
þ 2028.65 S18P2 þ 1711.77 S18P3
þ 1438.40 S19P1 þ 1543.16 S19P2
þ 1453.64 S19P3 þ 398.33 S20P1
þ 693.55 S20P2 þ 828.71 S20P3
subject to
2) S1P1 þ S1P2 þ S1P3 <= 12.3
3) S2P1 þ S2P2 þ S2P3 <= 35.6
4) S3P1 þ S3P2 þ S3P3 <= 34.6
5) S4P1 þ S4P2 þ S4P3 <= 85.4
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6) S5P1 þ S5P2 þ S5P3 <= 65.4
7) S6P1 þ S6P2 þ S6P3 <= 69.1
8) S7P1 þ S7P2 þ S7P3 <= 78.3
9) S8P1 þ S8P2 þ S8P3 <= 71.0
10) S9P1 þ S9P2 þ S9P3 <= 19.6
11) S10P1 þ S10P2 þ S10P3 <= 34.8
12) S11P1 þ S11P2 þ S11P3 <= 81.6
13) S12P1 þ S12P2 þ S12P3 <= 90.2
14) S13P1 þ S13P2 þ S13P3 <= 45.6
15) S14P1 þ S14P2 þ S14P3 <= 67.2
16) S15P1 þ S15P2 þ S15P3 <= 38.6
17) S16P1 þ S16P2 þ S16P3 <= 49.1
18) S17P1 þ S17P2 þ S17P3 <= 58.3
19) S18P1 þ S18P2 þ S18P3 <= 26.8
20) S19P1 þ S19P2 þ S19P3 <= 53.0
21) S20P1 þ S20P2 þ S20P3 <= 46.0
22) S1P1 þ S2P1 þ S3P1 þ S4P1 þ S5P1 þ S6P1

þ S7P1 þ S8P1 þ S9P1 þ S10P1 þ S11P1
þ S12P1 þ S13P1 þ S14P1 þ S15P1 þ S16P1
þ S17P1 þ S18P1 þ S19P1 þ S20P1 � AC1 ¼ 0

23) S1P2 þ S2P2 þ S3P2 þ S4P2 þ S5P2 þ S6P2
þ S7P2 þ S8P2 þ S9P2 þ S10P2 þ S11P2
þ S12P2 þ S13P2 þ S14P2 þ S15P2 þ S16P2
þ S17P2 þ S18P2 þ S19P2 þ S20P2 � AC2 ¼ 0

24) S1P3 þ S2P3 þ S3P3 þ S4P3 þ S5P3 þ S6P3
þ S7P3 þ S8P3 þ S9P3 þ S10P3 þ S11P3
þ S12P3 þ S13P3 þ S14P3 þ S15P3 þ S16P3
þ S17P3 þ S18P3 þ S19P3 þ S20P3 � AC3 ¼ 0

25) S3P1 þ S4P1 þ S10P1 þ S13P1 þ S18P1
� OF1 ¼ 0

26) S3P2 þ S4P2 þ S5P2 þ S9P2 þ S10P2 þ S11P2
þ S13P2 þ S18P2 � OF2 ¼ 0

27) S2P3 þ S3P3 þ S4P3 þ S5P3 þ S7P3 þ S9P3
þ S10P3 þ S11P3 þ S12P3 þ S13P3 þ S17P3
þ S18P3 þ S19P3 � OF3 ¼ 0

28) 40 S1P1 þ 64 S2P1 þ 104 S3P1 þ 102 S4P1
þ 87 S5P1 þ 42 S6P1 þ 65 S7P1 þ 20 S8P1
þ 85 S9P1 þ 101 S10P1 þ 89 S11P1 þ 62 S12P1
þ 106 S13P1 þ 43 S14P1 þ 22 S15P1
þ 44 S16P1 þ 63 S17P1 þ 103 S18P1
þ 65 S19P1 þ 18 S20P1 � HV1 ¼ 0

29) 62 S1P2 þ 87 S2P2 þ 117 S3P2 þ 115 S4P2
þ 104 S5P2 þ 64 S6P2 þ 89 S7P2 þ 42 S8P2
þ 101 S9P2 þ 114 S10P2 þ 106 S11P2
þ 85 S12P2 þ 120 S13P2 þ 65 S14P2
þ 44 S15P2 þ 66 S16P2 þ 87 S17P2
þ 117 S18P2 þ 89 S19P2 þ 40 S20P2 � HV2 ¼ 0

30) 84 S1P3 þ 104 S2P3 þ 127 S3P3 þ 126 S4P3
þ 117 S5P3 þ 87 S6P3 þ 106 S7P3 þ 64 S8P3
þ 114 S9P3 þ 125 S10P3 þ 119 S11P3
þ 101 S12P3 þ 131 S13P3 þ 88 S14P3
þ 67 S15P3 þ 88 S16P3 þ 103 S17P3
þ 126 S18P3 þ 107 S19P3 þ 61 S20P3 � HV3 ¼ 0

end

A. Objective Function Value, Variable Values,
and Reduced Costs

In solving this problem with LINDO, a lengthy
report is generated, the size of which is a function of
the number of decision variables and constraints
included in the problem formulation. Just a portion
of the report is shown here.

OBJECTIVE FUNCTION VALUE
1) 1688646.

VARIABLE VALUE REDUCED COST
S1P1 0.000000 256.010010
S1P2 0.000000 66.169991
S1P3 12.300000 0.000000
S2P1 0.000000 92.209984
S2P2 35.599998 0.000000
S2P3 0.000000 95.589989
....
....
AC1 393.799988 0.000000
AC2 315.399994 0.000000
AC3 353.299988 0.000000
OF1 227.199997 0.000000
OF2 0.000000 0.000000
OF3 0.000000 0.000000
HV1 38036.199219 0.000000
HV2 27522.000000 0.000000
HV3 27215.500000 0.000000

We should begin interpreting the solution by first
assessing the objective function value. What we find
is that the maximum net present value possible, given
the timber yields, prices, and discount rate assumed,
is $1,688,646. We have to infer the units (dollars)
based on our knowledge of how the objective func-
tion was developed. Examining the columns labeled
VARIABLE and VALUE, we begin to understand
the actual schedule of activities. For example, the
optimal solution is to harvest 12.3 acres of stand 1
during time period 3, and 35.6 acres of stand 2 during
time period 2, and so on.

The reduced cost represents the amount (in objec-
tive function value terms, which in this case is net
present value) that the coefficient for each decision
variable in the objective function must increase
before that decision becomes competitive enough,
given the other choices available, to enter the solu-
tion. For example, the reduced cost for variable
S1P1 is $256.01001. What this implies, in dollars
and cents, is that the net present value of harvesting
stand 1 during time period 1 must increase $256.02
per acre, to $1,141.19 ($885.17 þ $256.02), before an
acre (or more) of stand 1 is scheduled for harvest
during time period 1. The reduced cost should be
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0 for all variables that are currently “in the solution,”
or have a positive value. And, if we look closely, as
in the case of stand 1, the reduced cost is simply
the difference between the option for stand 1 with
the highest net present value (harvest during time
period 3) and the option being considered (harvest
during time period 1). In addition, the reduced cost
could be viewed as a penalty imposed on the objec-
tive function value if a noncompetitive variable is
made to be part of the solution space. For instance,
if we made the solution use one unit of S1P1, then
the objective function value would decrease by
$256.02 to a total of $1,688,389.98.

We also find in this output the values of the vari-
ables that were introduced through the accounting
rows. The variable AC1, for instance, was developed
solely to hold the aggregate scheduled harvested area
during time period 1 (393.8 acres). The value asso-
ciated with the variable OF1 indicates that all the
older forest areas are scheduled for harvest during
time period 1, which is not surprising, since the net
present value per acre for the older stands declines
as these stands get older. This also suggests that the
rate of growth of the older stands is not as high as
the interest rate that is assumed (5%). The scheduled
wood flows can also be interpreted from this output,
as the variables HV1, HV2, and HV3 reveal that
38,036, 27,522, and 27,215 tons of wood are sched-
uled for harvest during time periods 1, 2, and 3,
respectively.

B. Slack and Duel Prices

The remainder of the output report generated by
LINDO for the forest management problem we devel-
oped in this chapter is shown below.

ROW SLACK OR SURPLUS DUAL PRICES
2) 0.000000 1141.180054
3) 0.000000 1508.479980
4) 0.000000 2301.439941
5) 0.000000 2257.179932
6) 0.000000 1925.250000
7) 0.000000 1181.930054
8) 0.000000 1543.160034
9) 0.000000 869.469971
10) 0.000000 1880.989990
11) 0.000000 2235.050049
12) 0.000000 1969.500000
13) 0.000000 1473.800049
14) 0.000000 2345.699951
15) 0.000000 1195.520020
16) 0.000000 910.219971

17) 0.000000 1195.520020
18) 0.000000 1508.479980
19) 0.000000 2279.310059
20) 0.000000 1543.160034
21) 0.000000 828.710022
22) 0.000000 0.000000
23) 0.000000 0.000000
24) 0.000000 0.000000
25) 0.000000 0.000000
26) 0.000000 0.000000
27) 0.000000 0.000000
28) 0.000000 0.000000
29) 0.000000 0.000000
30) 0.000000 0.000000

What we find in this section of the output report
is some pertinent information related to the con-
straints. The ROW column refers to each constraint
(or accounting row), and the number is consistent
with the number of the constraint in the problem for-
mulation that we developed at the beginning of this
section. For example, ROW 2 suggests that the follow-
ing constraint,

2) S1P1 þ S1P2 þ S1P3 <¼ 12.3

has a slack of 0, and a dual price of 1,141.18.
The slack associated with a constraint tells us how

much of the right-hand side of each constraint is not
being used in the solution that was provided. As we
can see, the slack associated with constraints 2 to 21
is 0. This tells us that all the acres for each of the
stands are being scheduled for harvest sometime dur-
ing the time horizon of the plan. For example, in con-
straint 2, we noted that the sum of the scheduled
harvested areas of stand 1 during time periods 1, 2,
and 3 must be less than or equal to the size of the
stand. If some of the stand was not harvested during
any of the three time periods, the slack associated
with this constraint would be a positive number, indi-
cating some acres were left unscheduled (uncut). If
the slack associated with a constraint is 0, then the
constraint is said to be binding. This implies that the
constraint has some influence on the outcome of
the solution (the management plan).

Evaluation of the dual price or shadow price is one
of the many techniques used in sensitivity analysis.
The dual price associated with a constraint indicates
how much the objective function value would
increase if one more unit of the right-hand side
of the constraint were available. For example, the
dual price associated with constraint 2 is 1,141.18
($1,141.18). If one more acre of stand 1 were available
(making the stand 13.3 acres in size), then the
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objective function would increase by another
$1,141.18, since this extra acre likely would be sched-
uled for harvest in time period 3.

IX. ASSESSING ALTERNATIVE
MANAGEMENT SCENARIOS

One thing that is obvious about the results of the
scenario provided in Section VIII is that the scheduled
harvest volumes vary widely from one period to the
next. As a second management scenario, we will
add two constraints to the problem formulation to
ensure an even-flow of scheduled timber harvest
volume.

31) HV1 � HV2 ¼ 0
32) HV2 � HV3 ¼ 0

After solving this problem with LINDO, the results
for the optimal solution to this scenario show a sched-
uled harvest volume that is perfectly even throughout
the time horizon (31,588.6 tons per 5-year period).
This management scenario’s scheduled harvest level
is much lower during the first time period, and
higher during the second and third time periods, than
in the initial management scenario we modeled. The
net present value of the even-flow scenario has
decreased $12,758, however, to $1,675,888. And inter-
estingly, the area scheduled for harvest during each
time period is almost the reverse of the area sched-
uled for harvest in the initial scenario (320, 348, and
394 acres per period for time periods 1, 2, and 3,
respectively). Finally, some older stands are sched-
uled for harvest in time periods 2 and 3, which was
not the case in the initial scenario. One or more stands
are scheduled for harvest in more than one time
period (i.e., stand 19), indicating that some acres are
falling into the “old forest” class just before being
harvested.

As a third management scenario, assume that due
to site preparation equipment and personnel avail-
ability, you want to ensure that the areas scheduled
for harvest are also equal from one time period to
the next. Two constraints need to be added to the
problem formulation we already have developed:

33) AC1 � AC2 ¼ 0
34) AC2 � AC3 ¼ 0

The results for the third management scenario now
suggest that the scheduled harvest volume is again
perfectly even throughout the time horizon (30,965.7
tons per 5-year period), yet is lower than what we

found in the second management scenario because
we have added two more constraints to the problem.
The net present value of this solution has decreased
more significantly from the first scenario ($45,806),
to $1,642,840. On the positive side of things, the area
scheduled for harvest in each time period is even
(354.2 acres), yet again some older forest is being
scheduled for harvest in time periods 2 and 3.

As a fourth management scenario, assume that you
now want to harvest an equal amount of older forest
in each time period, to prevent the older forest from
being liquidated in the first time period of the
management plan. Two more constraints need to be
added to the problem formulation we already have
developed:

35) OF1 � OF2 ¼ 0
36) OF2 � OF3 ¼ 0

The results for this management scenario suggest
that the scheduled harvest volume is again perfectly
even throughout the time horizon, yet slightly lower
than the previous scenario (30,726.6 tons per 5-year
period). The net present value of this scenario has
decreased even more significantly ($58,494) from the
first scenario, to $1,630,152. The area scheduled for
harvest in each time period is even (again 354.2
acres), and the amount of older forest scheduled for
harvest in each time period is 113.6 acres.

As a fifth and final scenario, we add the 66 habitat-
related accounting rows to the management problem,
and add three constraints that force the solution to
maintain an overall HSI of 0.250 during each time
period:

37) S1P1 þ N1P1 ¼ 12.3
38) S1P1 þ S1P2 þ N1P2 ¼ 12.3
39) S1P1 þ S1P2 þ S1P3 þ N1P3 ¼ 12.3
40) S2P1 þ N2P1 ¼ 35.6
41) S2P1 þ S2P2 þ N2P2 ¼ 35.6
42) S2P1 þ S2P2 þ S2P3 þ N2P3 ¼ 35.6
43) S3P1 þ N3P1 ¼ 34.6
44) S3P1 þ S3P2 þ N3P2 ¼ 34.6
45) S3P1 þ S3P2 þ S3P3 þ N3P3 ¼ 34.6
46) S4P1 þ N4P1 ¼ 85.4
47) S4P1 þ S4P2 þ N4P2 ¼ 85.4
48) S4P1 þ S4P2 þ S4P3 þ N4P3 ¼ 85.4
49) S5P1 þ N5P1 ¼ 65.4
50) S5P1 þ S5P2 þ N5P2 ¼ 65.4
51) S5P1 þ S5P2 þ S5P3 þ N5P3 ¼ 65.4
52) S6P1 þ N6P1 ¼ 69.1
53) S6P1 þ S6P2 þ N6P2 ¼ 69.1
54) S6P1 þ S6P2 þ S6P3 þ N6P3 ¼ 69.1
55) S7P1 þ N7P1 ¼ 78.3
56) S7P1 þ S7P2 þ N7P2 ¼ 78.3
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57) S7P1 þ S7P2 þ S7P3 þ N7P3 ¼ 78.3
58) S8P1 þ N8P1 ¼ 71.0
59) S8P1 þ S8P2 þ N8P2 ¼ 71.0
60) S8P1 þ S8P2 þ S8P3 þ N8P3 ¼ 71.0
61) S9P1 þ N9P1 ¼ 19.6
62) S9P1 þ S9P2 þ N9P2 ¼ 19.6
63) S9P1 þ S9P2 þ S9P3 þ N9P3 ¼ 19.6
64) S10P1 þ N10P1 ¼ 34.8
65) S10P1 þ S10P2 þ N10P2 ¼ 34.8
66) S10P1 þ S10P2 þ S10P3 þ N10P3 ¼ 34.8
67) S11P1 þ N11P1 ¼ 81.6
68) S11P1 þ S11P2 þ N11P2 ¼ 81.6
69) S11P1 þ S11P2 þ S11P3 þ N11P3 ¼ 81.6
70) S12P1 þ N12P1 ¼ 90.2
71) S12P1 þ S12P2 þ N12P2 ¼ 90.2
72) S12P1 þ S12P2 þ S12P3 þ N12P3 ¼ 90.2
73) S13P1 þ N13P1 ¼ 45.6
74) S13P1 þ S13P2 þ N13P2 ¼ 45.6
75) S13P1 þ S13P2 þ S13P3 þ N13P3 ¼ 45.6
76) S14P1 þ N14P1 ¼ 67.2
77) S14P1 þ S14P2 þ N14P2 ¼ 67.2
78) S14P1 þ S14P2 þ S14P3 þ N14P3 ¼ 67.2
79) S15P1 þ N15P1 ¼ 38.6
80) S15P1 þ S15P2 þ N15P2 ¼ 38.6
81) S15P1 þ S15P2 þ S15P3 þ N15P3 ¼ 38.6
82) S16P1 þ N16P1 ¼ 49.1
83) S16P1 þ S16P2 þ N16P2 ¼ 49.1
84) S16P1 þ S16P2 þ S16P3 þ N16P3 ¼ 49.1
85) S17P1 þ N17P1 ¼ 58.3
86) S17P1 þ S17P2 þ N17P2 ¼ 58.3
87) S17P1 þ S17P2 þ S17P3 þ N17P3 ¼ 58.3
88) S18P1 þ N18P1 ¼ 26.8
89) S18P1 þ S18P2 þ N18P2 ¼ 26.8
90) S18P1 þ S18P2 þ S18P3 þ N18P3 ¼ 26.8
91) S19P1 þ N19P1 ¼ 53.0
92) S19P1 þ S19P2 þ N192 ¼ 53.0
93) S19P1 þ S19P2 þ S19P3 þ N19P3 ¼ 53.0
94) S20P1 þ N20P1 ¼ 46.0
95) S20P1 þ S20P2 þ N20P2 ¼ 46.0
96) S20P1 þ S20P2 þ S20P3 þ N20P3 ¼ 46.0
97) 0.304 N1P1 þ 0.482 N2P1 þ 0.805 N3P1

þ 0.765 N4P1 þ 0.683 N5P1 þ 0.377 N6P1
þ 0.514 N7P1 þ 0.181 N8P1 þ 0.669 N9P1
þ 0.788 N10P1 þ 0.629 N11P1 þ 0.447 N12P1
þ 0.814 N13P1 þ 0.397 N14P1 þ 0.218 N15P1
þ 0.361 N16P1 þ 0.478 N17P1 þ 0.799 N18P1
þ 0.500 N19P1 þ 0.141 N20P1 � HU1 ¼ 0

98) 0.450 N1P2 þ 0.663 N2P2 þ 0.903 N3P2
þ 0.882 N4P2 þ 0.797 N5P2 þ 0.526 N6P2
þ 0.690 N7P2 þ 0.352 N8P2 þ 0.738 N9P2
þ 0.869 N10P2 þ 0.810 N11P2 þ 0.609 N12P2
þ 0.905 N13P2 þ 0.505 N14P2 þ 0.331 N15P2
þ 0.474 N16P2 þ 0.707 N17P2 þ 0.872 N18P2
þ 0.688 N19P2 þ 0.363 N20P2 � HU2 ¼ 0

99) 0.629 N1P3 þ 0.768 N2P3 þ 0.904 N3P3
þ 0.972 N4P3 þ 0.892 N5P3 þ 0.692 N6P3
þ 0.789 N7P3 þ 0.501 N8P3 þ 0.812 N9P3
þ 0.903 N10P3 þ 0.910 N11P3 þ 0.779 N12P3
þ 0.995 N13P3 þ 0.654 N14P3 þ 0.498 N15P3
þ 0.649 N16P3 þ 0.766 N17P3 þ 0.962 N18P3
þ 0.821 N19P3 þ 0.505 N20P3 � HU3 ¼ 0

100) 0.00094118 HU1 � HSI1 ¼ 0
101) 0.00094118 HU2 � HSI2 ¼ 0
102) 0.00094118 HU3 � HSI3 ¼ 0
103) HSI1 >¼ 0.250
104) HSI2 >¼ 0.250
105) HSI3 >¼ 0.250

The results for this management scenario suggest
that the scheduled harvest volume is again even
throughout the time horizon (21,910.6 tons per 5-year
period), yet significantly lower than the other scenar-
ios due to the need to maintain older forest for wild-
life habitat. The net present value of this solution
has decreased even more significantly from the first
scenario ($526,183), to $1,162,433. The area scheduled
for harvest in each time period is even (217.5 acres),
and the amount of older forest scheduled for harvest
in each time period is 176.3 acres. Overall HSI levels
range from 0.355 in the first time period to 0.250
(binding) in the third time period. The results from
this scenario affect the economics of the manage-
ment problem more significantly because some older
stands must remain uncut for the overall HSI to be
at least 0.250 in the final time period, as suggested by
the constraint.

To be able to more easily compare the five scenar-
ios presented here, the critical information related to
each is presented in Table 7.4. In addition, managers
may wish to know which stands are being scheduled
for treatment in each time period, thus as a planner,
you may need to examine the output and develop a
harvest schedule for them.

X. CASE STUDY: WESTERN FOREST

To study the development of a management prob-
lem with linear programming a little more closely,
let’s examine the western forest data that was devel-
oped for this text. The Lincoln Tract’s stands GIS
database contains 87 management units, each with
an age, species, and potential volume for six five-year
time periods. To begin, assume that the landowner is
interested in maximizing the volume of timber pro-
duced from this forest over the next 30 years. The
constraints on the management problem are: (1) the
landowner does not wish to harvest stands less than
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35 years of age, and (2) the landowner wants an even
volume from the harvest scheduled during each five-
year time period. As a result of this assessment of the
landowner’s objectives, we need to develop an objec-
tive function that maximizes timber volume pro-
duced. We also need to develop constraints that
restrict the harvest levels to an even amount each
time period. To do this we may need to develop both

accounting rows and policy constraints. In addition,
we need to develop resource constraints so that we
do not harvest more area than what is contained in
each stand.

As an initial step in the process, the data for the 87
stands are extracted from the stand GIS database
(Table 7.5). Decision variables will represent the num-
ber of acres of each stand to harvest in a given five-
year time period. To understand whether a stand is
old enough to be harvested, we will determine the
age at the beginning of each five-year time period,
and compare this to the landowner’s desire not to
harvest any stand below 35 years of age. The age
noted in the GIS database is the age of each stand at
the beginning of the first five-year time period, there-
fore stand 1, for example, will not be old enough to
harvest until period 5 of the analysis, when it is 38
years old. In constructing the objective function, the
contributions of stands too young for harvest should
be omitted. The objective function might be designed
as follows:

Maximize
18.5 S1P5 þ 25.3 S1P6 þ 14.9 S2P6

þ 94.4 S4P1 þ 98.4 S4P2 þ 102.2 S4P3
þ 103.2 S4P4 þ 104.0 S4P5 þ 104.8 S4P6
þ 63.2 S5P1 þ 68.7 S5P2 þ 74.6 S5P3
þ 79.9 S5P4 þ 84.9 S5P5 þ 89.1 S5P6
....
þ 90.1 S85P1 þ 93.7 S85P2 þ 96.8 S85P3
þ 97.6 S85P4 þ 98.5 S85P5 þ 99.2 S85P6
þ 57.9 S86P1 þ 64.2 S86P2 þ 69.7 S86P3
þ 75.8 S86P4 þ 81.1 S86P5 þ 86.1 S86P6
þ 40.7 S87P1 þ 47.6 S87P2 þ 54.0 S87P3
þ 59.9 S87P4 þ 65.1 S87P5 þ 70.7 S87P6

TABLE 7.4 A Comparison of the Five Management
Scenarios for the 1,062.5 Acre Forest in South Georgia

Scenario

Net

present

value ($)

Harvest

volume

(tons)

Area

harvested

(acres)

Initial 1,688,646

Time period 1 38,036.2 396.8

Time period 2 27,522.0 315.4

Time period 3 27,215.5 353.3

Even-flow 1,675,888

Time period 1 31,588.6 319.9

Time period 2 31,588.6 348.4

Time period 3 31,588.6 394.2

Even-flow, even-acres 1,642,840

Time periods 1–3 30,965.7 354.2

Even-flow, even-acres,
equal older forest

1,630,152

Time periods 1–3 30,726.6 354.2

Wildlifea 1,162,433

Time periods 1–3 21,910.6 217.5

aIncludes even-flow, even-acres, equal older forest constraints.

TABLE 7.5 Data from the Lincoln Tract That Describe Each Age and Potential Volume of Each Stand
over a 30-Year Time Horizon

Volume (MBF per acre)

Stand Agea Period 1 Period 2 Period 3 Period 4 Period 5 Period 6

1 18 0.4 2.2 6.1 11.7 18.5 25.3

2 10 0.0 0.0 0.7 3.3 8.4 14.9

3 7 0.0 0.0 0.3 1.5 4.9 10.0

4 100 94.4 98.4 102.2 103.2 104.0 104.8

5 70 63.2 68.7 74.6 79.9 84.9 89.1

. . .

85 101 90.1 93.7 96.8 97.6 98.5 99.2

86 65 57.9 64.2 69.7 75.8 81.1 86.1

87 55 40.7 47.6 54.0 59.9 65.1 70.7

aAge at the beginning of the first 5-year time period.
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Notice in this abbreviated objective function that
stand 3 is absent entirely. Stand 3 is only seven years
old at the beginning of the analysis. At the beginning
of time period 6, stand 3 will be 32 years old, which is
still too young to be considered for harvest.

The resource constraints indicate that the sum of
the area assigned to be harvested during each five-
year time period must be equal to or less than the size

of each stand. A subset of these constraints is as
follows.

subject to
2) S1P5 þ S1P6 <¼ 41.913
3) S2P6 <¼ 61.130
4) S4P1 þ S4P2 þ S4P3 þ S4P4 þ S4P5 þ S4P6

<¼ 24.778
...

FIGURE 7.1 The stands on the Lincoln Tract that will be entered during the first 5-year time period in order to produce maximum timber
volume, and to provide an even-flow of volume over the 30-year time horizon.
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What you should notice here is the absence of
resource constraints related to stand 3. Again, stand 3
is initially very young, and will never reach the
minimum harvest age during the time horizon of
the management plan. In addition, the resource con-
straints for stands 1 and 2 only reflect the feasible
choices available for those stands. Stand 1, for exam-
ple, can be harvested only in time periods 5 and 6
because of the initial age of the stand. To determine
the volume scheduled for harvest, six accounting
rows are needed to sum the volume harvested in each
five-year time period. They should resemble the fol-
lowing, which represent condensed versions of the
accounting rows:

75) 94.4 S4P1 þ 63.2 S5P1 .. þ 40.7 S87P1
� H1 ¼ 0

76) 98.4 S4P2 þ 68.7 S5P2 .. þ 47.6 S87P2
� H2 ¼ 0

77) 102.2 S4P3 þ 74.6 S5P3 .. þ 54.0 S87P3
� H3 ¼ 0

78) 103.2 S4P4 þ 79.9 S5P4 .. þ 59.9 S87P4
� H4 ¼ 0

79) 18.5 S1P5 þ 104.0 S4P5 þ 84.9 S5P5
.. þ 65.1 S87P5 � H5 ¼ 0

80) 25.3 S1P6 þ 14.9 S2P6 þ 104.8 S4P6
.. þ 89.1 S5P6 þ 70.7 S87P6 � H6 ¼ 0

Once the accounting rows have been developed,
the policy constraints can be formulated. In the case
of the Lincoln Tract, we are interested in an even
amount of volume scheduled for harvest over the
time horizon. As a consequence, constraints need to
be designed to force the harvest volumes to be equal
from one time period to the next. The constraints
can be designed in a number of ways, such as ensur-
ing volumes scheduled during all time periods 2 to
6 equal the first time period’s harvest level. Alterna-
tively, we could simply suggest that the volume
scheduled in each subsequent time period equal the
volume scheduled during the previous time period:

81) H1 � H2 ¼ 0
82) H2 � H3 ¼ 0
83) H3 � H4 ¼ 0
84) H4 � H5 ¼ 0
85) H5 � H6 ¼ 0

After solving the problem using a linear program-
ming solver such as LINDO, we find that the objec-
tive function value suggests 169,737.6 MBF of wood
should be harvested over the next 30 years. The aver-
age harvest level for each of the five-year time peri-
ods is 28,289.6 MBF, which, on an annual basis
reduces to 5,657.92 MBF per year. If the timber were
valued at $400 per MBF, the annual gross revenue

arising from this plan would be $2,263,168. On aver-
age, the landowner would earn almost $500 per acre
per year from the property as a whole. The location
of the activities during the first five-year time period
is illustrated in Figure 7.1.

XI. SUMMARY

Linear programming is a mathematical program-
ming method for locating the optimal solution to a
set of linear equations described in a problem formu-
lation, and can be a powerful tool for forest manage-
ment and planning. Linear programming has been
used extensively in business applications and is used
frequently to develop strategic forest management
plans. Planning, scheduling, and assignment of activ-
ities to land classes can be accommodated relatively
easily. The achievement of a landowner’s objectives
will be a function of the quantity of available land,
the age class distribution of the forest, the structure
of forests within each age class, and the constraints
associated with managing the forest. The objective
function for a linear programming model consists of
a statement that describes the contribution of each
decision variable to the achievement of the objective,
whether it is an economic, an ecological, or a social
objective. Constraints confine solutions to problems,
by limiting the choices for the decision variables.
Accounting rows simply sum values that may be use-
ful in a constraint, or that may be of value in summar-
izing the results of a forest plan. Plans generated by
models such as linear programming must be assessed
to determine whether they are reasonable. Incorrect
specification of the objective function or the con-
straints can lead to the development of forest plans
that are either infeasible or inefficient.

Other limitations of linear programming, as Kidd
et al. [13] suggested over 40 years ago, include the
capabilities of the software (size of the problem), the
speed of the computer being used, and the ability of
the planner to formulate the problem and interpret
the results. Although we cannot control the first
two of these, in this chapter we have given you some
tools to address the latter (formulating the problem
and interpreting results). Another limitation is in
understanding how linear programming solves a
problem. The simplex algorithm is one method, and
it assesses the quality of the corners of the feasible
region of the solution space (as we described in the
previous chapter). For the braver students, the sim-
plex algorithm is discussed in detail in Appendix B
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along with an example problem. One limitation of
using linear models is in recognizing when decisions
should no longer be modeled in a linear manner.
For example, when the decisions need to be assigned
discrete integer values (e.g., the building of a road),
linear programming can accommodate these to a
limited extent. However, mixed integer or integer
programming approaches may be more appropri-
ate. These advanced techniques are discussed in
Chapter 8.

Linear programming solvers come in a variety of
forms and use a variety of data formats. In addition
to the format we described in this chapter for LINDO,
other common formats for designing problem formu-
lations are the column-oriented MPS (mathematical

programming system) format that can be used in con-
junction with CPLEX and other solvers, and the Excel
Solver format, which is essentially a detached coeffi-
cient matrix developed within an Excel spreadsheet.
In each case, the objective function, accounting rows,
and constraints must be designed appropriately to
solve a management problem correctly. Additionally,
large linear programming programs can be formu-
lated and solved using advanced modeling languages
such as the General Algebraic Modeling System
(GAMS) or A Mathematical Programming Language
(AMPL). These problem-solving systems allow the
user to formulate and solve large problems using
a high level language that is similar to many other
computer programming languages.

QUESTIONS

1. Southern forest management. Using the south
Georgia model developed in this chapter (begin-
ning in Section III), develop a scenario that maxi-
mizes net present value while harvesting only 300
acres in each time period. Solve the problem and
compare and contrast these results to the scenarios
that have already been developed (Table 7.4).

2. Southern multiple use management. If in the south
Georgia model, the wildlife habitat constraint
were used without the even-flow requirement,
without the even-acres requirement, and without
the equal older forest harvest requirement, then
how would the value of the plan compare to
the other plans previously developed (net pres-
ent value, acres harvested, volume harvested)?

3. A small linear programming model. Use the follow-
ing data from western Oregon and the assump-
tions that are provided to develop a linear
programming model that maximizes the net
present value of a plan of action.

Time horizon: 20 years
Time periods: 4 (5 years long)
Interest rate: 6%
Stumpage price: $400 per MBF

Stand
Size

(acres)

Period 1
volume
(MBF/ac)

Period 2
volume
(MBF/ac)

Period 3
volume
(MBF/ac)

Period 4
volume
(MBF/ac)

1 100.3 22.3 26.1 30.0 34.3
2 126.5 31.4 35.9 40.5 45.6
3 96.3 26.5 31.8 36.9 41.9
4 107.5 44.3 49.3 54.2 59.2
5 110.9 28.2 32.6 37.0 42.0

6 120.4 21.4 27.0 32.2 37.2
7 98.4 24.9 30.2 35.6 40.6
8 89.3 49.0 53.9 58.4 63.3
9 116.8 22.9 27.9 32.7 38.0

10 119.4 28.5 32.9 37.2 41.9

(a) What is the net present value of the plan if
only resource constraints are applied?

(b) What is the net present value of the plan
when an even-flow requirement is assumed?

(c) What is the net present value of the plan
when an even-acres harvest is assumed, with
no even-flow volume requirement?

4. Your school forest plan. For your school’s forest, or
some property which with you are familiar,
develop the stand-level data needed for a linear
programming model (stand numbers, acres), and
the growth projections necessary for a 20- to 30-
year plan. Then assume some interest rate, and
price for a forest product that is to be produced.
Finally, develop the objective function, resource
constraints, policy constraints, and accounting
rows that are necessary to evaluate a reasonable
management scenario for the property.

5. Western forest example. Develop and solve the
even-flow harvest problem for the western forest,
as described in Section X. Make sure that your
answer is the same as what we have determined
for the 30-year time horizon. Then remove the
even-flow constraints and solve the problem
again. How does the optimal solution change? If
the harvest volumes were allowed to deviate by
5 percent from one time period to the next, then
how would you set up the problem? How would
these results differ from the original problem?
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C H A P T E R

8

Advanced Planning Techniques

Although linear programming is a widely usedmethod for developing large-scale forest management plans, it requires that all functional rela-

tionships be represented by a set of linear equations. There are times when a plannermay feel that in doing so, the planning problem is not suitably

represented. For example, maintaining one type of habitat next to another for foraging and roosting purposes requires a problem formulation that
might not be accommodated by a linear equation. In these and other cases, either the type of value assigned to a decision variable needs to be rede-

fined, or nonlinear relationships need to be recognized, or both. Further, somemanagement plans are better represented asmultiple objective prob-

lems rather than the single objective problems we have been illustrating thus far in this book. In response to these needs, a number of advanced
forest planning techniques have been proposed, enhanced, tested, and put into use by numerous natural resource management organizations.

Included in this chapter are extensions to linear programming as well as binary search and heuristic methods. Dynamic programming, a method

we described in Chapter 5 for optimizing stand-level management decisions, also has been proposed as a method for solving these more complex

forest-level management planning problems.

OBJECTIVES

The previous chapter that described linear pro-
gramming techniques began our treatment of
forest-level planning, where activities related to
multiple stands need to be simultaneously evalu-
ated. Linear programming, however, is limited in
its ability to recognize and utilize nonlinear func-
tional relationships among resources. In addition,
as land managers you may find that the fractional
solutions linear programming provides for activ-
ities assigned to stands are not suitable for your
management needs. This suggests that in some
cases, integer values should be assigned to decision
variables rather than continuous real numbers.

In this chapter, we introduce several alternative for-
est planning methods, and once completed, you
should be able to:

1. Describe the differences between linear program-
ming and mixed integer or integer programming
methods for forest management and planning.

2. Compare and contrast the differences between
linear and goal programming methods.

3. Understand how binary search can be used to
develop a forest plan.

4. Describe how a heuristic method may be used to
develop a forest plan.

5. Understand the variety of computer software
programs that are readily available for address-
ing forest planning needs.

I. EXTENSIONS TO LINEAR
PROGRAMMING

As we suggested in Chapter 7, linear programming
is used widely in North America and many other parts
of the world for assistingwith the development of stra-
tegic forest plans. In doing so, decisions are based
on land allocations, management areas, strata, and

stands generally under a Model I or Model II format.
These types of problem formulations usually are
solved very quickly with a mathematical program-
ming solver; however, not all management problems
can be described with the continuous decision vari-
ables that are assumed in basic linear programming
formulation. For example, when there is a need to con-
trol the placement of activities, perhaps for wildlife
habitat or harvest opening size considerations, there
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may be an associated need to know exactly where
the activity is placed. When continuous variables are
used, unless they indicate zero or 100 percent of a stand
is treated in a specific manner, we do not necessary
know where the activities are located within the stand. As
a result, some decision variables may need to be
assigned integer variables to force the treatment of
zero or 100 percent of a stand. In these cases, mixed
integer or integer programming alternatives to basic
linear programming methods would be useful.
Another aspect of linear programming that is debat-
able among managers who cannot discern between
two ormore objectives is the fact that only one objective
is included in the objective function (e.g., maximize
habitat quality, maximize net present value, or mini-
mize costs). There are methods, however, to incorpo-
rate multiple objectives into an objective function to
accommodate the wishes of a landowner. In these
cases, goal programming methods would be useful.

A. Mixed Integer Programming

As we have noted, linear programming assumes
that all the decision variables, whose values are initi-
ally unknown, are required to be assigned continuous
real numbers. If some, but not all, of the unknown
variables are required to be integers, then a problem
is considered a mixed integer programming problem.
The problem formulation for mixed integer pro-
gramming is very similar to that of linear program-
ming. An objective function is needed, and several
resource or policy constraints, and perhaps some
accounting rows, are required.What is different within
the problem formulation is a formal specification
of those decision variables that need to be assigned
integer values. This formality also needs to address
the type of integer values that will be assigned, either
general integers (e.g., 0, 1, 2, 3, . . .) or binary integers
(0 or 1). Among the various methods that are used
to solve mixed integer programming problems, the
branch and bound and the cutting plane methods,
rather than the simplex method, are two of the most
widely applied. The mathematics behind each are
presented more formally elsewhere. Here we simply
provide a brief overview of these two methods.

The branch and bound process involves a system-
atic evaluation of the possible solutions to a problem.
When a problem is being addressed by a solver (e.g.,
CPLEX, LINDO), a number of subproblems are devel-
oped and examined systematically by restricting the
range of the integer values assigned to decision vari-
ables. When using binary values (0 or 1) to represent
the types of decision variables, there are only two

choices: set the state of the decision variable to 0 or
to 1. A bound (upper or lower) generally is created
by relaxing the need to assign an integer value to a
decision variable. This results in a linear model that
in turn provides an optimal solution to a relaxed
problem. If all the decision variables that should be
assigned integer values are not actually provided
integer variables, then a tree-like search process is
used to explore alternative solutions where a number
of the values assigned to decision variables are fixed.
If a subproblem at this stage of the search is infeasi-
ble, then no further expansion of the search from the
point of the subproblem is performed. In this way, a
number of alternative plans can be ignored by esti-
mating upper and lower bounds on the quantity
being optimized. If in a maximization problem one
set of subproblems has an upper bound that is lower
than the lower bound of a second set of subproblems
(the estimated best solution of the first set is worse
than the estimated worst solution of the second set),
then the first set is discarded.

The cutting plane method uses a relaxed linear pro-
gramming solution to a problem as a starting point.
This solution generally consists of a number of frac-
tional results (decisions that we would like to have
assigned integer values but they actually are assigned
continuous values). The process then searches for
an integer constraint that when added, will violate
the feasibility of the linear problem, yet will reduce
the size of the solution space. The addition of the
integer constraint in effect reduces the size of the feasi-
ble region of the solution space, and is considered a
cutting plane. This, in effect, subdivides the linear
solution without removing any of the previously
assigned integer decisions from the feasible region of
the solution space. A subsequent linear solution is gen-
erated. If further fractional results are encountered,
then the process continues, with the intent of locating
solutions that are less fractional than before. When
there are no further fractional results, an optimal
integer solution has been located.

To illustrate the use of mixed integer programming
problem formulations, assume that the landowner
of the Putnam Tract is interested in producing the
highest volume from timber harvests over the next
15 years from stands that are not located along the
stream system. The minimum clearcut harvest age
that the landowner would consider, regardless of
the economics of the situation, is 25 years. Assume
further that the landowner is interested in under-
standing which complete stands to harvest in the first
five years, which suggests that the decision related to
harvesting is yes or no during the first time period.
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Here, we might use a binary (0/1) integer value to
represent the choice of harvesting each stand during
time period 1. In this case, we could use a variable
such as S1P1 to represent the opportunity to harvest
stand 1 during time period 1, yet the value that will
be assigned to the choice will only be 0 (which repre-
sents no harvest, and is the default) or 1 (which re-
presents a harvest). In the second and third time
periods, this decision is not as critical; therefore,
although the decision variables are similar (S1P2,
S1P3), the values that can be assigned are from a con-
tinuous range of numbers between 0 and 1. If, for
example, a value 0.37 were assigned to the choice
S1P2, then it would suggest that 37 percent of stand
1 is scheduled for harvest during the second time
period. The differences in how choices for time period
1 and time periods 2 to 3 are handled are representative
of a mixed integer planning problem.

Within the Putnam Tract stands GIS database,
there are cordwood volumes for three time periods,
the first five years, the second five years, and the final
five years. After extracting this data from a GIS data-
base, we can design an objective function that maxi-
mizes timber volume produced. The form of the
objective function might be as follows:

Maximize
XI
i¼1

XT
t¼1

ai vit SiPt

where:

i ¼ A stand
I ¼ The total number of stands
t ¼ A time period
T ¼ The total number of time periods
ai ¼ Area of stand i
vit ¼ Volume contained in stand i during time

period t
SiPt ¼ A decision variable representing the harvest

of stand i during time period t

For the Putnam Tract the objective function might
resemble the following:

Maximize 2476.5825 S2P1 þ 2738.61 S2P2 þ
3025.995 S2P3 þ 572.2315 S4P2 þ 730.3065
S4P3 þ 108.9329 S6P1 þ 135.6649 S6P2 . . ..

You might notice that there is no reference to stand
1 in the objective function. The reason for this, as well
as any other omissions, is that stands younger than
25 years at the beginning of each time period have
been ignored. The resource constraints for this prob-
lem would reflect that up to 100 percent of a stand
can be harvested during the time periods in which
each stand is old enough to harvest.

subject to
2) S2P1 þ S2P2 þ S2P3 <¼ 1
3) S4P2 þ S4P3 <¼ 1
4) S6P1 þ S6P2 þ S6P3 <¼ 1

As before, any decisions that are moot (those
related to the harvest of stands 1 or 3, for example,
or the harvest of stand 4 during time period 1) are
not included in these resource constraints. If these
were inadvertently included, then we run the risk of
making infeasible decisions. In addition to the differ-
ences in the data type assigned to the decision vari-
ables, assume that the landowner also is interested
in maintaining harvest levels within some reasonable
bound from one period to the next. This might
involve the use of accounting rows to accumulate
the volume scheduled for harvest, such as the partial
one shown here for time period 1:

51) 2476.583 S2P1 þ 108.9329 S6P1 þ
677.3607 S7P1 . . . þ 1187.616 S76P1 þ
966.8176 S79P1 þ 2498.206 S81P1 - H1 ¼ 0

Once each of the accounting rows have been devel-
oped for the three time periods, some control on the
volume can be incorporated into the problem for-
mulation. For example, assume that the landowner
wanted a very consistent harvest scheduled for each
of the three time periods, perhaps not varying by more
than 100 cords per time period. Equations 56 and 57
suggest that if the harvest scheduled for time period 1
is greater than the harvest in time periods 2 and 3, then
it can be no greater than 100 cords. Equations 58 and
59 suggest the opposite, that if the harvests scheduled
for time periods 2 and 3 are greater than the harvest
scheduled for time period 1, then they can be no greater
than 100 cords. As we discussed in Chapter 7, these are
considered wood flow policy constraints.

54) H2 - H1 <¼ 100
55) H3 - H1 <¼ 100
56) H1 - H2 <¼ 100
57) H1 - H3 <¼ 100

The objective function, resource constraints,
accounting rows, and wood flow policy constraints
form a mixed integer problem formulation only when
the solver understands that the choices related to time
period 1 have to be assigned binary integer values.
Once this has been accomplished, a forest plan can be
developed that explicitly determines the whole stands
to harvest in the first five years (Figure 8.1). The sched-
uled harvest volumes are 12,543 cords, 12,492 cords,
and 12,643 cords for time periods 1 through 3, respec-
tively. As you can see, these volumes do not deviate
bymore than 100 cords from the time period 1 volume.
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B. Integer Programming

As we have just shown, when formulating a linear
programming problem we might decide that some of
the decision variables should be assigned integer
values rather than continuous real numbers. When
some of the decision variables are handled in this
manner, the solution process is called mixed integer
programming. When nearly all the decision variables
are considered to require an assignment of an integer
value, the process is called integer programming.
As we inferred earlier, some decisions in natural
resource management are discrete, requiring a yes
or no choice (as in the case of building a road or cre-
ating a snag), or requiring a choice that assumes
a nonfractional value (number of trucks to purchase,
number of stream pools to create). Integer program-
ming problems are formulated much in the same
manner as mixed integer programming problems,
and are solved using the same types of mathematical
methods (e.g., branch and bound, cutting plane). Inte-
ger programming generally assumes that the integer
values range from 0 to 1. Again, if the integer values
can only be selected from the set of 0 and 1, then we
are dealing with a binary integer programming prob-
lem. In this latter case, the value 0 usually represents
no, and the value 1 represents yes.

To illustrate the application of integer program-
ming to a natural resource management problem,
assume that the landowner of the Putnam Tract was

now interested in obtaining a forest plan where all
the decision variables had to be assigned binary inte-
ger values. In addition, the landowner was not too
keen on the idea that some of the harvests in the pre-
vious plan were placed so close to each other, which
would have resulted in a very large cleared area.
Two adjustments therefore are made to the mixed
integer model described earlier: (1) all the stand-level
harvest decision variables will be assigned a binary
integer value (either 0 or 1), and (2) no two harvests
can touch each other during a single time period.
In making these changes, the problem formulation
becomes basically an integer programming problem,
where most of the decision variables will be assigned
binary integers. The three periodic harvest level vari-
ables (H1, H2, and H3) are the only exceptions to this
assumption. The clearcut harvest adjacency constraints
can be handled in a number of different ways (see
McDill et al. [1] for a discussion on this subject), how-
ever, here we use simple pair-wise constraints to pre-
vent two stands from being scheduled for harvest in
a single time period. Pair-wise adjacency constraints
take the form:

SiPtþ SjPt � 1

which suggests that during time period t, either stand
i or stand j can be scheduled for harvest, but not both
of them. In addition, it leaves open the possibility for
neither stand to be harvested during the time period
in question. Care must be taken to use only i, j pairs
that actually touch each other, if our goal is to prevent
the harvest of stands that share a boundary. Other-
wise, we may needlessly be constraining the harvest
timing of stands that are not adjacent to each other.
Almost 300 pairwise adjacency constraints are neces-
sary for the Putnam Tract, a relatively small problem
given the spatial arrangement of stands. A few of
these constraints related to time period 1 include:

54) S2P1 þ S6P1 <¼ 1
55) S2P1 þ S7P1 <¼ 1
56) S2P1 þ S12P1 <¼ 1
57) S2P1 þ S81P1 <¼ 1

These constraints are associated with the timing of
harvest of stand 2. As we can see, if stand 2 is sched-
uled for harvest during the first time period, then
stands 6, 7, 12, and 81 have to be scheduled for har-
vest in one of the other two time periods. Conversely,
if any one of stands 6, 7, 12, and 81 are scheduled for
harvest during time period 1, then stand 2 will have
to be scheduled in a different time period. Whether
stands 6, 7, 12, and 81 can all be harvested during time
period 1 will depend on their spatial juxtaposition on
the landscape.

FIGURE 8.1 First period harvest units on the Putnam Tract
using mixed integer programming methods.
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Once the integer programming problem formula-
tion has been organized, a forest plan can be devel-
oped that explicitly determines the stands to harvest
in each of the five-year time periods, where no har-
vests physically touch each other within each time
period. The spatial arrangement of harvests for time
period 1 under this plan is shown in Figure 8.2. As
you can see, it is quite different than the previous
plan we developed using mixed integer program-
ming. The resulting scheduled harvest volumes, how-
ever, are 12,054 cords, 11,901 cords, and 12,124 cords
for time periods 1 through 3, respectively. Although
these scheduled volumes do not deviate by more
than 100 cords from the time period 1 volume, they
are significantly lower (4–6%) than those scheduled
earlier using the mixed integer programming formu-
lation, mainly due to the additional constraints that
were included in the problem.

C. Goal Programming

Linear programming in its traditional, conven-
tional form requires a planner to specify a single
objective for a management problem, and accompany
it with a set of secondary requirements (constraints)
imposed on the problem. Goal programming is a
form of linear programming that could be of value
for multiple-use management considerations, because
in contrast to linear programming, multiple conflicting
goals may be incorporated into the lone objective func-
tion [2]. There are two forms of goal programming, one
sequentially best meets the goals (lexicographic goal

programming), and the other that we describe here
simultaneously minimizes the deviations from each
of the goals. This type of goal programming problem
usually is designed in such a way that deviations from
individual goals are accumulated, and the optimal
solution is the one that minimizes the sum of the devia-
tions. Each goal can be weighted in the objective
function, which would infer their importance to the
landowner. Defining weights may be difficult in some
natural resource management situations, however [3].

A significant difference between goal program-
ming and linear programming is that a solution to a
linear programming problem requires the attainment
of constraint levels while maximizing (or minimiz-
ing) an objective. As a result, in some instances we
may only arrive at an infeasible solution. However,
in a goal programming problem, a feasible solution
is almost always assured; since the important goals
are incorporated into the objective function, feasible
solutions are usually located. The resulting values of
the goals may not be what we wanted, yet they
approach as closely as possible our desired levels.
However, our desired level of goal attainment may
not be met completely [2]. Setting the priorities for
each goal is important, and Field [2] suggests the
following when developing a goal programming
problem formulation:

1. Determine what can be produced from the land
currently and in the future, as well as the
demand for the different products.

2. Estimate the physical capacity of the land to
produce the various products.

3. Analyze the complementary and competitive
relationships among the goals.

4. Determine the feasible set of desirable goals.
5. Express the goals as a single objective function,

and design the problem formulation using the
appropriate constraints.

In selecting the weights for the goals, Dyer et al. [3]
suggests the need to determine the intensity of desire
(priority) for each goal. This, in essence, represents
the “satisficing” policy of the landowner, or the land-
owner’s attempt to implement adequately a plan that
meets multiple criteria rather than implementing a
plan with a single objective.

Even though goal programming could be used to
address diverse considerations within the objective
function to a problem, we will demonstrate it here
using the problem framework we have been building
in this chapter. Building on the integer programming
problem, assume that the owner of the Putnam Tract
continues to be interested in producing timber volume,
yet wants more in each time period than what was

FIGURE 8.2 First period harvest units on the Putnam Tract
using integer programming methods.
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suggested could be produced with integer program-
ming (about 12,000 cords per time period). In our prob-
lem, harvest volumes currently are being accumulated
using accounting rows. After setting a target harvest
level (12,500 cords), deviations from the target harvest
levels are noted as additional constraints to the model.

H1þNDevH1� PDevH1 ¼ 12, 500

H2þNDevH2� PDevH2 ¼ 12, 500

H3þNDevH3� PDevH3 ¼ 12, 500

where:

NDevHt ¼ negative deviations from the right-hand
side of the equation, in cases where the
right-hand side volume of the equation
cannot be scheduled

PDevHt ¼ positive deviations from the right-hand
side of the equation, in cases where the
right-hand side volume of the equation
is exceeded

The objective function subsequently is designed
to minimize the deviations among harvest levels, yet
the deviations are given weights that reflect their
importance to the landowner.

Minimize w1 NDevH1þ w2 PDevH1þ w3 NDevH2
þ w4 PDevH2þ w5 NDevH3þ w6PDevH3

Assume that the landowner has thought about the
relative importance of the goals, and has assigned
weights to them as follows:

w1 ¼ 0.35
w2 ¼ 0.15
w3 ¼ 0.20
w4 ¼ 0.10
w5 ¼ 0.15
w6 ¼ 0.05

These weights suggest that the landowner is most
concerned with a negative deviation from the harvest
target during time period 1 (weight ¼ 0.35), and least
concerned about the positive deviation from the
harvest target during time period 3 (weight ¼ 0.05).
Stated another way, the landowner is most concerned
about not meeting the volume target in the first time
period, and least concerned with exceeding the
harvest target in the third time period.

In developing the problem formulation, the integer
programming objective function was replaced with

Minimize 0.35 NDevH1 þ 0.15 PDevH1 þ 0.20
NDevH2 þ 0.10 PDevH2 þ 0.15 NDevH3 þ 0.05
PDevH3

In addition, the constraints that limited harvest
volume deviations from one period to the next were
replaced with

347) H1 þ NDevH1 - PDevH1 ¼ 12500
348) H2 þ NDevH2 - PDevH2 ¼ 12500
349) H3 þ NDevH3 - PDevH3 ¼ 12500

The forest plan developed using this approach sug-
gests that 12,493 cords can be obtained in time period
1, 12,408 cords in time period 2, and 11,971 cords in
time period 3. The location of the scheduled harvests
during time period 1 is illustrated in Figure 8.3. If we
were to readjust the weights so that they are basically
opposite of the first set,

w1 ¼ 0.05
w2 ¼ 0.15
w3 ¼ 0.10
w4 ¼ 0.20
w5 ¼ 0.15
w6 ¼ 0.35

then we are emphasizing positive deviations in the
third time period, and attempting to locate a plan that
meets or exceeds 12,500 cords in this time period. The
resulting schedule of harvests suggests that 11,324
cords can be obtained during time period 1, 12,463
cords during time period 2, and 12,502 cords during
time period 3.

Had we developed the relationships that accounted
for changes in habitat suitability, recreational oppor-
tunities, or any other number of nontimber values,

FIGURE 8.3 First period harvest units on the Putnam Tract
using goal programming methods.
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we could have used these in a goal programming
framework to explore the trade-offs associated with
a landowner’s preferences. As you may imagine,
the ability to insert several goals into the objective
function may be more appealing to some landowners
or managers than the traditional approach of using
a single objective, and using resource or policy
constraints to accommodate the attainment of other
goals.

II. BINARY SEARCH

Binary search is a process that attempts to find a
solution to a problem by making progressively bet-
ter guesses at the optimal value of the objective
function. For example, if we were interested in locat-
ing the forest plan that could produce the highest
harvest level over time, we would use a binary
search to guess the harvest level, and after doing
so, either increase or decrease it, then try again. In
other cases, a guess that is too high becomes the
upper limit of the range of values to consider; in
other cases a guess that is too low becomes the
lower limit of the range of values to consider. In
the case of forest planning, the answer to the guess
is used to determine whether to increase or decrease
the guess (in this case, the harvest target). In sum,
binary search is a method for locating a value using
a selection process that closes in on a solution by
using targets that represent mid-points of classes.
A basic binary search process works as follows:

1. Set a target value.
2. Determine the range of potential solution values

in an ordered list.

3. Select a value representing the mid-point of the
range.

4. Compare the selection with the target value,
and determine whether it is greater than, less
than, or equal to it.

5. Make a decision:
a. If the selection is greater than the target, then

reduce the target by one-half the range of
values.

b. If the selection is less than the target, then
increase the target by one-half the range of
values.

c. If the selection equals the target, then stop
and report the solution.

6. Return to step 1 if necessary.

As you can see, when searching through an
ordered list for the correct solution, the range of solu-
tion values becomes progressively smaller due to the
guesses being positioned at the mid-point of the
range. In effect, with each guess, the range of solution
values is reduced by one-half until the correct value
has been located. As a result, the search process nar-
rows the range of possible values by a factor of two
with each choice made.

Example

Pick a whole number between 1 and 1,000. By using
a binary search process, we can guess your number in
less than 10 or 11 tries with a simple answer to a ques-
tion associated with each guess—was the guess higher
or lower than your chosen number? For example,
assume you picked 732 as your number. The binary
search process for locating your number would work
as shown in Table 8.1. With each guess, the remaining
solution space is divided in half, and the mid-point is
selected in the subsequent attempt.

TABLE 8.1 An Example Binary Search Process Locating a Randomly Selected Number between 1 and 1,000

Guess number Range of feasible values Guess Correct? Your number is Decision

1 1–1,000 500 No Higher Range is 501–1,000

2 501–1,000 750 No Lower Range is 501–749

3 501–749 625 No Higher Range is 626–749

4 626–749 688 No Higher Range is 689–749

5 689–749 719 No Higher Range is 720–749

6 720–749 735 No Lower Range is 720–734

7 720–734 727 No Higher Range is 728–734

8 728–734 731 No Higher Range is 732–734

9 732–734 733 No Lower Range is 732–732

10 732–732 732 Yes – –
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In natural resource planning, a binary search pro-
cess that uses a simple harvest volume target and
either stand-level volumes or strata-based volumes
is relatively easy to perform. This type of planning
model can be implemented within a spreadsheet
environment if the attributes of the stands or strata
that contribute to the objective function are avail-
able. Sorting the list and selecting the stands or strata
for harvest is straightforward. This assumes that
stands or strata can be assigned fractional values
related to the harvesting decision, thus some are
scheduled for harvest during more than one time
period. When stands need to be modeled using inte-
ger decision variables, and when the adjacency of
harvests must be recognized and accommodated, the
use of binary search becomes more complex. In this
case, the harvest levels will not be as even, and atten-
tion must also be paid to the relationship of each
stand to others that have already been scheduled for
harvest.

In forest management and planning, binary search
traditionally has been used to determine the highest
timber volume that can be produced over the assumed
time horizon. However, a number of caveats are asso-
ciated with the typical binary search process. These
include modifications to the choice(s) made, the need
for a sequential assessment by time period, and the
need for a sorted list of choices based on a scheduling
rule. For example, assume that the challenge is to
determine the highest and most even timber volume
possible each year, over a five-year time horizon.

1. Since an individual stand will likely not
produce as much volume as is necessary to
achieve the highest even volume from a forest,
stand-level harvest decisions are aggregated. It
may take harvesting several stands in each year
to produce the harvest level necessary.

2. The scheduling of individual stands begins with
the first time period (in this case, year 1).
Harvests are scheduled until the last one
exceeds the harvest target for the year.
Subsequently, harvests for the next time period
are scheduled. This process continues until
harvests have been scheduled for each time
period, or we run out of harvesting options
because no other stands are old enough, for
example, to harvest.

3. The selection of harvest units is from a sorted
list of harvesting options. If we need to schedule
multiple harvests during each time period, then
we need a rule that guides us in the selection of
stands. For example, stands can be sorted by
age, and the rule used could be stated as “oldest

first.” Alternatively, stands could be sorted by
net present value, value growth percent, or
volume per unit area. In the case of sorting by
net present value or volume per unit area, the
rule used could be “highest first.” In the case of
value growth percent, it might be “lowest first.”
In any event, as a planner, the sorting process
and the selection rule should be considered
carefully.

Once these decisions have been made, a binary
search process for determining the highest and most
even timber volume that can be produced over the
time horizon can be developed. How this would work
requires the following steps:

1. The target harvest volume is selected, usually in
a subjective manner by the planner (e.g., 5,000
cords per year).

2. The selection of the initial increment also is made
subjectively by the planner (e.g., increase or
decrease the target volume 100 cords per year).

3. Stands are scheduled for harvest until the target
volume has been reached. This may require
scheduling for harvest a number of stands in
each time period, using the chosen rule for
selecting stands from the sorted list of stands.

4. Once harvests have been scheduled for all time
periods, sequentially from year 1 to year 5, for
example, an assessment of whether the target
volume has been reached is made.

5. If the target harvest volume has been
successfully scheduled for each time period
within the time horizon, then the target volume
increases, the schedule is eliminated, and the
process begins anew. The increment may then
need to be adjusted (divided in half).

6. If the target harvest volume has not been
scheduled successfully in any one (or more) of
the time periods within the time horizon, then
the target volume decreases, the schedule is
eliminated, and the process begins anew. As
with step 5, the increment may then need to be
adjusted (divided in half).

7. When the increment becomes too small, the
binary search process stops, and the last feasible
forest plan is reported.

One of the challenges to using this type of sequen-
tial harvest scheduling process is that the increment
for increasing or reducing the target volume should
not be divided in half until after a change in the direc-
tion of target harvest levels has been determined.
Stated another way, if the target harvest volume is
initially lower than the productive capacity of the
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forest, then the increment should not change in size
until the scheduled timber volume is less than the tar-
get the first time (i.e., the target is not met for the first
time). If the target is initially too high, then the incre-
ment should not change until the scheduled timber
volume is greater than the target the first time (i.e.,
the target is met for the first time). After this point,
the increment decreases by one-half of the previous
level whether the target is met or not. Our desire is
to search in this manner:

Attempt Target Target Met? Increment

1 5,000 yes 100
2 5,100 yes 100
3 5,200 yes 100
4 5,300 yes 100
5 5,400 no 50
6 5,350 no 25
7 5,325 yes 12
8 5,337 yes 6
9 5,343 no 3

10 5,340 yes 1

rather than in this manner:

Attempt Target Target Met? Increment

1 5,000 yes 100
2 5,100 yes 50
3 5,150 yes 25
4 5,175 yes 12
5 5,187 yes 6
6 5,193 yes 3
7 5,196 yes 1
8 5,197 yes 6

In the first example, the target increases by 100
units through the first four attempts because the
direction of the target harvest level did not change
(it kept increasing because the target harvest level
was met successfully in each of the first four
attempts). Once the direction changed, at attempt 5,
the increment began to decrease by one-half of the
previous attempt’s increment. In the second example,
the increment changes by one-half of the previous
attempt’s increment from the start of the search pro-
cess, even though the direction of the target harvest
level did not change (as with the previous example,
it kept increasing because the target harvest level
was met). In doing so, this process leads to a poor
solution to the planning problem.

To illustrate the use of binary search in a natural
resource management problem, assume that the

owner of the Putnam Tract has heard about binary
search, and is interested in the technique since it
can use a rule they have been using for some time:
harvest the oldest stands first. If there are two or
more stands with the same age, then they will be
further sorted by the amount of volume within each
stand, and the one with the greatest amount of
volume will be scheduled first. Since we found
when using the mixed integer programming prob-
lem formulation that the harvest levels could be
approximately 12,500 cords per time period, we
will subjectively set the initial target a little lower,
to a volume of 12,400 cords, and subjectively assume
that the increment will be 500 cords. Initially, we
will consider the scheduling of fractional portions
of stands to illustrate the capability of the process.
Complete stands will be assumed scheduled for
harvest in a subsequent analysis. At the conclusion
of scheduling each of the three time periods, a
decision will be made: increase the target volume,
or decrease the target. In addition, once the target
volume needs to be decreased (i.e., it changes direc-
tion), the increment will be reduced by one-half
after each iteration of the search regardless of
whether we increase or decrease the target volume.
Eventually the increment will become very small,
say 10 or less cords, and we will decide to stop the
search process and report the last feasible solution
that was located.

When allowing the scheduling of fractional por-
tions of stands, we attempted to schedule 12,400
cords per time period (Table 8.2), and found that we
were successful in scheduling this volume for all
three time periods. For the second attempt, the har-
vest schedule was first wiped clean, and then the tar-
get volume was raised 500 cords to 12,900 cords.
Here, we found that we could not schedule enough
volume during time period 3, and as a result, we low-
ered the target by one-half of the previous increment
(250 cords). Since we know that the solution is some-
where between 12,400 cords and 12,900 cords, it
makes sense next to attempt to schedule 12,650 cords,
the mid-point of the current range of solution values.
When attempting to develop a forest plan using
12,650 cords at the target, we find again that time
period 3 falls short of volume, so we reduce the target
by one-half of the previous increment (125 cords), to
12,525 cords per time period. This new target is the
mid-point of the shrinking range of feasible solutions
(now 12,400 cords to 12,650 cords). This process con-
tinues until the increment is very small, and we
decide to stop. The best schedule, using fractional
stands, involves a harvest target of 12,509 cords per
time period.
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When we use whole stands to develop the harvest
schedule, we find that a target of 12,400 cords
results in a volume scheduled for time period 3 that
falls short of our target (Table 8.3). After reducing
the target volume to 11,900 cords, we find that the
target volume is less than what can be produced
from the Putnam Tract, so the increment begins to
be divided by one-half with each subsequent itera-
tion, no matter whether the target can be achieved
or not. As the increment gets smaller and smaller,
the scheduled volumes change very little, and the
results are not too exciting (Table 8.4), since schedul-
ing an entire stand during a single time period
results in a significant shift in volumes. The location
of the activities scheduled for time period 1 are illus-
trated in Figure 8.4, which represents a plan some-
what different than when using the other
scheduling techniques.

In practice, either whole stands are scheduled for
harvest or fractional parts of stands, as in the case of
linear programming. With the scheduling fractional
parts of stands, you will find that one stand will have
its schedule split between each adjacent time period
(time periods 1 and 2, and time periods 2 and 3 in
our previous examples). This splitting of stands is
necessary to meet the target volume exactly in each
time period. Our rule of scheduling the oldest stand
first could be modified so that the highest volume
per unit area stands were harvested first, or so that
the lowest value growth percent stands were har-
vested first. Our sub-rule determining which stands
to schedule in the event of a tie also could have been
modified to use the highest volume per unit area
stands or the lowest value growth percent stands.
Undoubtedly, a different plan of action would be
generated using these alternatives.

III. HEURISTIC METHODS

Heuristic solution methods use logic and rules of
thumb to arrive at feasible and efficient solutions to
complex planning problems. There are generally
two reasons why people would select a heuristic as
their planning tool: (1) they desire to incorporate
into the planning process quantitative relationships
that are not easily described through linear equa-
tions, and (2) they want a solution to a complex
problem to be generated very quickly. Heuristic
methods have some unique qualities that sometimes
draw the ire of pure mathematicians. First and fore-
most, there is no guarantee that the optimal solution
to a problem will be located with a heuristic. In fact,
an evaluation of the quality of results generated
from any one heuristic generally requires a com-
parison to results generated from linear, mixed inte-
ger, or integer programming methods. Second,
many of the relationships that can be quantified and
recognized in a heuristic are difficult to describe with
linear or even nonlinear equations. For example, the
stream sediment evaluation rules that have been used
in the intermountain United States [4] involve a num-
ber of relationships that are best represented using
computer programming logic (e.g., if-then-else state-
ments, for-next loops, etc.) rather than equations.
These and other types of complex natural resource
evaluations can easily be incorporated into heuristics,
but cannot easily be incorporated directly into linear
programming models nor its extensions without
simplifying the quantitative relationships.

A number of heuristic methods have been demon-
strated for use in natural resource management,
including Monte Carlo simulation, simulated anneal-
ing, threshold accepting, tabu search, and genetic

TABLE 8.2 Binary Search Results for the Putnam Tract Using Fractional Portions of Stands

Attempt Target (cords)

Scheduled volume (cords)

Time period 1 Time period 2 Time period 3 Target met? Increment

1 12,400 12,400 12,400 12,400 Yes 500

2 12,900 12,900 12,900 11,595 No 250

3 12,650 12,650 12,650 12,155 No 125

4 12,525 12,525 12,525 12,483 No 64

5 12,461 12,461 12,461 12,461 Yes 32

6 12,493 12,493 12,493 12,493 Yes 16

7 12,509 12,509 12,509 12,509 Yes 8

8 12,517 12,517 12,517 12,499 No –
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algorithms. Some natural resource management orga-
nizations have hired planners specifically to design
and implement these methods. Commercial or public
domain software that use heuristic methods to address
natural resource management and planning problem
is limited to a few examples, some of which we pro-
vide toward the end of this chapter. One of the advan-
tages of heuristic methods, that it can accommodate
complex functional relationships, is also one of the

reasons for the limited number of available software
products. Heuristics commonly are developed to
address an individual organization’s planning prob-
lem, and to utilize their data format and structure.
The bottom line is that many natural resource manage-
ment organizations want a heuristic that can solve their
specific problem. As a result, the applicability of the
problem-solving technique to other natural resource
management organization’s problems is problematic.

TABLE 8.3 First Iteration of a Binary Search Process for the Putnam Tract, Scheduling Oldest Stands First

Stand Age Area (acres)

Available volume (cords) Scheduled volume (cords)

Time period 1 Time period 2 Time period 3 Time period 1 Time period 2 Time period 3

12 47 62.21 1,947.24 2,121.43 2,332.95 1,947.24

81 45 85.56 2,498.21 2,746.32 3,028.65 2,498.21

2 45 84.53 2,476.58 2,738.61 3,026.00 2,476.58

25 44 26.49 752.17 826.33 916.38 752.17

7 44 23.28 677.36 768.14 842.63 677.36

69 43 5.32 153.60 172.21 186.56 153.60

76 40 42.72 1,187.62 1,358.50 1,503.74 1,187.62

79 40 35.16 966.82 1,110.96 1,230.50 966.82

26 40 4.18 112.00 128.30 141.67 112.00

31 35 81.23 2,112.03 2,371.97 2,631.92 2,112.03

62 35 17.28 428.52 489.00 539.10 489.00

56 35 5.01 114.77 134.32 150.86 134.32

58 34 29.25 532.40 628.94 719.62 628.94

59 34 30.15 503.57 591.02 690.53 591.02

57 34 20.27 350.60 411.40 474.22 411.40

61 33 34.38 546.66 649.80 766.70 649.80

60 33 18.03 295.68 351.57 409.26 351.57

51 32 25.55 439.51 516.17 585.16 516.17

74 30 59.24 1,321.10 1,617.31 1,795.03 1617.31

37 29 16.09 350.85 407.18 458.68 407.18

30 28 109.84 2,251.68 2,756.93 3,075.46 2756.93

19 28 7.28 146.23 181.15 204.43 181.15

29 27 19.94 386.84 478.56 532.40 478.56

70 26 63.69 1,210.02 1,522.07 1,694.02 1522.07

27 26 41.80 764.94 969.76 1,095.16 969.76

21 26 29.21 555.03 677.72 762.43 677.72

71 26 25.72 473.23 599.25 676.41 599.25

28 26 16.95 316.93 396.58 445.73 445.73

. . . . . . . . . . . . . . . . . . . . .

9 15 12.62 — — 219.62 219.62

8 15 31.16 — — 554.59 554.59

Total 12,883.63 12,982.14 11,589.64
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A. Monte Carlo Simulation

Monte Carlo simulation, which includes a large
number of sampling techniques, relies on random
samples from a population in the effort to develop a
natural resource management plan. The name of this
technique arose about 60 years ago in a reference to
the famous gambling casino in Monaco. Monte Carlo
simulation methods have been used in physics,
finance, chemistry, and other fields where modeling
complicated interactions among variables is necessary.
To utilize a Monte Carlo heuristic in natural resource
management planning, you would need to define an
objective function (maximize net present value, for

example), then develop the set of choices from which
you will pick to create a plan of action. These choices
could be, for example, discrete management regimes
that can be applied to individual stands. Stand 1, for
instance, could have five different options (one being
the stand-level optimum solution), whereas stand
2 could have seven. In any event, the choices are best
described with integer decision variables. If the deci-
sion variables related to stand 1 were S1R1, S1R2,
S1R3, S1R4, and S1R5, where S1 represents stand 1,
and R1 represents regime 1, then a portion of a ran-
domly defined feasible solution could have become

S1R1 ¼ 0
S1R2 ¼ 0
S1R3 ¼ 1
S1R4 ¼ 0
S1R5 ¼ 0

which indicates that management regime 3 has been
chosen randomly for stand 1, and the other four
regimes have not. This set of choices would likely
have been constrained by the following relationship:

S1R1þ S1R2þ S1R3þ S1R4þ S1R5 ¼ 1

Given this, should another choice for stand 1 be
selected randomly, it would replace management
regime 3 in the forest plan. As such, the relationship
between management regimes indicates that only
one of them can be chosen for a stand. The constraint
could have utilized the logical operator less than or
equal to (�) to suggest that none of the available man-
agement regimes could be scheduled for the stand.
This null choice reflects doing nothing in a stand dur-
ing the time horizon, which may be a necessary alter-
native in heavily constrained planning problems that
require some stands to be assigned no treatment to
maintain feasibility.

TABLE 8.4 Binary Search Results for the Putnam Tract

Attempt Target (cords)

Scheduled volume (cords)

Target met? IncrementTime period 1 Time period 2 Time period 3

1 12,400 12,884 12,982 11,590 No 500

2 11,900 12,884 12,383 12,266 Yes 250

3 12,150 12,884 12,383 12,266 Yes 125

4 12,275 12,884 12,383 12,266 No 64

5 12,211 12,884 12,383 12,266 Yes 32

6 12,243 12,884 12,383 12,266 Yes 16

7 12,259 12,884 12,383 12,266 Yes 8

8 12,267 12,884 12,383 12,266 No

FIGURE 8.4 First period harvest units on the Putnam Tract
using binary search methods.
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Once the set of potential choices for each stand
have been defined, a Monte Carlo heuristic would
randomly select choices for the decision variables,
and test their ability to provide a feasible solution
(Figure 8.5). Therefore, in this and other heuristics,
some logic must be developed to test for violations
of constraints. If an infeasible solution results with
the inclusion of a random choice into a plan of action,
then the choice generally is ignored, but placed back
into the sample set of potential choices for possible
selection later (if conditions among the variables
change during the solution process). A number of
randomly generated forest plans are assessed in this
manner. The heuristic remembers the best forest plan
developed during the search process (as measured
by the associated objective function value), and stops
after some predefined number of randomly devel-
oped forest plans. The quality of the best solution
is gauged by the contributions of each randomly
selected choice to the objective function value.
Clements et al. [5] and Nelson and Brodie [6] were
among the first to describe the use of Monte Carlo
simulation in forest management and planning.

B. Simulated Annealing

Annealing is the process of the cooling of metal after
it has been raised to a very high temperature. The hot
material rearranges on its own and forms an optimal
configuration as it cools (anneals). The physical man-
ner in which metal cools is the basis of the search

process called simulated annealing. The use of simulated
annealing as a search process was suggested over
50 years by Metropolis et al. [7]. A simulated annealing
process used in natural resource management begins
with a feasible forest plan, generated either randomly
or using a deterministic method (e.g., schedule the best
stand-level optimum decisions that do not violate
broader forest-level goals). The simulated annealing
search process then modifies the forest plan one aspect
at a time. For example, a management regime sched-
uled for a single stand may be changed and the
associated effects assessed.

Three parameters need to be defined prior to using
a simulated annealing algorithm: how long to run the
model, the initial temperature level, and the cooling
schedule. The initial temperature is usually some rela-
tively high value that is chosen based on initial trial
runs of the model, so that most of initial choices are
made with almost a 100-percent probability of accep-
tance. The initial temperature is also usually case-
specific, and determined through trial-and-error. The
cooling schedule determines how the initial tempera-
ture will decline with each change to a solution. How
long the model should be run can depend on how
small the temperature becomes. In many instances,
the search process stops when the temperature
reduces to 1, 5, or 10 degrees. In other cases, the search
process stops when it has run as long as the user had
specified initially. As you may have gathered, arriving
at the appropriate parameters for a simulated anneal-
ing search process is somewhat of an art.

For forest management purposes, generally a sin-
gle stand is chosen at random (Figure 8.6), and an
alternative management regime is randomly assigned
to the stand. How this change in the forest plan
affects the overall quality of the forest plan is assessed
by calculating the proposed objective function value.
If the change in the forest plan results in a higher
quality plan, then it is always acceptable. If the
change in the forest plan results in a lower quality
forest plan, then it, too, may be acceptable under
one condition, if the result of

EXPð�ðproposed objective function value
� best objective function valueÞ=temperatureÞ

is larger than a randomly drawn number between
0 and 1. As the temperature gets smaller, the result of
the calculation of this acceptance criterion draws closer
to zero. Therefore, the chance of accepting a change
that results in a lower quality forest plan diminishes
as the number of changes to the plan increase. This
heuristic, as well as others, allows changes to a plan
that decrease the value of the plan, to accommodate
free movement around the solution space. In contrast

Randomly develop
a forest plan

Calculate
the objective
function value

Best
plan?

Save the plan
as the best plan

Develop
more

plans?

Report best
forest plan

Yes

NoYes

No

FIGURE 8.5 A generic Monte Carlo simulation process.
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to linear programming, these types of heuristics do not
move around the corners of the solution space. They
simply test alternative solutions within the solution
space, and hopefully move the solution toward the
optimum. Though the association with the cooling of
metal may be worrisome to some forest planners, this
heuristic has been shown to provide very good solu-
tions to complex forest planning problems [8, 9].

C. Threshold Accepting

Threshold accepting is a heuristic search process
that is similar to simulated annealing. An initial forest
plan is developed (randomly or otherwise), and
changes are made to the forest plan randomly as well.
When a potential change results in a lower quality for-
est plan, the manner in which this heuristic evaluates

whether to accept the lower quality solution repre-
sents the distinct difference between this heuristic
and simulated annealing. In threshold accepting,
which was introduced by Dueck and Scheuer [10],
any lower-quality solution within a given threshold
of the best solution is deemed acceptable during the
search process. An initial threshold must be provided
by the user, as well as a rate of change. In the case of
maximizing net present value, for example, you may
indicate that the initial threshold is $1,000. This sug-
gests that at the beginning of the search process, any
forest plan developed that is not as good as the best
forest plan found thus far during the search, yet within
$1,000 of the best forest plan, will be deemed an
acceptable move to make. Of course, like simulated
annealing, the threshold gets tighter as the search pro-
cess progresses, using the rate of change that is
provided. At some point the threshold will become
so small that only marginally worse solutions will be
deemed acceptable moves to make. From this point
forward, most of the alterations to a forest plan will
involve changes that lead to higher-quality solutions.
This type of search process is more intuitive than
simulated annealing; however, studies suggest that
the two heuristics produce about the same high qual-
ity results to complex forest planning problems [8].

D. Tabu Search

Tabu search is a deterministic heuristic introduced
by Glover [11, 12]. In contrast to the previous heuris-
tics, there are no random aspects within a general
tabu search algorithm (Figure 8.7). The name of the
process infers that some of the decisions become taboo
(off limits) during the development of a forest plan.
Imagine a forest plan that initially was developed
randomly or by some other means. Tabu search
would evaluate all the potential changes to the plan
(the different management regimes that could be
assigned to each stand), then select the best choice
from this set. This also represents a distinct difference
between tabu search and the other heuristics, where
only a single potential change is considered. The
selected change to the plan is made, and subsequently
that same choice cannot be considered again until X
number of other choices has been made. The value
X is the length of time (number of choices) that a
choice is off-limits (taboo). This tabu state must be
defined by the user of the algorithm, generally after
examining a few trial runs of the model. Short tabu
states result in a cycling of forest plans—a revisiting
of the same number of plans over and over again.
Imagine a search rotating around the solution space,
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FIGURE 8.6 A generic simulated annealing process.

176 8. ADVANCED PLANNING TECHNIQUES



revisiting the same plans every X (or so) iterations of
the model. Longer tabu states force the heuristic to
explore more diverse options within the solution
space, hopefully allowing the search to move toward
the optimal solution.

There is only one caveat to considering a decision
taboo: if a choice is taboo, yet selecting it again before
the taboo distinction is removed will lead to a solu-
tion unlike (better) any other solution found thus far
in a search, then the choice will be selected, effec-
tively overriding the discriminatory factor. Standard
tabu search is an effective heuristic for complex forest
planning problems; however, enhancements may be
necessary to allow the development of solutions that
rival those developed by simulated annealing or
threshold accepting. See Bettinger et al. [8, 13], Caro
et al. [14], and Richards and Gunn [15] for a more

detailed description of tabu search applications in
forest management and planning.

E. Genetic Algorithms

Genetic algorithms initially were described by
Holland [16] as a way to search for an optimal solu-
tion to a problem in a manner similar to the way
that the DNA of parents are combined to create chil-
dren. A genetic algorithm heuristic search process
(Figure 8.8) begins with the development of a popu-
lation of parents (forest plans). Imagine 200 ran-
domly defined forest plans for a single property as
the population of “parents.” From this population
two forest plans are selected, either randomly or
based on their fitness (their objective function value
in the most basic case). In some cases, for example,
one forest plan may be selected randomly and the
other selected because it is the highest quality plan
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FIGURE 8.7 A generic tabu search process.
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within the population of plans. In other cases, each
parent may be selected based on a probability of
selection that, in turn, is based on the fitness of each
plan. Once the two parents are selected, some por-
tion of their DNA is swapped. Inspect for a moment
the two forest plans shown here:

Plan #1

Stand Harvest Period

1 1
2 2
3 0
4 3
5 1
6 3
7 2
8 1

Plan #2

Stand Harvest Period

1 3
2 0
3 2
4 3
5 1
6 2
7 1
8 1

Each of these plans could represent the harvest
timing for eight stands over a three-period planning
horizon. A genetic algorithm can be designed to
transfer some aspect of one plan to the other, and vice
versa. For example, assume that a cross-over point
was chosen randomly to be located just in front of
stand 3 in the plans noted previously. At this point,
the two plans are split, and recombined to form two
“child” plans:

Child A

Stand Harvest Period

1 1
2 2
3 2
4 3
5 1
6 2
7 1
8 1

Child B

Stand Harvest Period

1 3
2 0
3 0
4 3
5 1
6 3
7 2
8 1

The two children are then tested for feasibility, and
their potential objective function values are assessed.
At this point a number of options have been used in
genetic algorithms to address the need to incorporate
high quality children in the population of solutions.
One or both of the two children, assuming they result
in feasible solutions, could be placed back into the
population. If only one child is assumed to survive
(is feasible), then it is the higher quality of the two.
One or more parents are then removed from the
population, either randomly or based on their fitness
(i.e., the lower quality forest plans may have a higher
chance of being removed).

The forest plans within the population are then
said to evolve with each iteration of the genetic algo-
rithm search process. In theory, portions of a forest
plan may be nearly optimal, and in swapping por-
tions of plans, we might find a resulting combination
that has a very good overall plan of action. To better
resemble biological processes, the resulting children
can also be mutated after they are created. Here,
random changes are interjected into each child plan
at a very low rate. One disadvantage of genetic algo-
rithms is that splitting and recombining parents gen-
erally leads to a high number of infeasible solutions
when clearcut adjacency constraints are involved;
therefore, some cases may warrant swapping only a
small amount of DNA among parents. A number of
biologists and ecologists prefer genetic algorithms
over other heuristic search techniques, particularly
for addressing reserve design problems. Falcão and
Borges [17] and Lu and Eriksson [18] provide a more
detailed description of genetic algorithm applications
in forest management and planning.

F. Other Heuristics

As we have inferred, heuristics are useful for
the development of forest plans that involve spatial
objectives, or for other management planning prob-
lems that have nonlinear or complex evaluations
that must be accommodated simultaneously with
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the scheduling of management activities. We have
described the basic underpinnings of several basic
heuristics that have been used in forest planning
efforts, but a number of other heuristics exist as well,
far too many to cover in this text. These include the
HERO algorithm [19], ant colony optimization [20],
the raindrop method [21], and others. The various
fields related to operations research have provided
numerous other examples of heuristics in attempts
to optimize production processes, streamline facilities
and their management, and reduce costs associated
with infrastructure development. Some advance-
ments will likely filter over to natural resource man-
agement and planning as time moves forward.

IV. FOREST PLANNING SOFTWARE

When developing linear, mixed integer, or integer
programming problems, the problem formulation can
be developed as a set of equations and solved using
a number of commercial software programs (CPLEX,
LINDO, etc.). The format of the problem can be
designed as a set of equations, much like the examples
we provided in this and earlier chapters, or can be
designed using another format, such as the mathemati-
cal programming system (MPS) format. For small to
moderate planning problems, a matrix can be described
in a spreadsheet, and a spreadsheet solver can be used
to determine optimal solutions to linear problems.
In many planning efforts, however, you may prefer to
use an optimization software package designed specifi-
cally for natural resource management planning prob-
lems. Since natural resource management problems
vary considerably in the scope of resources and goals
recognized, and since the time and cost to develop such
a model (and to keep it current given changes in com-
puter technology) can be considerable, only a few of
these are widely used in North America. We describe
in the following sections four models that might be of
value to forest management and planning efforts.

A. Spectrum

The Spectrum model was developed by the U.S.
Forest Service Ecosystem Management Analysis Cen-
ter in Ft. Collins, Colorado, and the Rocky Mountain
Forest and Range Experiment Station. Spectrum is an
outgrowth of the FORPLAN model [22] that was
developed in the late 1970s, and used to assist with
the formation of numerous U.S. National Forest plans.
Any number of resources (commodity- or noncom-
modity-related) can be modeled within Spectrum, as

long as coefficients can be provided to link the
response of the resources to management activities or
to natural growth of forests. Spectrum includes linear
programming, goal programming, and mixed integer
programming modeling processes, as well as a simu-
lation process for modeling natural disturbances. The
objective function for a linear programming problem
could involve maximizing or minimizing an outcome,
or minimizing the over- or under-achievement of a
goal. Goal programming formulations would involve
minimizing the over- or under-achievement of several
goals. A number of resource constraints, policy con-
straints, or accounting rows can be designed to control
the scheduling of activities, or accumulate resource-
related information. Spectrum is used primarily for
strategic planning, although the incorporation of
mixed integer programming techniques suggests that
some tactical planning issues may be addressed as
well. These levels of planning processes are described
in more detail in Chapter 13. The management consid-
erations that the model is well suited to address
include analyses of land or resource allocation, the
sustainability of resources, desired future conditions,
and broad-scale natural resource management poli-
cies. Spectrum can be obtained free of cost through a
U.S. Forest Service Internet site.

B. Habplan

Habplan is a forest planning model that was devel-
oped by the National Council for Air and Stream
Improvement [23], and is based on a process closely
related to the simulated annealing heuristic. The
planning model simulates forest development and
management associated with both even-aged and
uneven-aged stands, and a large number of manage-
ment regimes for stands can be accommodated. The
objective function within Habplan can consist of a
single goal; however, generally the objective function
is designed as multiobjective problem in much the
same way as a goal programming problem. The
model is built around flow components, which con-
trol the achievement of an output that is associated
with the scheduling of a management action to a
stand. Weights can be applied to the flows described
in the objective function to allow one or more goals
to have greater influence on the others. Harvest area
sizes can be controlled by maintaining them within
some upper and lower size limits. Achievement of
harvest size goals can be incorporated into the objec-
tive function as a flow. Biological components can
be specified to favor the assignment of management
regimes for stands to best meet a landowner’s
objectives.
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Habplan uses a Model I formulation, where stands
are tracked throughout the length of the time horizon,
and are not aggregated after harvest into a new age
class or strata (as in Model II). In addition, Habplan
contains a linear programming function that allows
the development of a solution for a relaxed (nonspa-
tial) problem with which to compare. And, a direct
link to GIS is provided to allow the presentation of
results. Habplan can be obtained free of cost through
a National Council for Air and Stream Improvement
Internet site.

C. Magis

The Multiple-resource Analysis and Geographic
Information System (MAGIS) is a forest planning
model developed by the U.S. Forest Service, Rocky
Mountain Research Station in Missoula, Montana, to
accommodate the scheduling of management activ-
ities for forest stands and roads. The objective func-
tion could be designed to maximize or minimize a
goal, and the plan developed could be constrained
by a number of factors, such as those related to wood
flows, areas harvested, types of management activ-
ities allowed, amount of nontimber products pro-
duced, or allocation of land into structural classes.
Road management issues can be used to constrain
scenarios developed in MAGIS. Stands are grown on
“pathways,” or transitions, which are related to natu-
ral succession, natural disturbances, or management
activities.

The volume within a stand is modified using an
annual growth percentage increment that is a func-
tion of the state of the stand and the pathway on
which it travels. Scenarios can be designed to direct
the structure of a forest toward a mixture of forest
types while minimizing the cost of the plan. Fixed
and variable costs for road maintenance are recog-
nized given the likely path of logging trucks from
each harvested stand. The express version of MAGIS
uses a combination of simulated annealing and a net-
work algorithm, and is meant primarily for tactical
planning, where the focus is on timber harvests and
access considerations. The professional version of
MAGIS utilizes a mixed integer programming tech-
nique, and is meant for broader-scale analyses, where
the incorporation of nontimber goals and the mea-
surement of landscape-level effects are performed.
MAGIS is linked directly to GIS to facilitate input pro-
cesses (stand polygons and road networks), and to
facilitate the display of outcomes related to each for-
est plan scenario. As with Spectrum, MAGIS can be
obtained free of cost through a U.S. Forest Service
Internet site.

D. Woodstock/Stanley

One widely used commercial forest management
and planning software package is the planning sys-
tem developed by Remsoft Inc., of Fredericton,
Canada. This software suite allows forest managers
to develop user-defined detailed short- and long-term
forest management plans. The software includes
Woodstock, Spatial Woodstock, and Stanley. Wood-
stock allows a forest manager to build a problem for-
mulation matrix that can be solved using simulation,
optimization, or a combination of the approaches.
In many natural resource management applications,
a management situation is formulated in Woodstock
as a linear programming problem. And in general,
the problem formulation is represented by a Model I
or Model II linear programming problem. An objec-
tive function can be designed either to maximize or
minimize a quantity; however, an option to use goal
programming is available. There is no restriction on
the number of constraints that can be specified, and
as with many linear programming problems, there-
fore the greatest limitations may be associated with
the capacity of the solver (number of rows and col-
umns allowed in the detached coefficient matrix)
and the computational power of the computer.

Woodstock is a detached coefficient matrix genera-
tor (as is Spectrum), and is organized into 12 modules
(or sections) to enable a user to fully define and
describe a management problem. More appropriate
resources are available to facilitate delving deeply into
the intricacies of each of the 12 sections. However, a
few very brief descriptions seem necessary here to pro-
vide a taste of how the system is designed. The land-
scape section, for example, is perhaps the most
important section of the system, where we would
describe the forested landscape that is being evaluated.
Themes are defined here, which are similar to land
allocations, and current and future development types
are described. A development type in Woodstock is a
strata of the forest that is defined by a specific set of
landscape theme attributes. A direct link between a
development type and growth and yield information
is needed. Woodstock allows the importation of
growth and yield data from relevant forest vegetation
growth simulators, or the use of specifically designed
yield tables, to create deterministic transitions for the
management actions identified in the model. The life-
span section is where the maximum age of a develop-
ment type can be defined. The control section is where
a forest manager can specify parameters such as the
number of runs for a Monte Carlo simulation or the
tolerance limits for binary search. The transition section
describes the responses to management actions, which
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can either be deterministic or stochastic. Finally, any
number of reports can be generated as long as they
are designed in the output section. One advantage of
using Woodstock is that it allows forest managers to
import GIS data containing the land classification
themes (land allocations), and it automatically reads
the attributes of the GIS database. One limitation is that
a maximum of 50 landscape themes can be defined;
however there is no limit on the number of attributes
that these themes can contain.

Spatial Woodstock is a data management and spa-
tial analysis tool that allows a user to manage the geo-
graphic data, and provides a link to GIS software.
Spatial Woodstock allows a user to map the results
of a forest plan, and in doing so forest managers can
analyze and evaluate a plan’s impact on the land-
scape. In addition, Spatial Woodstock allows users
to locate adjacency violations, which facilitates an
assessment of opening size or green-up violations.

Stanley is a tactical forest planning model that is
based on a process similar to Monte Carlo simulation.
Stanley acquires a Woodstock solution (generated
using linear programming, perhaps), and attempts to
allocate the area treated and products produced to spe-
cific ground units (stands). As a result, Stanley modifies
Woodstock results to incorporate and address adja-
cency and green-up constraints. Scenarios that explic-
itly address adjacency and green-up issues are directly
compared with the Woodstock results. The goal is to
locate a Stanley solution that minimizes the differences
between it and the associated Woodstock results.

V. SUMMARY

Although linear programming continues to be
widely used in forest management and planning
throughout North America, a number of advanced
problem-solving techniques are coming of age as well.

The reasons for the adoption of advanced techniques
range from the need to assign tomanagement decisions
integer values (yes or no, or 1, 2, 3, . . .1), as well as the
need to incorporate nonlinear or complex functional
relationships into a planning process. The former
requirement is necessary when developing a plan that
recognizes the spatial juxtaposition of resources. For
example, assigning integer values to decisions is neces-
sary when there is a need to know where harvest units
are in relation to one another, or a need to knowwhere
foraging and roosting habitat is in relation to each
other. The latter requirement is problematic in forest
management and planning. If functional relationships
are very complex, and not easily transferable to linear
equations, then they can be assessed prior to plan
development and represented by rough coefficients in
a linear model, incorporated directly into a forest plan
using a heuristic method, or assessed after a plan has
been developed. The first of these three options sug-
gests some compromises will be made in the as-
sessment of an effect, as complex relationships are
reduced to rough coefficients. The second of the three
options suggests the use of a nonstandard planning
method. The third of the three options may be the most
inefficient, since constraint violations may be assessed
after the generation of a plan, rather than during the
generation of a plan.

A variety of operations research methods have been
used successfully in the development of forest plans
due to the suitability of certain models to specific man-
agement situations and the need for efficient manage-
ment of forest resources [24]. Advances in computer
software and hardware over the last 20 years also have
facilitated the adaptation of modeling techniques to
forest management problems. Although the choice of
planning process may be guided by broader organiza-
tional issues, perhaps the most important factor for
natural resource managers is the need for a basic
understanding of how forest plans are created, and
the advantages and disadvantages of each approach.

QUESTIONS

1. Mixed integer programming forest management prob-
lem. Acquire the Lincoln Tract data, and formulate
and solve a mixed integer planning problem sim-
ilar to the one described in Section I.A. Assume
here that the landowner is interested in maximiz-
ing the net present value of the plan over the next
15 years (three time periods), yet the harvests
scheduled for the first time period should be

applied to whole stands. As a result, the decision

variables associated with harvests in the first time

period should be binary integers. In addition,

assume a minimum harvest age of 35 years (as

measured at the beginning of each time period).

Solve the mixed-integer programming problem,

and provide in a memorandum to the landowner

the objective function value, the schedule of har-

vest volumes, and a map that illustrates where

the first time period harvests will be placed.
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2. Integer programming forest management problem.
Building on problem 1, develop now integer deci-
sion variables for all the harvesting decisions. In
addition, constrain the harvests in the first time
period such that stands scheduled for harvest do
not touch one another. Develop another memo-
randum for the landowner that describes the
objective function value, the schedule of harvest
volumes, and a map that illustrates where the
first time period harvests will be placed.

3. Goal programming forest management problem. Take
the fifth scenario from Section IX of Chapter 7,
and rearrange the objective function to minimize
the deviations between deviations of net present
value and downy woodpecker habitat quality.
Use a single accounting row to add up the net
present value of the forest plan, based on the
previous objective function equation described
in Section VIII of Chapter 7. Then remove the
HSI constraints (103–105). The goal for the net
present value is $1,688,646. The goal for the HSI
values in each of the three time periods is
0.300. Since these are differently scaled values,
each will be weighted differently in the objective
function. In the new goal-oriented objective
function, weight the positive and negative devia-
tions of the net present value by 0.0001, and
weight each of the positive and negative devia-
tions of the HSI values by 25. The new objective
function should resemble the following:

Minimize
0.00001 NDevNPV þ 0.00001 PDevNPV þ

25 NDevHSI1 þ 25 PDevHSI1 þ
25 NDevHSI2 þ 25 PDevHSI2 þ 25
NDevHSI3 þ 25 PDevHSI3

The new goal programming constraints should
resemble the following:

107) NPV þ NDevNPV - PDevNPV ¼ 1688646
108) HSI1þ NDevHSI1 - PDevHSI1¼ 0.300
109) HSI2þ NDevHSI2 - PDevHSI2¼ 0.300
110) HSI3þ NDevHSI3 - PDevHSI3¼ 0.300

(a) How does the solution to this problem dif-
fer from the five scenarios described in
Chapter 7, in terms of net present value and
harvest volumes?

(b) What are the average HSI values for each of
the three time periods?

4. Forest planning options. You recently have been
promoted to the regional office of a forestry com-
pany located in north Florida. The company tradi-
tionally has relied on linear programming
methods for the development of forest plans.
However, there is a feeling among upper-level

management that clearcut size issues need to be
addressed in forest plans, not only to provide bet-
ter guidance to foresters in the field, but also to
better assess the cost of additional organizational
policies or regulatory restrictions. Develop a short
report that discusses the options available to the
company formoving beyond linear programming.

5. Binary search forest planning problem. Using the
data provided in the following table, develop a
harvesting plan using binary search. Assume that
the landowner is situated in the intermountain
region of the United States, and that over the next
three years they are interested in thinning 10 of
their stands of trees. The uneven-aged stands
are composed primarily of Engelmann spruce
(Picea engelmannii) and subalpine fir (Abies lasio-
carpa). The potential thinning volumes for each
stand are illustrated in the table, and we need to
assume that each stand will be thinned only once.
The landowner wants to maximize the amount of
volume harvested, and wants it to be approxi-
mately equal in each of the three years. To utilize
binary search, assume that the harvesting rule
involves entering the highest density stands first.
To begin, develop a sorted list of potential stand
volumes (remember to multiply the volume per
acre by the size of each stand). Then select a target
volume and an increment. Assume that parts of
stands can be harvested in different years.
Develop a report for the landowner illustrating
the potential harvest volumes in each year.

If the landowner insisted on harvesting whole
stands each year, then how would the binary
search solution change? See Section II for a
refresher on the differences between harvesting
whole stands within a time period and partial
stands.

Potential Thinning
Volume per Acre (MBF)

Stand
Relative
densitya

Area
(acres)

Period
1

Period
2

Period
3

1 74 10 3,450 4,010 4,570
2 85 15 3,780 4,330 4,880
3 72 25 3,680 4,220 4,760
4 65 10 3,550 4,110 4,670
5 62 20 3,640 4,190 4,740
6 87 30 3,910 4,450 4,990
7 76 15 3,820 4,380 4,940
8 68 20 3,460 4,010 4,560
9 69 10 3,950 4,510 5,070

10 66 15 3,560 4,120 4,680
aBasal area per acre/(quadratic mean diameter).0.5
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6. Heuristic methods. Assume for a moment that you
need to develop a forest plan, and that your orga-
nization does not have the capability to use a
mathematical programming technique such as
linear programming. You could put a forest plan
together based on your insight and knowledge
of the property, and based on conversations
with your coworkers. This ad-hoc method of

developing a plan could arguably be called a
heuristic technique, since logic and rules of
thumb undoubtedly were used in the develop-
ment of the plan. Given the search behavior of
the standard heuristics that were described ear-
lier in this chapter, how would you think they
could improve upon the quality of the plan you
developed?
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C H A P T E R

9

Forest and Natural Resource
Sustainability

What may seem like one of the hottest topics in natural resource management today actually has been at the forefront of our profession for at

least two centuries, only the form of the debate has evolved. From concerns over timber depletion arose the concept of maintaining a stable timber

supply through appropriate forest planning and management techniques. As our understanding of other resources grew, the concept of sustain-
ability shifted from commercial products to multiple resource values, then to ecosystems. From one or more perspectives, all the sustainability

concepts are valid and all continue to be used today. The application of sustainability concepts in forest management planning varies by

landowner, geographic region, socioeconomic pressure, and resource condition.

OBJECTIVES

Sustainability is a predominant theme in natural
resource management, since as land managers we
have an inherent need to provide current and future
generations the products and services that theydesire.
Natural resourcemanagers have contemplated issues
related to forest sustainability for centuries. One of the
earliest research papers regarding the sustainability of
forests and forest production was written in 1826 by
Hundeshagen [1]. Sustainability concepts, in fact, are
regarded by many as successors to concepts related
to the conservation of natural resources [2]. However,
arriving at a definition of sustainability on which
everyone can agree and use is difficult. The journey
toward sustainability involves determining what
resources to sustain, determining the duration over
which the resources will be sustained, and assessing

the alternatives and associated costs for sustaining
these and other resources [3]. Understanding the his-
tory and intent of sustainability concepts and how
they relate to forest management and planning is
therefore an important aspect of natural resource
management. At the conclusion of this chapter, you
should be able to:

1. Understand the early inspiration for sustainable
forests in Europe and the United States.

2. Explain how the concept of sustainability, as it
relates to public land in the United States, has
evolved over the past 100 years.

3. Describe how and when sustainability concepts
might be applied as they relate to different land-
owners, different geographic regions, and differ-
ent forest structural conditions.

4. Explain the current rationale for sustainability
on federal lands in the United States.

I. SUSTAINABILITY OF FORESTS AND
OTHER NATURAL RESOURCES

North American landscapes are quite diverse, rang-
ing from the coniferous forests of the western United
States andCanada, to the hardwood-dominated forests

of the central United States, to the pine and hard-
wood forests of the southern United States, and the
spruce/fir and northern hardwoods of the north-
eastern United States and Canada (Figure 9.1). The
land ownership pattern varies as well, partly due
to the manner in which the continent was settled,
thus there is a higher percentage of private forest
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ownership in the eastern portion of the continent as
compared to the western portion. It should be no sur-
prise that ownership intentions vary, from the tradi-
tional goal of sustaining the yield of commodities, to
the desire to accommodate multiple uses, to the intent
of sustaining ecosystems. The term sustainability often
refers to the ability to maintain a resource indefinitely
into the future, with no decline in quality or quantity,
regardless of outside influences.

Although traditionally in North America we make
a connection between timber production and sustain-
ability of local economies, more recently in natural
resource management this has come to include vari-
ous aspects of plant nutrition, soil capacity, hydro-
logic stability, and other values [4]. The notion of
sustainability of any system is value-laden and sub-
ject to periodic change [5]. That is, our values reflect
what we feel is important in managing natural
resources [6]. However, a society’s values change
over time, given the economic and social conditions
that dominate an era. For example, Kirwan and Bond
[7] note that in colonial times in the United States,
sassafras (Sassafras albidum) and oak (Quercus spp.)
were some of the most important natural resources,
along with the American chestnut (Castenea dentata).
Some of these resources are not as socially or eco-
nomically important today, due to changes in our
values, the manner in which we consume forest
resources, or the composition of forests. When it
comes to sustainability, we might ask whether we
should restore (e.g., chestnut) or maintain (e.g.,
sassafras) certain species or products, or restore and
maintain the productive capacity of the forest as a

whole. Alternatively, we might ask whether it is
important to conserve various ecosystems, or to
ensure that certain current or future forest-dependent
human systems are not impaired. These are but a few
of the issues that perplex land managers today.

Some broader examples of sustainability include
balancing the long-term carbon storage levels, mini-
mizing erosion, avoiding the depletion of soil nutri-
ent stores, and keeping the chemical composition of
soils and vegetation within the bounds of natural
systems [8]. Some have suggested that sustainable
forests can be maintained by keeping natural distur-
bances, such as fires, invasive species outbreaks,
and insect and disease problems at bay with active
management [5]. Others suggest the need for enhanc-
ing the self-organizing capability of a landscape by
allowing natural disturbances to act on ecosystem
functions and properties. How these goals and objec-
tives are addressed is a challenge for land managers,
particularly where broader social, economic, or envi-
ronmental concerns have an impact on manage-
ment options. For example, in developing areas of
the world, illegal logging, inadequate law enforce-
ment, and economically nonviable management of
nontraditional tree species are all barriers to the sus-
tainable management of forests [9].

The concept of sustainability is admittedly ambigu-
ous, but central to management of public and private
forests and rangelands. Although perhaps taken for
granted by many within our field (natural resource
management), it is a concept that has captured the
hearts and minds of the public at large in a number
of developed countries. Siry et al. [10] note that

FIGURE 9.1 A hardwood-domiated forest in West Virginia.
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although only 43 percent of the world’s forests were
covered by management plans and only 3 percent
were certified as of 2002, many management organi-
zations are moving toward sustainable forest man-
agement goals. Therefore, sustainability is a concept
that should be thoughtfully considered by land man-
agers today. Although we stop short of advocating
the implementation of sustainability concepts on all
lands (since management plans need to focus on
landowner objectives), if we were to consider the sus-
tainability of an area of land to produce various prod-
ucts, then some amount of planning is necessary.

II. SUSTAINABILITY OF PRODUCTION

There was a time in the early development of
North America that forest resources were considered
an obstacle to expansion, and viewed as an inexhaust-
ible and unlimited supply of wood and income for
local economies [2, 11]. However, in the late nine-
teenth century and early twentieth century growing
concern of the possibility of a wood famine arose
[2]. The early work of European foresters in develop-
ing a sustainability philosophy for their forests reflects
the desire to (1) supply dependable wood flows to
urban industrial areas, (2) reduce the undesirable
effects of changes in economic cycles, and (3) maintain
watershed stability and the productivity of forests
[12]. Since most of the university-trained forest man-
agers in the United States in the early 1900s were
educated by faculty who themselves were influenced
by early work of European foresters, these concepts
naturally filtered down into our systems of natural
resource management. Some contend that it took a
change in people’s attitude toward forest resources
before any notion of sustaining the yield of timber
products could take hold [4]. For example, in examin-
ing wood consumption patterns in the United States
and the time required to regenerate cleared lands
and return them to a productive state, Watson [13]
suggested in 1921 the following:

It is evident that a severe timber shortage, covering a
period of fifty to one hundred years, will surely occur.

as well as

The outlook for adequate timber supplies of the near
future is not very encouraging.

However, it wasn’t long before critics arose, such
as Baker [14] who suggested in 1933:

The old threat of timber famine, which foresters used to
arouse themselves and the Nation to active timber conserva-
tion, is so far from working out that the foresters, them-
selves, have lost faith in it.

And Boyce [15] who offered the following in 1931:

. . .something has gone awry; our variously predicted tim-
ber famines have not occurred. Some of us feel duped.

Although the projected timber famine never mate-
rialized in the United States, sustained production
and management of forests now has evolved into a
highly technical process of modeling growth, mortal-
ity, and risk to understand the level of wood products
that can be derived from a forest over a long period of
time [2]. Today, a variety of private landowners in
North America continue to embrace a sustained pro-
duction philosophy, as do forest managers in other
areas of the world. For example, the 21 million hec-
tares of state-owned forest land in Turkey are man-
aged using plans that were developed with the
objective of maximizing the sustained yield of timber
production [16]. Sustained production management
will be the emphasis of forest management plans in
South Korea as well, once the forest development
phase has matured around 2030 [17].

The early discussion of sustainability in the United
States related mainly to public lands. The Organic Act
of 1897 (16 U.S.C. } 475), in describing the purpose of
the designation of National Forests, suggested the
following:

No national forest shall be established, except to improve
and protect the forest within the boundaries, or for the pur-
pose of securing favorable conditions of water flows, and
to furnish a continuous supply of timber for the use and
necessities of citizens of the United States. . . .

As a result, an emphasis on the sustainability of pro-
duction (timber and water resources) and protection
was a broad management tenet that was associated
with the U.S. Forest Service at its inception. In fact, in
1905, Gifford Pinchot [18], head of the U.S. Bureau of
Forestry underscored the sustained yield direction for
federal lands with the following statement:

But whichever of the ways to using the forest may be
chosen in any given case, the fundamental idea in forestry
is that of the perpetuation by wise use; that is, of making
the forest yield the best service possible at the present in
such a way that its usefulness in the future will not be dimin-
ished, but rather increased.

This sustainability philosophy requires first identi-
fying a desired level of production, then manipulating
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the environment to emphasize those products [19].
One of the requirements Pinchot [18] notes for the “best
service” of the forest is that a regular supply of trees
will be available for harvest. Pinchot goes on to say that
one of the central ideas of forestry should be that the
amount of wood harvested nearly equals the amount
grown. These two ideas suggest that the early direction
for the U.S. National Forests was indeed the sustain-
ability of wood resources. However, due to uneven
age class distribution of many U.S. National Forests, a
standard of relating harvest levels to a long-term tim-
ber harvest capacity was adopted as the scheduling
rule, rather than relating harvest levels to the growth
rate of forests [20]. In any event, organizations that
are influenced by a policy of sustained yield of timber
products have at their core the problem of determining
the level of timber harvest that can be continuously
harvested from a forest, or determining the level of
harvest that could increase over time [21].

One of the main arguments for a sustained yield of
timber production was the belief that local commu-
nities need to be stabilized from a social and eco-
nomic perspective. Another concerned the supply of
wood, and whether there would be enough for future
generations. Through the predominant source of for-
estry literature in North America during the early
1900s ( Journal of Forestry), we can locate a number of
position statements proposing the adoption of a
sustained yield policy, such as the following from
Recknagel [22] in 1930:

There is only one possible solution of the problem of a
permanent and sufficient supply of forest products in the
United States — that is by the practice of sustained yield
management.

The sustained production philosophy gained
emphasis in the United States in the 1940s, and as a
result, the even-flow of timber harvest volume con-
cept was developed as a surrogate for the general phi-
losophy of sustained production [20]. In the United
States, the Society of American Foresters [23] defines
the sustained yield of timber production as:

The yield that a forest can produce continuously at a
given intensity of management.

This implies that a planning process should be
guided by the need to balance the growth of a forest
with the harvest of forest products [23]. The impres-
sion that timber yields need to be sustained has not
been limited to the United States; however, most pro-
vincial forest agencies in Canada for some time have
utilized a policy of sustained yield in their forest
plans [21]. In Ontario, for example, the Pulpwood

Conservation Act of 1929 required all pulpwood com-
panies to plan their future management on a sus-
tained yield basis. Sustained yield forestry is one of
the dominant themes in tropical forest management
as well, although the complexity of these forests has
limited our understanding of the growth factors
related to the tree species found there. As a conse-
quence, estimation of sustainable levels of harvests
is tenuous in tropical forests since it is difficult to
find any two forests that are similar in structure or
form [24].

Sustained yield of timber products has been
loosely linked with the concept of the regulated forest
(discussed in Chapter 10), which generally implies an
even-aged forest management structure is used.
However, sustainability of timber products can be
associated with uneven-aged forests as well. To be
applied to uneven-aged forests, the residual live trees
that remain after each entry (or cutting cycle) need to
be of a certain density, species, and quality to provide
a similar harvest in subsequent entries [25]. Managing
the regeneration, and subsequent growth within an
uneven-aged system is arguably more complex than
managing the regeneration of an even-aged system,
given the challenges related to survival rate of
naturally seeded or sprouted trees under various
environmental conditions.

Several issues need to be considered when using
the sustained production philosophy in guiding the
development of forest plans:

The scale of the policy. Planners and managers
need to decide whether the sustained yield
policy applies simply to a land ownership or
some portion of a land ownership, to a
watershed, a county, a province, a region, or a
nation. The larger the geographical extent, the
greater the sustained yield harvest volume.
Larger areas provide a larger land base from
which to draw wood production. In addition,
the larger the extent, the greater amount of
flexibility is provided to smooth out harvest
allocation problems that may arise from the
variable age class distributions of forest
landowners.

The intensity of forest management that is
assumed. Current and future stands of trees can
be assigned a wide array of silvicultural
treatments, which could affect the long-term
timber harvest potential of an ownership or
region. The assumption that all landowners will
apply very intensive management practices may
fail to recognize the economic or regulatory
realities of public and private landowners.
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In this case, landowners either may not have
a sufficient budget to explore intensive
management treatments (e.g., mid-rotation
fertilization), or may not have the regulatory
latitude to implement certain management
treatments (e.g., herbicides on some lands). The
default assumption that all landowners will apply
very general management practices may fail to
recognize the desire and ability of industrial
landowners tomaximize economic values orwood
production, and thus leads to an underestimation
of wood production when compared to the
potential. In this case, we would fail to account for
the use of genetically improved seedlings,
thinnings, fertilization, and other treatments
commonly practiced on today’s industrial lands.

Market fluctuations. Timber prices are affected by
a variety of local, regional, national, and global
forces. Planning for the sustainability of harvest
volume generally ignores these forces, which
subsequently implies that landowners are
suboptimizing the economic value of their
resource. For example, when timber prices are
high, the harvest is the same as when timber
prices are low. As a result, too much wood
would be produced in periods where prices
were depressed, and not enough wood would
be produced in periods when prices were high
[26]. A natural tendency may be to harvest more
wood when prices are high and less wood when
prices are low. This commonly occurs in real-
world forest management situations, creating
challenges for the planner to react and modify
the sustained yield plan. Therefore, short-term
deviations from a sustainable yield may be
allowed in practice, yet may be inconsistent
with the long-term goals.

Application of the sustained production concept
to nonregulated forests. To manage a
nonregulated forest using a sustained yield
objective, you would need to take a forest
described by a nonnormal age class distribution
and convert it to a normal forest (as described in
Chapter 10). To do so may require assumptions
about how the gaps in the age class distribution
will be filled, and to what extent, perhaps, the
older forest volume will be harvested as the
forest transitions to a regulated state.

Forest depletions from natural forces. The supply
of timber from a forest will be affected by
harvesting activities as well as natural
disturbances (insect outbreaks, fires, etc.). These
reductions in forested area, growth, and quality
will undoubtedly affect the sustained yield from

a forest [21]. Although simulation models have
been developed in the last 20 years to account
for some natural disturbances, developing a
sustainable forest plan that accounts for
stochastic disturbances in an optimization
model is an on-going area of work.

Given these points, one of the main disadvantages
of this philosophy for managing natural resources is
that it does not necessarily guarantee stability. Contro-
versy over employment reductions due to the habitat
requirements of threatened and endangered species
also has called into question whether land manage-
ment should emphasize stability [19]. In addition, a
number of other uncontrollable forces, such as
advances in technology and land use changes, suggest
that the level of harvest calculated today may not be
consistent with future trends in forestry, economic, or
social conditions [27]. Assumptions about genetic
improvements and their impact on tree survival and
growth could cause an increase in sustainable yields
(see the discussion of the allowable cut effect in
Chapter 11). Advancements in harvesting, milling,
and equipment could increase the merchantability of
products, and subsequently lower manufacturing
costs could also have an effect on sustained yields.
The extent of these changes generally is unknown
(although might be predicted with a low level of accu-
racy) at the time a forest plan is being developed.

The use of the sustained production philosophy is
complex, since it suggests that the biological rotation
age is not sufficient for the sustainability of wood
production because it is not responsive enough to
the demand for wood. In addition, the biological rota-
tion age, which has been used by many to represent
the point in time in a stand where wood production
is maximized, is inherently economically inefficient.
Yet by taking an economic perspective, though mar-
kets for wood may guarantee sustainability through
supply–demand relationships, the sustained yield
policy may be compromised [27]. Upon returning to
one of the original questions of this chapter (What
should the forests sustain?), the sustained production
philosophy seems to become a constraint on forest
management, rather than the goal itself [26].

III. SUSTAINABILITY OF
MULTIPLE USES

In the early twentieth century it became apparent
to many people concerned about North America’s
natural resources that the viewpoint of an unlimited
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level of resource production may be unrealistic [11].
In fact, as we noted earlier, at various times during
the twentieth century there was a fear of a wood fam-
ine in some regions of North America. As we sug-
gested in the previous section, many of the early
thoughts regarding the sustainability of forests were
centered on the need to produce the highest yield at
the lowest cost, and the need to find the most effec-
tive way to meet the demands of the local and
regional markets. However, in the middle of the
twentieth century leisure time increased among resi-
dents of the United States, transportation systems
became well-developed, and more people became
interested in recreation, wildlife, and other noncom-
modity forest resources [2]. In addition, the United
States Congress formalized the nation’s vision of sus-
tainability on federal lands as the need to stabilize
local communities as well as provide multiple benefits
to society. In the Sustained Yield Forest Management
Act of 1944 (16 U.S.C. } 583), Congress attempted to
encourage the development of sustained yield units,
or collaborations of industry and federal land, as a
means of maintaining communities dependant on
timber harvests and other resource amenities. The
purpose of the Act was to:

. . . promote the stability of forest industries, of employ-
ment, of communities, and of taxable forest wealth, through
continuous supplies of timber; . . . to provide for a continuous
and ample supply of forest products; and . . . to secure the ben-
efits of forests in maintenance of water supply, regulation of
stream flow, prevention of soil erosion, amelioration of cli-
mate, and preservation of wildlife. . . . (16 U.S.C. } 583)

Although the Sustained Yield Forest Management
Act may have suggested (“. . . secure the benefits . . .”)
that the sustainability of multiple resources is impor-
tant, the Multiple-Use Sustained Yield Act of 1960
(Public Law 86-517) solidified the notion:

. . .the national forests are established and shall be admin-
istered for outdoor recreation, range, timber, watershed, and
wildlife and fish purposes. (16 U.S.C. } 528)

and goes further to indicate that

The Secretary of Agriculture is authorized and directed
to develop and administer the renewable surface resources
of the national forests for multiple use and sustained yield
of the several products and services obtained therefrom.
(16 U.S.C. } 529)

and defined both multiple use and sustained yield:

(a) “Multiple use” means: The management of all the vari-
ous renewable surface resources of the national forests so that
they are utilized in the combination that will best meet the

needs of the American people; making the most judicious
use of the land for some or all of these resources or related ser-
vices over areas large enough to provide sufficient latitude for
periodic adjustments in use to conform to changing needs and
conditions; that some land will be used for less than all of the
resources; and harmonious and coordinated management
of the various resources, each with the other, without
impairment of the productivity of the land, with considera-
tion being given to the relative values of the various resources,
and not necessarily the combination of uses that will give the
greatest dollar return or the greatest unit output.

(b) Sustained yield of the several products and services
means the achievement and maintenance in perpetuity of a
high level annual or regular periodic output of the various
renewable resources of the national forests without im-
pairment of the productivity of the land. (16 U.S.C. } 531)

This philosophy of sustained production ofmultiple
uses requires first identifying the desired set of diverse
human-oriented outcomes (Figure 9.2), then manipu-
lating the environment to emphasize those products
[19]. One of the main contributions of this approach
to sustainability of natural resources is that the empha-
sis on multiple uses has encouraged the development
and advancement of economic and operations research
approaches in natural resource management [6]. These
approaches were made necessary as U.S. National
Forests were directed to value and integrate nontradi-
tional products and services (i.e., recreation, water,
wildlife, etc.) into forest plans. For example, the 1986
landmanagement plan for the Prescott National Forest
in Arizona [28] suggests that managers were guided by
the need to respond to local and national demands for
wood products, forage production for livestock, water
yield, and a wide array of developed and dispersed
recreational opportunities and wildlife-related uses.
Their goal was to produce these outputs and provide
these opportunities on a sustained basis while restor-
ing or maintaining air, soil, and water resources to
levels suggested by local, state, or federal standards.
This multifunctional view of forests is not solely a
North American idea, as areas of Europe have
embraced this concept for several decades [29]. The
integration of nontraditional products and services
into forest plans continues to be valid and sometimes
challenging today, as many natural resource organiza-
tions, including some industrial and statemanagement
organizations, have incorporated nontimber goals and
constraints into forest plans.

Besides the classic objective of providing a continu-
ous supply of timber products over time, the sustained
yield of multiple uses has had many other meanings.
For example, according to Waggener [30], we could
view the objectives of managing forests and rangeland
for sustainedmultiple uses as those that include provi-
sions for the maintenance of forest productivity, of
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employment and other associated economic measures,
of adequate levels of nontimber products, and, inter-
estingly, of political support and professional credibil-
ity. Multiple-use forest management has become the
prevailing use on private forestlands in the United
States [31], and interestingly continues to be the
approach most preferred by students taking upper-
level forest management courses at the University of
Georgia (lead author, personal survey). Perhaps the
main criticism of the approach is that each unit of land
is not equally suitable for multiple-use management
(although the definition of multiple use indicates
“. . . some land will be used for less than all of the
resources . . .”), and that some uses of the land (such
as to conserve biological diversity) are not compatible
with other uses of the land [31]. Another is that many
people feel that the balance struck between managing
for commodities and managing for noncommodity
uses is uneven [2]. The crux of managing for the sus-
tainability of multiple uses, however, is to optimize
the use of human-valued products and services. This
expands beyond simply commodity production, yet
falls short of what is encompassed in our third and
final view of sustainability.

IV. SUSTAINABILITY OF ECOSYSTEMS
AND SOCIAL VALUES

Public attitudes concerning forests and natural
resources in some areas of the world have evolved
from viewing the resources as productive centers of

local economies to viewing them as functioning eco-
systems [4]. Some would argue that using the sus-
tained yield of natural resources as a dominant goal
ignores the “existence” values. Recently in the United
States, there has been a noticeable increase in the pub-
lic’s romantic, symbolic, and biological value of for-
ests. In other words, we have seen an increase in
values that emphasize ecological integrity over com-
modity production. These values span the fields of
recreation, landscape amenities, and nongame wild-
life, to name a few. For forest managers who operate
under this paradigm, nontimber products must be
recognized and valued, and forest management activ-
ities need to be adjusted accordingly [32].

This perspective on forest and natural resource
sustainability has been attached several labels over
the past two decades, from “new perspectives,” to
“new forestry,” to “ecosystem management.” The
central tenet of this approach is the need to maintain
the integrity of entire forest ecosystems. It is believed
here that the flow of all products and services from
forest depends on the maintenance and development
of the functions and processes that sustain ecosystems
[6]. This philosophy suggests that the ecosystem
should be able to sustain itself with minimum hu-
man assistance, and suggests low-level extraction of
some forest products at best. Where ecosystems are
unhealthy, this approach could permit a greater
degree of active management intervention, however
[19]. In contrast to the philosophy of sustained pro-
duction, sustainability under this approach implies
that it is a goal, rather than a constraint, and that
the goal is related to the maintenance of long-term

FIGURE 9.2 Forest and livestock use of federal land in central Oregon.
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integrity of an ecosystem [26]. Further, sustaining eco-
systems does not necessarily imply that we are also
sustaining multiple uses. For example, reserving an
area from active management to allow an ecosystem
to recover reduces timber harvest levels and may
increase recreational activities, neither of which
(lower harvest levels, increased recreational activities)
may be viewed as sustainable.

If an organization or a society adopts this broader
version of sustainability, then it places new demands
on the natural resources manager, who then has to
expand the scope of the management plans to encom-
pass a broader array of goods and services [4]. To
derive the maximum contribution of forest, range,
recreation, wildlife, fisheries, and other resources
from the landscape requires the development of
planning techniques that facilitate the multiresource
facet of the current planning problem. Some concerns
that could be incorporated into these analyses include
land use changes, long-term wood supplies, and hab-
itat development and maintenance. With this type
of planning process, wood supplies can fluctuate
according to social, environmental, and economic rea-
lities, and production would not necessarily be
restricted to even-flows of products [11].

Some may argue (e.g., Kennedy et al. [12]) that for-
est managers are in a transition period, where the
technical and professional constructs learned in uni-
versity coursework are being challenged by changing
social conditions, as reflected in the need to collabo-
rate with a diverse spectrum of colleagues and stake-
holders. It has been suggested that public land
managers in the United States must now be more
broadly focused on sustainable systems management
rather than simply the technical components of forest,
range, wildlife, or ecosystem management, where the
“systems” include economic, ecological, and social
dimensions [12]. This may certainly be true in some
areas of the world, such as on public lands in the
United States; however, many other landowners con-
tinue to operate under the assumption of sustained
yield of production (e.g., Runyon [21]).

In the United States, the need to stabilize commu-
nities was driven by the desire to stabilize the eco-
nomic development of local areas. The view of rural
economies was that they were separated from others
in time and space, that they were simple and less
diverse than urban economies, and that they were at
an economic disadvantage, thus requiring govern-
mental intervention. Today, it is argued that commu-
nities should be viewed as adaptable, complex, and
socioeconomically interrelated with other commu-
nities [12]. Advocates of ecological sustainability
doubt whether we can both use renewable resources

(such as timber products) and maintain ecological
integrity. Thus the belief that forests can be both man-
aged and sustainable is not widely held within this
group [24].

Recently, the U.S. Forest Service shifted its mission
from multiple use management toward the sus-
tainability of ecosystems. According to its “Final”
planning rule (36 CFR Part 219), National Forest man-
agers must now plan with ecosystem sustainability in
mind. The new planning process is strategic in
nature, and allows each National Forest to develop
broad goals for the forest (desired conditions, objec-
tives, guidelines, suitability of areas for treatments)
without being prescriptive, which implies that the
implementation of the plan is left to the field man-
agers. Plans developed under this rule must be con-
sistent with the requirements of the Multiple Use
Sustained Yield Act of 1960 and the National Forest
Management Act of 1976, yet they also require man-
agers to develop a sustainable social, economic, and eco-
logical framework that will guide the implementation
of management activities.

Since the new direction places more emphasis on
strategic planning, it consequently leaves the site-
specific implementation of activities to the discretion
of the National Forests. Therefore the overall forest
planning cost is reduced, but not necessarily the
implementation cost. According to a benefit/cost
analysis for forest plan development, this paradigm
shift will cost the U.S. Forest Service more today (as
compared to the forest plans developed in the 1980s)
because of the need to (1) collaborate with stake-
holders, (2) analyze multiple alternatives, (3) develop
decisions, (4) document the processes involved, (5)
assess sustainability requirements, and (6) monitor
the implementation of the plan [33]. However, as the
rule suggests (yet in contrast to what we noted ear-
lier), managing for sustainability in this manner may
sufficiently provide for the maintenance of various
resources without impairing the productivity of the
land, which is a requirement of the Multiple Use
Sustained Yield Act.

Governments in other parts of the world also have
suggested through legislation that the sustainability
of ecosystems and social values are important. For
example, in Ontario, the Crown Forest Sustainability
Act of 1994 (S.O. 1994, c. 25 (CFSA)) requires that
management plans for public lands contain ecosys-
tem sustainability provisions, as noted in the follow-
ing guiding principles:

1. Large, healthy, diverse and productive Crown forests
and their associated ecological processes and biological
diversity should be conserved.
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2. The long term health and vigour of Crown forests
should be provided for by using forest practices that, within
the limits of silvicultural requirements, emulate natural dis-
turbances and landscape patterns while minimizing adverse
effects on plant life, animal life, water, soil, air and social and
economic values, including recreational values and heritage
values. (CFSA 1994, c. 25, s. 2 (3))

Here, the forest resources on Crown land (public,
federal) are meant to provide numerous forest-based
values and to maintain ecosystem sustainability,
which they define as long-term forest health [34].

Application of evolving sustainability concepts in
developing regions of the world may be difficult, par-
ticularly where the wood resource is considered com-
munity property, and where wood is needed simply
to meet the daily energy requirements of the people.
For example, in many parts of Africa wood is the pri-
mary source of household energy, and is used daily
for cooking and heating. If this is the only source of
fuel for the community, and if people are allowed to
extract wood from forests without restraint, then
these short-term needs may outweigh the desire for
the long-term sustainability of supply. In these cases,
neither the sustainability of production, nor the sus-
tainability of associated environmental conditions, is
relevant, unless the products have some higher and
better value [20]. Further, in other parts of the world,
such as Venezuela, sustainability may still focus on
the stability of local communities and the development
of wood processing industries that can be sustainably
supplied from public forests [35]. Sustainable tourism
has been advocated as a market-based mechanism for
promoting both conservation and economic values,
by providing income for local communities while
urging higher conservation standards. However, this
too has some potential pitfalls: profits may move out
of local communities, and some forms of tourism may
have a negative effect on the environment [36].

V. INCORPORATING MEASURES OF
SUSTAINABILITY INTO FOREST PLANS

To incorporate quantitative measures of sustain-
ability into forest and natural resource management
plans, a number of approaches can be followed.
Whether these quantitative measures are included in
the objective function or represented by constraints
of a plan is a matter of practicality for the planner
and a matter of semantics for the other stakeholders
involved in the planning process. Some biologists,
for example, prefer ecological measures to be
incorporated directly into the objective function

rather than relegated to the constraints, even when
the constraints may have more influence on the
development of a forest plan. This might suggest the
use of a goal programming approach to forest
planning. If forest certification programs (one of the
focuses of Chapter 15) are engaged by landowners,
then a number of the principles and criteria interact
with forest management and planning processes,
including:

• The need to comply with laws and regulations
• The need to develop a land management plan
• The need to monitor and assess forest

conditions, yields, and perhaps the supply
chain (the focus of Chapter 14)

• The need to maintain areas of high conservation
values

In the examples we provide next, we illustrate a
single output from a forest plan to show more clearly
how a quantitative measure of sustainability might be
accommodated.

1. Develop a schedule of activities that provides
an even-flow level of output in each time
period of the plan (Figure 9.3). Using linear
programming, which assumes that decision
variables will be assigned continuous numbers,
developing a solution with an exact output level
in each time period is relatively easy. However,
some timber stands, range allotments, or other
management units will likely be subdivided in
the resulting schedule of activities. If the
decision variables are assigned integer
values (e.g., yes/no), then a plan requiring
the exact same output from one time period to
the next may be unobtainable. When using
integer or mixed integer programming, and
since land units (stands) are of varying sizes,
developing a plan with exactly the same
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FIGURE 9.3 An exact, even output of timber products over time
from a forest plan.
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output from one period to the next is nearly
impossible. This is because it is assumed in
these situations that stands are considered to be
treated entirely, or not at all. Examples include
planning for the harvest of an entire timber
stand or for the building of an entire road.

2. Develop a schedule of activities that provides
outputs within some range (or bound) in each
year of the plan (Figure 9.4). This type of
management plan allows deviations in outputs
from one period to the next, and provides us
with flexibility that may be needed, given the
type of variables assumed. Alternatively, if the
decision variables were, as in the case of linear
programming, assigned continuous numbers,
then we could use this measure of sustainability
to allow some deviation in output that responds
to predicted changes in technical parameters
(such as prices or costs), or to adjust outcomes
given problems with the initial age class
distribution of a forest.

3. Develop a schedule of activities that provides a
nondeclining output of certain natural resource
products (Figure 9.5). This is one of the tenets of
the National Forest Management Act (16 U.S.C.
1600 } 13(a)) that is applied to National Forest
land in the United States, although it can be
applied to any type of land ownership, where the
sale of wood products is limited to quantities less
than or equal to the quantity that can be removed
into perpetuity [2]. If, for example, the current
state of a private forest will not provide a very
high harvest level in the near-term, but due to
expected growth and management action could
provide a higher harvest level later in the time
horizon of the management plan, then we might
adopt this method. This indicates that near-term
outcomes are sustainable, since longer-term
outcomes can be realized at higher levels.

4. Develop a schedule of activities where harvest
equals growth. In classical methods of forest
regulation, foresters adopted a policy of harvest
equaling growth. However, given the practical
nature of land management, this policy could be
modified to indicate that outcomes are equal
to, or less than, the growth of the product
(Figure 9.6). Weather conditions, irregular age
class distributions, damage to products during
harvest, and other factors may all contribute,
however, to harvests not equaling growth.

The California Forest Practices Rules (14 CCR
} 913.11, 933.11, 953.11) are one example of this
policy [37]. These rules govern all management
actions on privately and state managed
timberlands within the state, and are considered
by many to be the most restrictive in the western
United States. The rules define as the primary
goal for timberlands the maximum sustained
production of high quality timber products, and
call for a balance between growth and harvest
such that harvest not exceed the growth over a
10-year period. In addition, the rules call for the
protection of soil, water, air, fish, and other
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FIGURE 9.4 An output of timber products over time that is
within some pre-defined bounds.
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FIGURE 9.6 Output of timber products where harvest is less
than or equal to the growth of a forest.
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FIGURE 9.5 Output of timber products over time that is non-
declining.
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wildlife species, and for making allowances for
recreation, aesthetics, and regional economic
vitality:

Consistent with the protection of soil, water, air, fish and
wildlife resources a SYP [Sustained Yield Plan] shall clearly
demonstrate how the submitter will achieve maximum sus-
tained production of high quality timber products while
giving consideration to regional economic vitality and
employment at planned harvest levels during the planning
horizon. The average annual projected harvest over any roll-
ing 10-year period, or over appropriately longer time periods
for ownerships which project harvesting at intervals less fre-
quently than once every ten years, shall not exceed the long-
term sustained yield estimate for a SYP submitter’s owner-
ship. (Section 1091.4.5, a)

5. Develop a schedule where the harvest of a product
is less than the long-term sustainable harvest of
that product (Figure 9.7). This is a conservative
measure of management, where we calculate the
long-term sustainable harvest level first (perhaps
with linear programming), then develop the
actual harvest level such that it does not exceed the
long-term level. The actual harvest level may
either be planned (with integer or mixed
integer programming) or the result of problems
with implementation (i.e., weather, natural
disasters, etc.).

Although these examples tend to focus on the sus-
tainability of timber production, the concepts of sus-
tainability need not be limited to commercial forest
products when recognizing them in a natural resource
management plan. For example, you could require that
a plan of action maintain critical habitat levels within
some range (or bound) that a biologist suggests is nec-
essary to facilitate the breeding, nesting, or foraging
requirements of the species (Figure 9.8) or one where

the habitat level does not decline over time (Figure 9.9).
Biodiversity, wildfire, carbon levels, aquatic concerns,
and measures of forest insect spread and control all
have been incorporated as quantitative measures in
forest plans. By expanding the list of quantitative
measures reported (and perhaps controlled with con-
straints), it is possible to develop management plans
that address the sustainability of multiple uses, and
address some aspects related to the sustainability of
ecosystems and social values. Generally speaking, the
outputs measured need to be quantitatively derived.
Qualitative measures (e.g., good or poor habitat, good
or poor aesthetics) require numeric conversion to be
of value here.

VI. SUSTAINABILITY BEYOND THE
IMMEDIATE FOREST

In forest management and planning, sustainability
concepts can be incorporated into management plans
to ensure the development or maintenance of values
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FIGURE 9.7 Output of timber products that is less than or equal
to the long-term sustained yield.
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FIGURE 9.8 Maintenance of habitat quality levels within some
pre-defined bounds.
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FIGURE 9.9 Maintenance of non-declining levels of habitat
quality over time.
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deemed important to the landowner. In fact, in many
cases, land managers consider sustainability to apply
only to the forest or land that they manage. In reality,
the management of individual forests has an effect
on the resources and markets that reside in the
surrounding community. Therefore, there may be
instances where a wider geographic coverage or
assessment of values and impacts may be needed to
better describe the impact of management on broader
economic, environmental, and social values. Sample
[31] suggests that intensively managed forest planta-
tions and protected areas both may have a place
within a comprehensive sustainability framework,
regardless of who owns or manages these areas.
However, the drawback is that although we may
have very good information to describe the forest
we manage, we may have limited information to
describe the surrounding forests that other land-
owners manage. And, although we may be intimately
aware of our management objectives and constraints,
those that relate to other landowners may be elusive.

These types of cross-ownership challenges may
confront natural resource managers in the future as
overarching landscape goals. Should a cross-owner-
ship plan or assessment be recommended, it suggests
that landowners cooperate in the planning of their
management activities. Irland [38] proposed several
options to accommodate the achievement of a long-
term sustainable timber supply from multiple land-
owners distributed across the landscape, including
letting the markets sort out the problem (balancing
growth of forests and harvest), allowing politicians
to persuade landowners to conform to a multi-
landowner sustainability plan, banning exports,
controlling local mill capacities, and controlling the
harvest through regulation. For example, multiple
landowner cooperation is suggested in the California
rules, but not mandated. As Irland [38] suggests,
however, the political culture and institutional mod-
els currently in place in the United States do not exist
for these multilandowner sustainability issues to be
successful. Large-scale multiowner planning, how-
ever, has been attempted in other countries. For
example, in Australia joint oversight and planning
of public forest resources (Commonwealth govern-
ment and state government resources) was initiated
in the 1990s as a way to maintain ecological processes
and biological diversity while also managing for the
full range of environmental, economic, and social
values. Unfortunately, conservation groups and other
interests generally were dissatisfied with the outcome
of the process [39]. Even though the area conserved
for reserves was increased, there was difficulty in

adequately assessing the trade-offs between resource
uses, and resource (timber) security for local indus-
tries was not realized [40].

VII. SUMMARY

Sustainability has as its roots our need, as natural
resource managers, to meet the requirements of
present generations without undermining the natu-
ral resource base and compromising the ability of
future generations to use those same resources. This
is an ethical issue regarding the need to maintain a
forest system that will benefit future generations.
However, the conundrum is that social values
evolve continuously, and as a result, future genera-
tions may have a different view of sustainability
than the one(s) we use [32]. Many private land man-
agers (industrial, nonindustrial) are concerned about
multiple use and ecosystem sustainability, along
with the protection and maintenance of a long-term
timber supply. However, the sustainability objec-
tives of private land managers may not be readily
apparent in the forest plans that they develop and
implement. Public land managers, on the other
hand, are guided by laws and regulations that make
it apparent that sustainability measures are included
in management plans. Forest certification programs
(Chapter 15) have been argued as one method to
promote the sustainability of forests and ecosystem
biodiversity; however, evidence to support the
assertion is limited, and some have argued that the
effects of certification programs are highly variable
and depend on the local circumstances surrounding
the management of a property [41].

To develop an estimate of the maximum contribu-
tion of forest, range, wildlife, recreation, and fisheries
resources from an area requires the use of sophis-
ticated planning techniques. In many cases, the nec-
essary tools are not even developed at this point in
time. However, we should keep in mind that models
used, and the results generated, only should guide
the management of natural resources. They are not
a substitute for the daily negotiations that must take
place in real-world management environments. In
addition, they usually include generalized functional
relationships between management activities and
outcomes, and may even ignore some of the more
elusive realities inherent in natural resource man-
agement (i.e., weather, market fluctuations, natural
disasters).
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QUESTIONS

1. Sustainability philosophies for a managed landscape.
Assume you have been hired recently as a land
manager for a company in the upper peninsula
of Michigan. Your company traditionally has
developed forest plans that emphasize the sus-
tainability of wood production. However, other
concerns (recreation, wildlife, biodiversity)
guide the management of your forests. To com-
municate effectively with your peers and the
public, you should be prepared to concisely put
into perspective the various philosophies of
management and how they relate to the land
you manage. To help you understand these
issues, develop a short report that describes the
factors that influence the three views of sustain-
ability of natural resources: timber production,
multiple uses, and ecosystems.

2. Your view of sustainability philosophies. As a stu-
dent in a natural resource management program,
at this point in your career, which of the three
views of sustainability is most influential and
important to you? Why?

3. Sustainability philosophies around the world. Why
would the governments of different countries
promote and accept the different views on sus-
tainability of natural resources?

4. Sustainable management of private lands. Assume
that you are a consultant in South Carolina.
You are advising a local dentist on the manage-
ment of his land (2,500 acres). The dentist would
like the land to produce some income, but he
also uses the land for hunting and is concerned
with improving the quality of streams and
ponds on the land. In essence, he is not quite
sure what philosophy should guide the manage-
ment of his land. What types of trade-offs should
this private landowner ponder when developing
a management plan that provides:

(a) A sustainable flow of timber production
(b) A sustainable flow of multiple uses
(c) Functions and processes that lead to a

sustainable ecosystem

5. Sustainability across the broader landscape. Assume
you are a senior member of the forestry staff
charged with the management of a large private
forest in western Washington. You are assigned
to a watershed planning panel that will be used
to guide the development of landscape manage-
ment scenarios for an area where your company
owns a significant amount of land. What are
some of the broader landscape issues related to
the development of a landscape management
plan that include provisions for “sustainability?”
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C H A P T E R

10

Models of Desired Forest Structure

In this chapter, we introduce a few concepts that long have captured the attention of natural resource managers, and introduce some other

concepts that represent departures from the traditional management constructs. These desired forest structure concepts could be viewed as

overarching guidelines to assist with the development of natural resource management plans within an organization. They often are used
to influence the timing and composition of silvicultural treatments, and to guide decisions aimed at directing the resource to some desired

state, perhaps organized, perhaps unorganized. Social, economic, and ecological issues have influenced their use; however, as we might

suspect, acceptance of these concepts varies by landowner.

OBJECTIVES

The control of forest structure and other natural
resources is an aspiration of many management
plans, especially those plans being developed for
governmental organizations. Forest structure
classes can be defined by stand density, size, or age
characteristics. Stand age classes commonly are used
to visualize forest structure, thus most of our exam-
ples in this chapter are based on the arrangement of
age classes within an ownership. The desired forest
structure of a landowner or land manager acts as a
guide tomany of the ensuingmanagement decisions.
After reviewing the discussion provided in this
chapter, you should be able to understand:

1. The concept of the normal forest structure and

why it was (or still is) important.
2. The potential shortcomings of a normal forest

structure.
3. Why, and under what conditions, we can argue

that a normal forest is at equilibrium.
4. The concept and use of normal yield tables.
5. How a regulated forest is different than the nor-

mal forest.
6. How a forest managed using the natural range of

variability of forest types might be different from

a forest managed to regulate timber harvests.
7. How the normal, regulated, or historical range of

variability forest concepts might apply differ-

ently to different landowner groups.

I. THE NORMAL FOREST

Ensuring regularity in forest production has long
been discussed; in fact Hundeshagen [1] is credited
as the first to describe a “normal forest” in the early
1800s as a way to ensure the sustainability of forest
production in Europe. The normal forest model is
considered suitable primarily for even-aged forests
where clearcutting is the main regeneration tech-
nique. The basic tenet is that there are equal areas of
forest land in each of some set of desired age classes

(Figure 10.1). The upper end of the set of desired
age class is based on the desired rotation age. In a
normal forest, no stand is allowed to grow in age
beyond the desired rotation age. In the adjustment
period between a non-normal forest and a normal for-
est, some stands may be harvested at ages beyond the
desired rotation age, however. Given the tidiness of
these assumptions, we might consider this course of
management to represent the outcome of a rational
decision-making process. Chapman [2] stated that a
normal forest is the “ultimate form of the forest,”
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developed and maintained by regulating timber
production through regeneration practices.

In the course of managing a landbase as a normal
forest, a land manager has to make one basic assump-
tion—the rotation age. The rotation age sometimes is
chosen as the one that produces the maximum sus-
tainable timber harvest volume per unit of land over
time (i.e., perfect sustainability of timber harvest
volume), which is the point at which mean annual
increment is maximized, often referred to as the
culmination of mean annual increment. Other times, it
is chosen based on an economic analysis (maximiza-
tion of net present value or internal rate of return)
or based on local or regional markets and practices
(concepts discussed in Chapter 5). Why is this impor-
tant? Because the land manager then must adjust the
structure of the forest such that there is an equal
amount of area of forest land in each age class rang-
ing from zero (recently clearcut) to the desired rota-
tion age. To determine how much area should be
contained within each age class, a simple relationship
is used:

Area in each age class ¼ Total area of the forest

Desired future rotation age

0
@

1
A

�ðlength of a planning periodÞ

This assumes, of course, that the age class, the desired
future rotation age, and length of the planning period
all are measured in the same units (e.g., years).

Example

A landowner in Mississippi manages 27,000 acres
of land, 16,500 acres of which are suitable for grow-
ing pine plantations. If the landowner wanted to

create a normal forest on the area suitable for pine
plantations, and the landowner assumed a 26-year
rotation age for pine plantations, then how many
acres would the landowner need in each one-year
age class? Regardless of the initial forest structure
the landowner would need to have about 635 acres
in each one-year age class to obtain a normal forest.

Area in each age class ¼ 16; 500 acres

26 years

0
@

1
Aðone yearÞ

¼ 634:6 acres

If a landowner managed a forest with the intent of
it becoming a normal forest, and the landowner
intended as well to maximize the mean annual incre-
ment of the forest, then the normal forest would con-
tain and carry from one time period to the next
the maximum timber volume possible. This level or
amount of timber volume available is called the “nor-
mal growing stock.” Associated with this is a “normal
increment,” where all stands have the same growth or
productivity rate. In other words, all stands are
assumed to have the same site index. In addition,
the normal increment also assumes that the forest is
healthy and fully stocked.

Regardless of whether the mean annual increment
is being maximized, when a landowner is planning
for the management of a normal forest, a number of
other land and forest assumptions are incorporated
into the planning process. For example, as we men-
tioned, regardless of the diversity of the actual forest,
site index values are assumed constant across the
entire area. Since the area harvested within a normal
forest will be constant (same amount of land each
year), this assumption prevents major deviations in
projected harvest levels due to differences in stand
productivity. In addition, when managing for a nor-
mal forest, we assume that the tree species diversity
is consistent from one stand to the next (same per-
centage of Douglas-fir (Pseudotsuga menziesii) and
western hemlock (Tsuga heterophylla) in each stand,
for example). Therefore, stands contained in any one
age class are assumed to be identical in tree species
composition as they grow into that age class. Simi-
larly, stands are assumed to have the same stocking,
density, and structural conditions within an age class.
In addition to these biological assumptions, three
operational assumptions usually are associated with
the development and maintenance of a normal forest:

• When a normal forest has been created, none of
the stands in the managed area are at ages above
the desired rotation age

FIGURE 10.1 One example of the age class distribution of a
normal forest.
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• Final harvest (clearcut) decisions are made by
choosing the oldest stands first

• The same set of silvicultural management
prescriptions are implemented in each stand

The final assumption prevents the occurrence of
inconsistencies that may arise in stand structure as a
result of implementing more- or less-intensive man-
agement practices over time.

One important point about the normal forest that is
worth investigating further relates to forest growth
and harvest removals. Simply put, the stock (volume)
of the oldest age class in the age class distribution of a
normal forest is equal to the periodic growth of the
forest. Here, the period length and the length (or
width if you prefer) of the age classes are exactly the
same. For example, if there are n age classes being
recognized, then the volume (Vn) in age class n (the
oldest age class) is equal to the sum of the periodic
growth of all the other age classes.

Example

Assume a landowner owns 1,000 acres of loblolly
pine (Pinus taeda) forestland in Alabama, which is
represented by a normal forest consisting of 10 age
classes of equal area (100 acres each). Assume also
that the 10 age classes are five-year groupings: 0–5,
6–10, . . . , 45–50. And assume that the volumes per
acre, based roughly on site 65 (base age 25) yields
from the Service Forester’s Handbook [3], in the mid-
dle of each age class are reflected by those shown in
Table 10.1. If over a five-year period the landowner
were to harvest the oldest age class (46–50 year old
stands), then they would generate about 4,800 cords
of volume (48 cords per acre � 100 acres). The sum
of the periodic growth, when the normal forest is
allowed to grow five years into the future, would be

reflected by the change in volume of each age class,
as illustrated in Table 10.2. The sum of the periodic
growth is therefore 4,800 cords, which is equal to
the amount of the previous harvest, and also equal to
the amount of the stock (volume) in the oldest age
class (i.e., the new volume of new age class 46–50).

When these conditions exist, a normal forest is con-
sidered to be in equilibrium (from a timber production
point of view), where the periodic growth of the forest
equals the periodic timber removals. Another way to
think about this transition through time is that the
annual timber harvest level gets replaced each time
period by the periodic growth of the forest.

The idea of the normal forest persists today as
a management paradigm within which a landowner
might operate if he or she were concerned about the
sustainability of timber harvest volume, revenue,
jobs, and other socioeconomic realities. The main
advantages of maintaining a normal forest are that
the size of the periodic harvest area is constant, as
is the size of the periodic harvest volume. This, in the-
ory, could facilitate stabilization of the local econo-
mies that depend on the forest products produced,
or those processing facilities that depend on consis-
tent flow of raw materials. In addition, managing
under a normal forest paradigm could facilitate a
smooth budgeting and planning process, since there
would be little or no variance in the land areas that
need to be treated from one year to the next. The
desire to produce an even-flow of wood continues to
be a goal of many large, integrated organizations.

TABLE 10.1 Volume Per Acre for Loblolly Pine Stands

Age class Volume (cords/ac)

0–5 0

6–10 4

11–15 12

16–20 20

21–25 28

26–30 34

31–35 39

36–40 43

41–45 46

46–50 48

TABLE 10.2 Periodic (5-year) Growth of a Loblolly
Pine Stand

Old age

class

New age

class

Old

volume

per acre

(cords)

New

volume

per acre

(cords)

Difference

(cords)

Growtha

(cords)

0–5 6–10 0 4 4 400

6–10 11–15 4 12 8 800

11–15 16–20 12 20 8 800

16–20 21–25 20 28 8 800

21–25 26–30 28 34 6 600

26–30 31–35 34 39 5 500

31–35 36–40 39 43 4 400

36–40 41–45 43 46 3 300

41–45 46–50 46 48 2 200

46–50 0–5 48 0 — 0

Total 48 4,800

a100 acres times the difference in growth.
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However, given the globalization of the timber (or
forest) industries, lumber and pulp mills may
encounter other market forces that influence how
much timber can be processed. Because of this, the
argument that local communities would be sustain-
able today simply because landowners develop
normal forests may be unsupported.

The concept of the normal forest has other draw-
backs as well. For example, in today’s management
environment ecological goals may have equal or
greater importance than do economic and social
goals, and these ecological goals may not be ad-
dressed when managing land under the assumptions
of a normal forest, as it may include no reserve areas.
In the normal forest model, the structural and
biological diversity commonly found in natural for-
ests may be lacking, given the need to assume that
each age class contains a uniform stand of trees of
uniform stocking. Along these lines, some critics
(e.g., Kant [4]) argue that the normal forest concept
is flawed because of its production orientation, and
therefore forests managed in this manner may not
be sustainable from a multiple-use or ecosystem
process point of view (see Chapter 9).

From an operational perspective, there are a few
problems as well with the normal forest. For example,
the requirement that the oldest stands be harvested
first each time period may not be operationally feasi-
ble. To minimize logging costs, a land manager may
group younger stands with older stands in a harvest
block, creating areas of contiguous or nearby harvests
that make economic sense. This recognizes an econ-
omy of scale related to logging operations, where
small stands may be economically inefficient to har-
vest alone due to the cost of moving equipment. In
addition, deviations from a harvest plan may be
related to weather conditions or road management
issues, particularly where roads need to be built to
provide access. Thus, the spatial arrangement of the
age class distribution is important in determining
whether the oldest-first harvest rule can be imple-
mented operationally. In addition, fluctuating annual
budgets may preclude the use of consistent man-
agement practices (e.g., fertilization or herbicide treat-
ments) on every acre in a normal forest. Alternatively,
as new developments in management technology
(e.g., site preparation, genetics) arise, they could be
utilized incrementally in portions of a normal forest,
which would affect the growth rates of the trees in
those areas, and effectively change the site index
and associated productivity levels.

Why would it be difficult to find a normal forest in
nature? In addition to the previously discussed lim-
itations associated with the normal forest, a number

of other external factors may prevent a landowner
from maintaining a perfectly even age class distribu-
tion composed of stands with density and stocking
levels that are consistent from one age class to the
next. Natural disturbances (e.g., hurricanes, fires,
insect outbreaks) and unwanted human-caused dis-
turbances (e.g., arson), for example, can affect the
age class distribution (Figure 10.2). As we mentioned
earlier, the economics of the market may drive deci-
sions to stray away from the normal forest concept.
For example, when timber prices are high at a mill,
a landowner may tend to schedule harvests on more
land area than what is suggested by this model
(Figure 10.3). Alternatively, as timber prices decline,
lower levels of harvests may result. Although the
normal forest is a management paradigm that some
landowners may continue to desire, the reordering
of their inherently heterogeneous forest structures

FIGURE 10.2 Impact of natural disturbances on the normal
forest age class distribution.

FIGURE 10.3 Impact of increased harvest levels, due to rising
forest products prices, on the age class distribution of a normal
forest.
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(Figure 10.4) to produce a normal forest may require a
considerable amount of effort.

Normal Yields

A number of timber volume or yield tables used in
forest management over the last 80 years are based on
the concept of the normal forest. Standard procedures
for the development of normal yield tables were devel-
oped in the 1920s, and although the idea may be
outdated, it is still used in some organizations, and
thus worth exploring further. Normal yield tables
are based on stands that are considered fully (100%)
stocked. The tables present average yields for stands
of “normal” stocking, and have been developed for
numerous combinations of tree species, site indices,
and ages. In contrast to this, empirical yield tables have
been developed since to provide users with average
volumes per unit area under actual conditions (i.e.,
not necessarily fully stocked stands), thus empirical
yields per unit area are usually less than the
corresponding normal yields.

To be able to construct a normal yield table, we
would need to measure plots in forests where full
stocking of trees is assumed. This usually implies the
areas beingmeasured did not undergo any of the inter-
mediate stand treatments that are common today
(e.g., thinnings), which could reduce tree stocking
levels below full stocking for some period of time. Thus
the use of normal yield tables has tended to fade as for-
esters and land managers moved from one-cut-per-
rotation management of natural stands to intensive sil-
vicultural management with one or more intermediate
density-management treatments, such as precommer-
cial or commercial thinnings [5]. However, normal
yield tables are still useful today for (1) serving as a

reality check on other growth and yield estimates,
and (2) estimating timber volumes across geographic
regions that lack other readily available data [5].

To estimate timber volumes for a stand of trees
using a normal yield table, we need to know three
things about the stand: the stand age, the site index,
and the tree stocking relative to a normal stand
(i.e., 100% stocking). Age can be obtained from incre-
ment cores or stand history records. Site index can be
obtained from height and age measurements in con-
junctionwith site index equations. Stocking can be esti-
mated from a stocking guide, which generally is based
on trees per acre, basal area, or average diameter.
Stocking can also be estimated simply by comparing
basal area at the stand’s age to the basal area of a nor-
mal forest at the same age. After determining the stock-
ing level, we need to estimate stocking relative to a
normal stand. So, for example, if the stand of interest
has 90 ft2 per acre of basal area, and a normal stand
should have 100 ft2 per acre at the same age, then the
stand of interest is said to be 90 percent stocked (90 ft2

per acre/100 ft2 per acre) relative to the normal stand.

Example

Assume you are using the normal yield table for
shortleaf pine (Pinus echinata) shown in Table 10.3,
and your stand of interest is 40 years old, located on
site index 80 (base age 50) land, and is 90 percent
stocked relative to a normal stand. What would be
your estimate of the cords per acre for your stand?
If your stand is 90 percent stocked relative to a nor-
mal stand, then you could estimate the volume to be
58.5 cords per acre (0.9 � 65 cords per acre). We could
also use the normal yield table to estimate future
yields, based on the notion that the stand of interest

FIGURE 10.4 A heterogeneous older
forest age class structure.
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will grow proportionally to a normal stand. So five
years from now, your stand of interest would be
expected to yield about 63.9 cords per acre (0.9 � 71
cords per acre).

Although the intervals of site indices and stand
ages may be fairly broad in a normal yield table
(10 feet and 5 years in the previous example), it is
possible to interpolate between the values for stands
that do not exactly fit the values provided. For exam-
ple, assume the site index of our stand of interest was
85 (base age 50), which is not listed in the table. Also
assume that the stand is 30 years old, and is 80
percent stocked relative to a normal stand. The differ-
ence between site index 80 and site index 90 at age 30
is 6 cords per acre (54 – 48 cords per acre). Since site
index 85 is half-way between site index 80 and site
index 90, and since half of the difference is 3 cords
per acre, we could use this volume to develop (using
a linear interpolation of the data) an estimate of the
normal volume (100% stocking) at site index 85
(51 cords per acre). Our stand, however, is 80 percent
stocked relative to normal stocking, so 80 percent of
51 cords per acre provides us with a volume estimate
(40.8 cords per acre) for our stand of interest.

Example

Assume that youmanage a shortleaf pine stand that
is 33 years old, has a site index (base age 50) of 70, and
is 90 percent stocked relative to a normal forest. What
would be your estimate of the volume per acre using
the normal yield table presented in Table 10.3? To
begin, the difference between the volume per acre at
ages 35 and 30 is 8 cords (49 – 41 cords per acre). Stand
age 33 can be described as being 60 percent of the way
(3/5 years) between ages 30 and 35, therefore, 60
percent of the difference in volume at those ages

(8 cords per acre) is 4.8 cords per acre. Adding this to
the volume of a normal stand at age 30 results in a nor-
mal stand (100% stocked) volume of 45.8 cords per
acre (41 cords per acre þ 4.8 cords per acre). Finally,
90 percent of 45.8 cords per acre provides us with an
estimate (41.2 cords per acre) of the volume per acre
for a 33-year-old stand that is 90 percent stocked
relative to normal stocking.

As we noted earlier, we must keep in mind that
normal yield tables are based on stands that are
assumed fully stocked. These stands are difficult to
find in nature. However, to develop the normal yield
tables some subjective judgement was used to locate
these stands, and the corresponding caveats were
provided, as is noted in a U.S. Department of Agricul-
ture [6] publication:

In selecting plots some leeway as to the meaning of full
stocking was necessary in order that a sufficient number
might be found without unreasonable expense. Since the
tables give the average figures for the plots studied, they do
not, strictly speaking, represent maximum possible volume.
The additional fact that the greatmajority of the stands chosen
had at one time or another been burned over (few unburned
areas are known) and have developed naturally, should also
assure higher yields than are shown in the tables, when pro-
tection and management are introduced.

Finally, some normal yield tables may have been
developed for very broad areas, such as the extent
of the southern pine region in the southern United
States (Virginia to Texas), or the extent of the coastal
Douglas-fir region in the Pacific Northwest United
States (Washington to California). Since a represen-
tative sample of measurements covering all parts of a
broad region may have been used to develop a normal
yield table, the information contained within the table
may need to be adjusted for local conditions. In addi-
tion, some adjustment to the normal yield tables may
be necessary for differences in utilization standards.
For example, if a normal table provides estimates of a
board foot volume to a 4-inch top in a tree, and themer-
chantability standard for your working area (or mill)
was a 6-inch top, then the yield you would be inter-
ested in using would be more or less than what might
be indicated in the table, depending on the relationship
between your merchantability standard and the stan-
dard utilized to develop the table.

II. THE REGULATED FOREST

A regulated forest is similar to a normal forest in
that the goal of management is to produce a predict-
able and sustainable harvest of timber. However, when

TABLE 10.3 Normal Yield Table for Second-Growth
Shortleaf Pine Stands 4 Inches DBH and over,

in Cords Per Acre (from [6])

Age

Site index (base age 50)

70 80 90

20 18 25 30

25 31 38 43

30 41 48 54

35 49 57 64

40 56 65 73

45 61 71 80

50 66 77 87
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managing land using a regulated forest paradigm,
some of the assumptions associated with the plann-
ing of the forest are relaxed. For example, the level of
sustainable harvests (and hence rotation age assu-
med) could vary slightly within a forest, and can be
sustained using a range of different management
intensities [7]. As with the normal forest, a landowner
would need to define the desired rotation age, perhaps
using an economic or biologic criteria. If the objective
of the management of the forest was to maximize
the sustainable timber harvest volume, then the length
of rotation generally is defined according to a
biological rule, where mean annual increment is at its
maximum [7].

Ultimately, if we want to develop a plan for an
area of land that will lead to a regulated forest, then
the aim is to approximate the normal forest. How-
ever, in a regulated forest full stocking is not assumed
to occur all the time on every unit of land, thus the
size and quality of the timber produced can fluctuate
over time, but remain about the same. As a conse-
quence, there exists a stable relationship between
inventory, harvest, and growth of the forest within a
regulated forest [8]. Another difference between the
regulated and normal forests is that site index values
are allowed to vary across the landscape in a regu-
lated forest, and are not necessarily assumed to be
constant, as in the case of a normal forest. We can also
assume with a regulated forest that there is some
diversity in tree species across the landscape, and that
a different mix, or percentage, of species may be pres-
ent in each stand. Therefore, stands at any one age
class are not identical to others as they grow into
the next age class, and we would need to acknowl-
edge the potential differences in stocking, density,
and structural conditions. The three operational
assumptions associated with the normal forest still
hold, however:

• None of the stands are at ages above the desired
rotation age

• Final harvest (clearcut) decisions are made by
choosing the oldest stands first

• The same set of management prescriptions are
used in each stand

In addition, the biological and operational caveats
to these assumptions that were discussed earlier still
apply.

Why would a landowner or an organization want
to move an unregulated forest, one that violates these
assumptions, toward a regulated state? The main rea-
son often argued is that there is a need for more
certainty in the outcomes available in the future (the
structure of the forest, the timber yields, etc.). As we

noted in our discussion of a normal forest, this argu-
ment tends to ignore or assume irrelevant many envi-
ronmental, social, and economic uncertainties that
could occur over time (e.g., fires, changes in markets).
In any event, one of the main emphases of many of
the U.S. National Forest plans developed in the
1980s and early 1990s was the development of a fully
regulated forest. For example, the forest plan for the
Umpqua National Forest [9] in Oregon noted the
following:

Areas with programmed timber harvest will be[come] a
mosaic of stands of various sizes and ages. The desired con-
dition of this available commercial forest land is that of a
regulated forest where the stands exist in age and size class
proportions and grow at rates such that a high level of tim-
ber yield can be sustained.

Of course, goals related to numerous other natural
resources (wildlife, recreation, fisheries, etc.) were
included in these National Forest plans; thus the
regulated forest that was suggested as a desired
future condition pertained to only a portion of the
National Forest that was allocated to commercial
timber harvesting.

The regulated forest concept has guided the devel-
opment of forest plans throughout the world, although
as Beuter [8] notes, it may be more of an ideal that
guides forest management decisions rather than
the actual objective of forest management. For exam-
ple, we could develop a forest plan with the objective
of maximizing net present value, and the resulting
forest plan may not lead to a regulated state (depend-
ing on the initial age class distribution of the forest).
However, add to the forest plan policy constraints for
controlling periodic wood flows, cash flows, and acres
treated, and we might be able to develop a plan that
could lead to a regulated state [8].

In recent times, the regulated forest concept has
come under scrutiny coincident with the rise of
importance of ecological and social values asso-
ciated with forest management. Unfortunately, man-
agers who utilize and adhere to the regulated forest
concept are said to view the forest only for the com-
modity benefits they provide (which is not necessar-
ily true), and are thought to ignore other intrinsic
values (e.g., existence values of old growth, wilder-
ness areas, and ecosystems). Further, the measures
of stability that are used to promote the use of the
regulated forest concept (income, jobs, etc.) may be
affected more by forces outside the local area, such
as the globalization of markets, the economic div-
ersification of the timber industry, and changes in
interest rates [10], than by scheduled timber harvest
volumes.
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III. IRREGULAR FOREST
STRUCTURES

Though the concepts of the normal or regulated
forests may have influenced the development of
many forest plans, in actuality, most managed forests
are composed of an irregular age class structure,
which may be obvious in a graph of the age class dis-
tribution or when the landscape is viewed from above
(Figure 10.5). Periodic land sales, land purchases,
land trades, natural disturbances, and increases or
decreases in harvest rates all contribute to departures
from management plans designed to lead to a regu-
lated state. The main issues facing landowners and
land management organizations concern whether
their age class distribution of forests is manageable
given their objectives, whether the current age class
distribution simply represents a transition to some
other (perhaps normal or regulated) state, or whether
some other action (land sale or land purchase) is
necessary to better achieve their objectives.

Without belaboring the numerous variations of
irregular forest structures, examining three representa-
tive cases should be sufficient to describe this catch-all
category of forest conditions. The first example
(Figure 10.6) represents the age class distribution of a

young forest, where the area by age class is biased
toward nonmerchantable, younger stands. A forest
thatmay be over-cut could be described in thismanner,
as could some parcels of forest that recently have been
sold to private landowners by industrial companies
who are in the process of reducing the size of their land
base. In addition, adding these forests to a landbase
that is currently somewhat regular in structure effec-
tivelywouldmake it irregular in structure.Natural dis-
asters (e.g., the Mt. St. Helens eruption in 1980,
Hurricane Hugo in 1989, or the widespread fires in
north Florida and south Georgia in 2007) could also
change the composition of forests on a widespread
basis and effectively create younger, irregular forest
structures. The second example, which was presented
earlier (Figure 10.4) represents an older forest, with
the area by age class biased toward older stands.
Today, we might find these types of forest structures
being managed by nonindustrial private landowners,
some state and federal agencies, and even some mili-
tary bases, where a limited amount of harvesting has
taken place since acquiring or purchasing the property.
In addition, these forests have grown for quite some
time without experiencing a major natural disturbance
that effectivelywould transition the forest to a younger
age structure. Finally, as a third example, we might
find a bimodal distribution of age classes commonly
managed by some landowners (Figure 10.7). A variety
of events may have led to this, from land sales and pur-
chases (disrupting a more normal distribution), to nat-
ural disturbances (shifting the distribution of age
classes), to changes in markets (leading to variable har-
vest levels from year to year). The gap in the age class
structure may eventually be a concern, if economic or
commodity production goals are important.

Example

Using the data provided for the Lincoln Tract, and
assuming five-year age classes, which of the models
described so far does the current forest age class
structure resemble? As you might conclude from
viewing Figure 10.8, the age class distribution of the
Lincoln Tract, which is composed mainly of even-
aged stands, represents neither a normal, nor a regu-
lar forest structure. In fact, it is very irregular. With
the exception of the first two classes and a few gaps
(26–30, 41–45, 56–60), there seems to be a down-
ward-sloping relationship between the amount of
area by age class and the age class itself. Between 11
and 25 years prior to current time, almost 1,800 acres
(almost 40% of the Tract) was regenerated. In addi-
tion to the minor gaps in the age class distribution
and this overweighting (perhaps) of younger age clas-
ses, there is almost a 20-year age class gap between

FIGURE 10.5 An irregular forest structure illustrated in an
aerial photograph of an area in western Washington.
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the older forest structure (90þ years of age, and about
9% of the area) and the next lowest age class. As a
result, moving this Tract toward a regulated forest
structure, if that were the landowner’s desire, may
take quite some time.

IV. STRUCTURES GUIDED BY A
HISTORICAL RANGE OF VARIABILITY

Using the natural range of variability to guide the
distribution of forest classes is one theme that perme-
ates U.S. National Forest planning today. It is hard to
argue with the fact that over 100 years of forest man-
agement in the United States has guided some

FIGURE 10.6 A young forest age
class structure.

FIGURE 10.7 A bimodal forest age
class structure.

FIGURE 10.8 The age class distribution of the Lincoln Tract.
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ecosystems outside of their natural range of variabil-
ity. However, what is debatable is whether future
management policy should be designed to move eco-
system processes back within their natural range of
variability. If we were to adopt this perspective as a
guiding paradigm for a management plan, then we
may need to integrate natural and human distur-
bances into the planning process, to adjust the struc-
ture of a forest (for example) to a range of variability
that is acceptable. In developing a plan that emulates
the natural range of variability, two planning elements
are needed, (1) successional rules, which describe the
potential changes of a stand or forest from one state
(or condition) to the next, and (2) transition probabil-
ities, which are used to simulate stand or forest
changes over time.

The key to using this system of management is
to determine the “natural range” of variability for
the resource in question, or the natural fluctuation
in resource levels that existed prior to extensive
human influence. This information can be derived
by using:

• Dendrochronology to determine age structures
and growth patterns

• Old land surveys and the information surveyors
recorded about the landscape to infer something
about variability

• Palynology (carbon or pollen stores in lakes,
ponds, or wetlands) to understand changes in
forest structure

• Information about the natural range of
variability of forests in other regions to guide
management actions [11, 12]

Depending on the scale and size of the system
being managed, acquiring actual measurements of
variability may be impossible. For example, estimat-
ing the natural range of variability of southern United
States forest structure, using current forests as exam-
ples, may fail to recognize types of forests that were
present 200 or more years ago. In addition, dendro-
chronology and palynology require actual field mea-
surements, and may require extensive sampling, and
therefore may be quite expensive. Scale also matters,
as the variability inherent in a small watershed may
not be similar to the variability inherent across a
broader landscape or region. In addition, the concept
of managing landscapes and forests for the natural
range of variability is not limited solely to forest
structure itself. For example, in British Columbia
there are regulations that tie the management of the
forest and range vegetation resource on government
(Crown) land to the natural range of variability of
stream temperatures [13].

As we suggested, using a natural range of variabil-
ity for broader ecosystem processes has been pro-
posed to guide the development of plans for U.S.
National Forests. Many National Forest plans cur-
rently are being revised (or recently have been
revised), and each may contain objectives to maintain,
protect, or (in some cases) restore landscapes such
that they contain a structure that is representative of
the natural range of variability that occur, or once
occurred there. The Committee of Scientists [11]
makes a number of compelling points regarding man-
agement of National Forests and Grasslands within
their natural range of variability:

[the natural range of variability] is best applied to coarse
attributes of the landscape: the condition of streams; the dis-
tribution among seral stages of different forest types; the
amount and distribution of large dead trees; and the size,
frequency, and intensity of disturbances.

Some dimensions of [the natural range of variability] are
difficult to reestablish within some landscapes. As an exam-
ple, the forests of the Western Cascades in Oregon and
Washington will not be managed for the large, infrequent,
high-intensity burns that created them. It is just not socially
acceptable. Such burns may occur, but not through purpose-
ful public policy.

By many measures, much of our current standard of liv-
ing is based on converting landscapes to conditions outside
the [the natural range of variability]. The cities and farm-
lands of much of America are examples. Much nonfederal
land around national forests and grasslands is also outside
of [the natural range of variability]. Given that we wish to
retain our native species, though, maintaining at least a sig-
nificant portion of the landscape within [the natural range
of variability] would seem prudent.

Other land management groups have adopted the
natural range of variability paradigm for forested areas,
such as the fire management plan for the Bandelier
NationalMonument inNewMexico [14]. Here, the plan
indicates that one management objective is to change
their forest conditions by defining:

. . . . levels of fire use to restore and perpetuate natural
processes given current understanding of the complex rela-
tionships in natural ecosystems.

Some stakeholder groups also have sought to
encourage nearby federal land management organiza-
tions to adopt the natural range of variability concept
as a driving force behind resource management.
In their restoration recommendations to the U.S.
Forest Service, the Greater Flagstaff (Arizona) Forests
Partnership [15] requested a reintroduction and
enhancement of natural processes (e.g., fire) that once
helped shape forest structure prior to widespread
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settlement of the western United States. This recom-
mendation was made with the belief that there is a
need to restore local forest structures and natural pro-
cesses so that they resemble stands created and main-
tained within the natural range of variability.

Using the natural range of variability paradigm to
influence the development of a management plan
has been suggested as a way to create and maintain
species composition and stocking levels that will
improve the resiliency of forests to disease, drought,
and wildfire. The paradigm is based on the notion
that the environmental conditions that are most likely
to help conserve native species and habitats are those
from which they evolved [11]. One disadvantage of
using this approach to managing the structure of a
forest is that it may fail to work as planned. The fact
that human interaction may be needed to move a
landscape back to within a range of natural variability
is at the heart of the matter. Under this approach,
commodities can be produced as a byproduct of the
effort to physically emulate natural disturbances.
However, some argue that if natural disturbances
and processes created a pattern that should be emu-
lated, then allowing natural disturbances and pro-
cesses to take the landscape back to these conditions
is the best course. This effectively precludes the pro-
duction of commodities, and significantly reduces
the financial value of the management plan. Another
disadvantage, as we noted earlier, is the fact that in
many cases the natural range of variability of forests,
ecosystems, or disturbance agents is unknown. As a
result, a number of current research opportunities
for inspired graduate students focus on estimating
the natural range of variability for forest, aquatic,
and rangeland ecosystems.

V. STRUCTURES NOT EASILY
CLASSIFIED

Some forested areas are not specifically managed
using even-aged management systems, thus cannot
be described simply by differences in age classes.
These include the uneven-aged coniferous forests of
the interior western United States, the deciduous for-
ests of the northeastern United States and eastern
Canada, and other forests across North America man-
aged specifically with an uneven-aged forest struc-
ture. Placing an average age on an uneven-aged
stand might be possible, but the variation in ages
among trees within an uneven-aged stand could be
high, and thus categorizing each unit of land within

an uneven-aged forest with a single age class may
be inappropriate. However, regulation of uneven-
aged stands minimizes the risk of overcutting during
any one cutting entry, and ensures outcomes that are
desirable will be available during future periods of
time, barring any unforeseen problems such as natu-
ral disasters. Guldin [16] suggests that the key to uti-
lizing uneven-aged silviculture is in finding a way to
ensure a long-term sustainable harvest.

Another example of a forest structure not easily clas-
sified is the management plan for the State of Oregon’s
northwest forests [17]. Although generally guided by
even-aged management principles, the landscape
management concepts and strategies found in the
management plan for these 200,000þ hectares uses a
structure-basedmanagement approach. This approach
is similar in concept to the natural range of variability
paradigm, however, silvicultural techniques are
planned in such a way as to develop and maintain a
collection of forest stand structures that best meets
the social, economic, and ecological direction for these
lands. The forest plan includes goals related to devel-
oping and maintaining a high level of sustainable tim-
ber volume, a diversity of wildlife habitats, and diverse
recreational opportunities, among others. To achieve
these goals, the forests are managed so that the collec-
tion of forests will have the following structure:

Regeneration areas 5–15 percent of
the landscape

Closed, single canopy
forests

10–20 percent of
the landscape

Understory initiation in
single canopy forests

15–35 percent of
the landscape

Layered forests 20–30 percent of
the landscape

Older forest structure 20–30 percent of
the landscape

The desired forest structure for the State of Oregon’s
northwest forests was designed to emulate the diversity
of forests historically found in themountains of western
Oregon, while recognizing that the actual quantity and
distribution of forest types was highly variable. Exact
percentages of each class are not provided in the plan,
therefore allowing managers some flexibility during
the implementation of the plan. Although the Oregon
Department of Forestry acknowledges that objective
and subjective processes were used to determine the
percent of land desired in each class, a number of
factors were considered, including:

• The current state of the forest conditions on state
forest lands
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• The available data on historical distributions of
older forest structure

• The type of wildlife habitat necessary to
contribute to the conservation of native wildlife
species

• The collection of forest types that simultaneously
could meet habitat, biodiversity, and timber
management goals

• The management intentions of the other
landowners in the region

This desired forest structure thus contains some
guidance provided by knowledge of the natural range
of variability of western Oregon forest types, but the
desired structure is adjusted to reflect the social and
economic factors that influence the management of
the state’s forests.

TheChattahoochee-OconeeNational Forest (Georgia)
utilizes a similar approach in their most recent forest
plan [18]:

Objective 8.A.1-01 Manage forest successional stages to
maintain a minimum of 50 percent of forested acres in
mid- to late-successional forest, including old-growth; a min-
imum of 20 percent of forested acres in late-successional for-
est, including old-growth; and 4 to 10 percent per decade in
early-successional forest.

Here, the supply of wood derived from the objec-
tives of the forest plan is a coproduct of the need to
achieve a number of nontimber objectives. Therefore,
as in the Oregon case, the silvicultural techniques are
planned in such a way as to develop and maintain a
collection of forest stand structures that best meets
the social, economic, and ecological direction for the
National Forest.

VI. SUMMARY

One of the guiding premises for management
plans developed for private, state, and federal lands
is the desired forest structure of the landowner.
Many of the desired forest structure models are more
appropriate for even-aged forests, since uneven-aged
forest structure is not as easy to characterize beyond
the stand level. The normal and regulated forests
models provide regularity in land area treated and
timber volume produced. Normal forests are the
ideal, and regulated forests relax many of the
assumptions to reflect variation across the landscape.
Reaching this state of management requires a number
of planning assumptions that may not be realistic in
today’s dynamic management environment. How-
ever, management plans can reflect these desired out-
comes by incorporating policy constraints that ensure
evenness in area treated or volume produced. Irregu-
lar forest structures are prevalent throughout North
America. Land sales, land purchases, market fluctua-
tions, natural disturbances, and the various needs of
landowners all influence the development of a forest
structure that may not provide the continuity of har-
vest suggested by a regulated forest. Some forest
plans are now being guided by desired structures
that emulate a natural range of variability. Other for-
est plans are guided by desired forest structures that
cannot be easily classified. How these plans are
implemented and how effective they are in meeting
a landowner’s objectives remains to be seen, yet their
premise (e.g., reflect natural processes) is one that is
attractive to a number of land managers and
stakeholders.

QUESTIONS

1. Using normal yield tables. You recently have been
hired by a small consulting firm in southeast
Virginia. You have been asked to develop an
estimate of the timber volume contained in a
tract you recently cruised. You noticed during
the cruise that the stand had been thinned in
the last five years. You are tempted to use a nor-
mal yield table for loblolly pine to develop a
quick estimate of the volume. However, what
factors should you keep in mind as you develop
this estimate?

2. School forest structure. Using your school or col-
lege forest as an example, develop a graphical
description of the age class structure of the forest
resources that they manage. Develop a second,

hypothetical forest structure (same number of
total acres or hectares) for a period of time 50
years from the present, guided by one of the con-
cepts described in this chapter. What manage-
ment controls might be used to direct the
current forest structure to the desired forest
structure?

3. Normal and regulated forests. You have been hired
recently by the Lolo National Forest in Montana.
Your supervisor is participating in a forest plan
revision, and has had some discussions with
other people on the interdisciplinary planning
team about the differences between a regulated
forest structure and a normal forest structure.
From a planning perspective, develop a short
memorandum for your supervisor that compares
and contrasts the two approaches.

210 10. MODELS OF DESIRED FOREST STRUCTURE



4. Natural range of variability. You work for the
Coconino National Forest in Arizona. Your team
is participating in a forest plan revision, and the
desire to manage a portion of the forest using a
natural range of variability paradigm for wild-
fires has been proposed. From a planning per-
spective, develop a short memorandum that
addresses the issues that the team should con-
sider in association with using this management
paradigm.

5. Normal yields. Using the normal yield table for
shortleaf pine (Table 10.3), estimate the volume
per acre of a 47-year-old stand, that has a site
index (base age 50) of 75, and is 110 percent
stocked relative to a normal forest.

6. Forest structure of the Putnam Tract. The Putnam
Tract consists of a mixture of pine, hardwood,
and mixed pine-hardwood stands. The hard-
wood and mixed pine-hardwood stands may
be better associated with uneven-aged stands,
thus attaching an age to these is tenuous.
However, the pine stands, for the most part,
are even-aged stands. Develop an age class
distribution for the pine stands, and describe
the type of pine forest structure currently in
place on the Putnam Tract. Are the pine stands
within the Putnam Tract representative of a
normal forest, a regulated forest, or some
other type? Explain how you came to this
conclusion.
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C H A P T E R

11

Control Techniques for Commodity
Production and Wildlife Objectives

Basic information provided in a forest management plan includes how much area of land will be managed using certain prescriptions,

where the treatments will be located on the landscape, at what time the treatments should be employed, and how the plan of action will be

accomplished. This information is necessary because the activities that are scheduled over the time horizon of a plan should be implemented
in such a way as to meet the economic, environmental, and social desires of the landowner. In previous chapters, we described methods for

characterizing a forested area, for quantifying goals, and for incorporating these concerns into a forest plan developed either at the stand-level

or the forest-level. As you may have noticed, some planning models can be quite complex, since in today’s planning environment it is impor-

tant to simultaneously consider multiple objectives and constraints. These models required many assumptions made either by the landowner
or the developer of the plan. Justifying the use of assumptions can be based on classical control techniques, the topic of this chapter.

OBJECTIVES

As a developer of a natural resource manage-
ment plan, if you were to claim that your plan
would ensure that a landowner’s objectives will
be met, you may need to justify how you arrived
at the measures used to guide the forest into the
future. For example, if wood flow constraints are
incorporated into a plan, then how would you
have determined the appropriate harvest levels
to use as goals? It is the efficiency of the plan
that is at stake, as Recknagel [1] noted almost 100
years ago:

The regulation of yield in wood-lots must conform pri-
marily to the wishes and desires of the owner, but it can
usually accomplish these without the waste incident to
haphazard management. . . .

In this chapter, we describe several classic meth-
ods for determining the appropriate measures (area
scheduled for treatment and volume scheduled for
harvest) to use in policy constraints. Most of these

approaches were designed as ways to guide the
development of a forest to a regulated state, even
though regulated forests are seldom found in prac-
tice. However, several of the approaches continue
to be used as general guidelines for forest plan
development. An extension of these methods to
the determination of wildlife habitat development
is also proposed. Upon completing this chapter,
students should be able to:

1. Describe how area control can be used in the
development of a forest plan, why it might be
used, and the outcomes we can expect.

2. Describe how various volume control methods
can be used in the development of a forest plan,
why each might be used, and the outcomes we
can expect.

3. Understand how to determine the appropriate
harvest volume targets for wood flow policy
constraints.

4. Explain how one or more of the volume control
approaches can be extended to other natural
resources.
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I. CONTROLLING THE AREA
SCHEDULED

The control of the amount of harvest and habitat
areas through limitations placed on their size and
extent is relatively easy and straightforward with
most forest planning models. Within linear program-
ming, for example, minimum or maximum harvest
areas can be controlled through policy constraints.
Assume that the variable AH1 was designed to repre-
sent the area harvested during time period 1 of a
forest plan. Policy constraints could be configured
to require any reasonable level of harvest area to be
controlled. Two examples are:

AH1 � 1, 000

AH1 � 500

Inequalities such as these will allow the area sched-
uled for harvest during a single time period to range
between 500 and 1,000 acres. If the basic planning
units were strata of land, or aggregations of stands,
then some necessary flexibility should be allowed
during the development of the plan. Further, if inte-
ger variables are used to represent the harvest of
entire stands, then inequality constraints such as
these would be necessary to avoid overconstraining
the problem. For example, if the area constraints were
represented by an equation such as

AH1 ¼ 750

the type of data assigned to the decision variables
would likely need to be continuous real numbers
rather than integers. The decisions when using contin-
uous real numbers would consist of determining how
much of a stand or strata to harvest, rather than whether
or not to harvest the stand or strata. The main reason
for using a continuous real number data type to repre-
sent harvest decisions is that if scheduled harvests
were limited to entire stands or strata, then an equality
constraint such as this could rather easily be violated.
In other words, very few (if any) entire stands or strata,
when scheduled for harvest, would produce exactly
the value suggested on the right-hand side of the con-
straint. If fact, we recommend that no equality con-
straints be used except for those used in accounting
rows to prevent over-constraining the problem.

If you are uncertain about the allowable area to
schedule for harvest during each time period, then
Area control, a harvest scheduling control technique,
could be used. However, area control is a method
used to help develop a regulated forest within the
timeframe of one rotation of trees, and as a result,

using this method assumes that a regulated forest is
desired. When using area control, we would be inter-
ested in scheduling for harvest equal areas of land
during each time period. By the end of one rotation
of using this method, we should have a forest with
equal areas in each age class. In effect, area control
stabilizes the area harvested during the conversion
period (one rotation). One disadvantage of this
approach is that the volumes scheduled for harvest
may fluctuate widely during the conversion period.
Volumes scheduled for harvest after the conversion
period, however, should be relatively stable.

In a regulated or normal forest, the decision
regarding how much volume to harvest each year is
based on the area of harvest. Since in a regulated for-
est there should be the same number of units of land
in each forested age class, once a landowner has
defined the rotation age (R), determining the amount
of land to schedule harvests upon each year is rela-
tively straightforward:

Area to harvest ¼ Area of forest

Desired rotation age

� �

If a landowner decides to use natural regeneration
after harvesting to start the next rotation of trees, then
this method may be too rigid, since control over
regeneration processes is not as certain with natural
regeneration as it may be when tree planting activities
are assumed. In essence, while a stand may be clear-
cut today, in 10 years it may be considered only an
8- or 9-year old stand (or less) if natural regeneration
was delayed. The area control method also is
restricted to forests with relatively uniform condi-
tions; therefore, it is best used either for even-aged
plantations or for well-developed uneven-aged for-
ests [1]. The application of this approach to uneven-
aged forests would not involve determining the
amount of land to schedule for clearcut harvest
entries, but would involve determining the amount
of land to schedule for periodic partial cutting entries.

Example

Assume that you are working for a large landowner
in north Florida, and your organization has deter-
mined that the desired future rotation age of slash
pine (Pinus elliottii) plantations is 22 years. Assume
that the landowner wants to eventually move the for-
est to a regulated state and that area control is the tool
that will be used. Given the age class structure of pine
plantations shown in Table 11.1, and the desire to use
area control to schedule the harvests, what is the
planned amount of land to schedule for clearcut
harvest each year?
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Area to harvest ¼ 21, 735 acres

22 years

� �
¼ 988 acres per year

What harvest volume would you expect to produce
with this plan of action during the first year? For the
first year of this plan, assuming an oldest age class first
harvesting rule, all of age class 27 would be sched-
uled for harvest (14,647 tons), as would 859 acres
(95.3%) of age class 26, or about 93,823 tons. In sum,
108,470 tons would be scheduled for harvest during
the first year of the plan. What harvest volume would
you expect during the second year of the plan? Using
the volume per acre that was assumed for each age

class, the remaining 42 acres of the original age class
26 would move up to age class 27, resulting in 4,769
tons. Only 946 of the original age class 25 (now age
class 26) are needed to schedule 988 acres for harvest.
These 946 acres would produce 103,325 tons, and the
total harvest would be 108,094 tons.

As you can tell, the acres scheduled for harvest may
be perfectly even, when using the area control method,
but the volume scheduled for harvest during the con-
version period (one rotation) will vary. The extent of
the variation in harvest volumes will depend on the
original age class distribution of the forest, and the con-
dition of forests within each age class. With a very
irregular age class distribution as a starting point, the
volumes scheduled for harvest may vary considerably,
which could be a cause for concern for the landowner.
As we suggested, area control has been proposed as a
guiding principle for regulating forests. The method
moves a forest age class distribution toward that of a
regulated forest as quickly as possible in an effort to
both maximize the yield from a forest and to provide
a steady harvest of timber, although ultimately these
may be incompatible. Some form of control on areas
treated or areas in habitat development and mainte-
nance is regularly incorporated into forest plans being
developed today; however, pure area control is seldom
practiced without some modification of the harvest
scheduling rules [2].

II. CONTROLLING THE VOLUME
SCHEDULED

Volume control techniques involve processes where
the schedule of harvests is forced to (1) represent a
specific level of volume during each time period,
(2) be within a range of volumes during each time
period, or (3) be relatively constant over some period
of time. The first two examples are relatively easy to
implement within a linear programming model, since
they are assumptions made by the land manager. The
latter requires a determination of the appropriate level
of scheduled volume, and in effect is not as easy to
implement in practice. In addition, when requiring a
relatively constant scheduled volume over time, the
area harvested may fluctuate from year to year based
on the productivity and age of the stands being har-
vested. Further complicating the situation, the lack of
control on area harvested makes it more difficult to
move a forest toward a regulated state.

In the linear programming examples from previ-
ous chapters, we included in the problem formulation

TABLE 11.1 Area and Merchantable Volume for a North
Florida Landowner Growing Slash Pine Plantations

Age Acres Merchantable Volume (tons)

0 253 0

1 1,242 0

2 965 0

3 234 0

4 1,843 0

5 785 0

6 560 0

7 290 0

8 1,206 0

9 893 0

10 502 8,520

11 206 4,732

12 1,205 35,304

13 503 18,004

14 587 24,851

15 729 35,604

16 308 17,016

17 1,952 120,070

18 942 63,687

19 1,092 80,282

20 295 23,372

21 792 67,110

22 386 34,753

23 931 88,565

24 1,022 102,222

25 982 102,833

26 901 98,410

27 129 14,647

Total 21,735 939,982
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policy constraints, similar to those shown here, that
can be used to define a specific amount of timber
volume desired during each time period.

H1 ¼ 30,000

H2 ¼ 28,000

H3 ¼ 33,000

One question a landowner or land manager might
ask is how we arrived at the level of volume desired
(30,000 units during time period 1, 28,000 units during
time period 2, and 33,000 units during time period
3, in this case), and we will discuss some of these
methods soon. We could also define a range of
desired volumes during a single time period with
constraints such as these that place bounds on harvest
levels:

H1 � 29,500

H1 � 30,500

Controls on scheduled volume can be developed
for linear programming problems much in the same
way as controls on area treated are developed.
Assume for example that you developed two ac-
counting rows, one to accumulate the volume har-
vested during time period 1, the other to accumulate
the volume harvested during time period 2. Two vari-
ables, H1 and H2, then could be associated with these
accounting rows to represent the scheduled harvest
volume for the two time periods. To summarize, vol-
ume control, or wood flow, policy constraints could
involve the following:

1. An exact scheduled harvest level.

H1 ¼ 20,000

H2 ¼ 22,000

Here, the question again becomes one of
how the volume targets were defined. Some
guidelines for developing the volume target
using classic methods are described in the
sections that follow.

2. A percentage fluctuation in scheduled harvest
levels from one period to the next, such as
allowing period 1 to be �5 percent of the period
2 volume:

H1� 1:05 H2 � 0

H1� 0:95 H2 � 0

For example, assume in each case that
the volume harvested in time period 2 is
1,000 cords. The volume harvested in time

period 1 cannot exceed 1,050 cords (105% of
the time period 2 volume), nor drop below
950 cords (95% of the time period 2 volume).

3. A percentage departure from the average
schedule harvest volumes over a period of
time. Assume first that an equation was
developed to compute the average volume for
two time periods:

0:5 H1þ 0:5 H2�AvgVol ¼ 0

Policy constraints similar to the ones
described in the previous section can then be
developed to control the variation of harvests
as they relate to the average volume.

H1� 1:05 AvgVol � 0

H1� 0:95 AvgVol � 0

4. An equal scheduled harvest volume during
each time period. Here, an even-flow harvest
volume could be ensured with policy
constraints such as:

H1�H2 ¼ 0

As we have suggested in previous chapters of this
book, even-flow policy constraints are the most chal-
lenging (if not impossible) to adhere to when the deci-
sion variables are assigned integer values. However,
when the decision variables are assigned continuous
real numbers, even-flow policy constraints can ensure
that the same volume is scheduled in each of the
affected time periods.

Some harvest policies may be tied directly to the
needs of a wood processing facility, and in these cases
the desired harvest levels may be relatively easy to
determine. However, if this were not the case, then
other methodology must be used to determine the
right-hand side value of the policy constraint. These
methods might include:

• A harvest equals growth policy
• A “best judgment” policy
• A trial and error policy
• A determination of allowable harvest through

classical volume control methods

The first of these suggests that a sustainable har-
vest volume is one where the scheduled harvest vol-
ume equals the growth of the forest. If we were to
maximize the productivity of a forest, then this would
imply that the rotation age is one where mean annual
increment is maximized, and removals (harvests)
would equal the increment of the forest (the growth)
in each time period. However, when a forest age class
distribution is not normal or regulated, or has a site
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productivity that is variable across the forest, this
policy could lead to inefficient or ineffective manage-
ment. For example, assume at one end of the spec-
trum a forest is composed mainly of stands of old-
growth timber, where the annual growth rate is rela-
tively low. No matter what the desired rotation age,
under this policy only an amount equal to the growth
can be removed during each time period, and conse-
quently, the forest will likely remain older (for better
or worse). On the other end of the spectrum, assume
that a forest is composed mainly of younger stands
of trees, with relatively high annual growth rates.
Using a policy of harvest equaling growth, the
implied harvest volume may be so high relative to
the current growing stock (standing volume) that
the suggested harvest volume could not be sustained
over the long-run. As a consequence, the landowner
would eventually deplete the merchantable harvest
volume.

The “best judgement” policy may be commonly
practiced today, but may also leave a landowner with
a level of uncertainty that may be unacceptable.
When making a best judgement periodic harvest vol-
ume recommendation to a landowner, what would
you base it on? Would the recommended harvest
level be, in turn, defensible? Some best judgment
policies may be palatable to a landowner when the
objective of forest management is not necessarily con-
tingent on commodity production or economic goals.
Conservative harvest policies may in fact be consis-
tent with a landowner’s objectives, and as a result
the selection of a harvest policy may be better made
using the best judgement of the forest manager. Reck-
nagel [1] described a method of volume control (the
Hufnagl method) similar to this that is based solely
on the increment of a forest, and can be applied to
even-aged forests as well as uneven-aged forests. At
its root, the Hufnagl method suggests that harvest
equals growth, and that the age-class distribution of
the forest must approach a regulated state for the
method to work effectively. However, where it differs
from other methods is in the loose adjustments sug-
gested to the sustained harvest level. If, for example,
the growing stock within a forest seems excessive,
then the Hufnagl method suggests a harvest greater
than the increment can be scheduled. Alternatively,
if the growing stock is deficient, then the method sug-
gests a harvest less than the increment can be sched-
uled. The upward or downward adjustment to the
harvest level is left to the forest manager to deter-
mine. This is a very basic method for determin-
ing the sustained annual harvest; therefore, the best
use of it may be for comparison against other meth-
ods. The Hufnagl method is similar to the Austrian

formula (described later), except that the Austrian
formula contains a rational and quantifiable approach
for adjusting the harvest when basing it on the incre-
ment, whereas the Hufnagl method suggests a sub-
jective adjustment upward or downward at the
discretion of the forest manager. As with other meth-
ods that are based on the growth rate of a stand or
forest, the increment (growth rate) of a forest needs
to be reassessed every few years for these methods
to work effectively [1].

Trial-and-error policies for determining the sus-
tainable harvest level suggest the use of techniques
such as binary search. Binary search, in fact is
one form of volume control. As we mentioned in
Chapter 8, it is a technique for meeting the objectives
of a landowner by repeated simulations of harvest
levels until a feasible maximum or minimum harvest
volume is located. The approach is usually specific to
the landowner, the forest conditions, and the assump-
tions regarding the selection of harvest areas. How-
ever, binary search is an efficient trial-and-error
method for identifying upper and lower bounds on
sustainable harvest volumes within a specific time
horizon.

Other classic methods for determining the appro-
priate harvest volume are described next. These
include the Hanzlik formula, the Austrian formula,
and others. As with area control, volume control tech-
niques could be used to develop a regulated forest.
Volume control techniques use forest growth and
age class distributions to determine the conversion
period allowable harvest levels. When using volume
control methods, the scheduled volumes should be
stable throughout the conversion period, yet the area
harvested may fluctuate widely.

A. The Hanzlik Formula for Volume Control

A graduate of the University of Washington forestry
program, Edward Hanzlik worked as a forester for
many years in the Pacific Northwest of the United
States. He is best known for his method of determining
the sustainable annual harvest level from virgin for-
ests [3]. The Hanzlik formula, as it has come to be
known, was used extensively in the northwestern
United States and British Columbia in the middle part
of the twentieth century, in an effort to ensure that the
supply of wood would meet the demands of society
at that time as well as demands assumed to occur in
the future. The Hanzlik formula for determining the
sustained annual yield centered on the concern over
transitioning virgin forests to normal forests (which
was described in Chapter 10). The calculation of the
near-term sustained annual yield is for even-aged
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stands, since it is a function of the amount of wood
volume over a predefined rotation age (determined
by the landowner), as well as the growth rate of the
stands within a forest that are younger than the
desired future rotation age:

Sustained annual yield ¼

Mature timber volume above rotation age

Years in the rotation

0
@

1
A

þ MAI of immature timber

To shorten the formula and make it consistent with
the others that follow, assume that the volume of
mature timber above rotation age is represented by
the variable Vm, and that the mean annual increment
of immature timber is represented by I. The years in
the rotation age can be represented simply by the
rotation age (R) The equation then becomes:

Sustained annual yield ¼ Vm

R

� �
þ I

Hanzlik argued that to move a forest structure
toward that of a normal forest, the removal of surplus
mature growing stock needed to be regulated through
an adjustment of the annual harvest so that the
removal of wood in stands with ages above the
desired rotation age coincided with the growth of
the immature forests. If we remove (Vm/R) from the
formula, then we have simply a policy of harvest
equals growth (I). The incorporation of (Vm/R) repre-
sents the removal of surplus growing stock over the
length of the desired rotation. The process is not
perfect, because Vm could grow or decline over the
period R, and these additions or subtractions are not
accounted for in the determination of sustained
annual yield. In effect, the goal of using the Hanzlik
formula is to ration the harvest of mature wood until
some point in time when the immature wood can
replace it in the harvest schedule. We indicate that
the result is a near-term sustained yield because the
allowable annual harvests were determined in many
cases for shorter periods of time than R; in other cases
experts suggest periodically reevaluating the sustained
yield computation given changes in the biological
and political environment. In 1945, Sloan [4], for
example, described the use of a process similar to
the Hanzlik formula for estimating the allowable cut
in British Columbia, but cautioned that he did “not
consider it a safe guide for any greater period than
for the next ten years.” Over longer periods of
time, changes to the land and forest base due to land
sales, land purchases, access problems and opportu-
nities, regeneration delays, and losses from natural

disturbances require periodic remeasurement of the
allowable harvest.

The Hanzlik formula can be applied at the stand or
forest level. To demonstrate the application of the
approach on a small ownership, assume that a land-
owner in Virginia owns 30 acres of land; 20 acres
are comprised of older (55 years) loblolly pine (Pinus
taeda), and 10 acres of younger-growth (15 years)
pine. The yields expected from this area are described
in Table 11.2. Assume that the landowner is inter-
ested in knowing the volume to harvest over three
10-year time periods, and given a desired rotation
age of 30 years. Assume further that the harvests are
scheduled for the middle of each time period. Using
the Hanzlik formula, we find that the volume (grow-
ing stock) in stands older than the desired rotation
age is

Vm ¼ ð5,070 ft3 per acreÞ ð20 acresÞ ¼ 101, 400 ft3

If we assume that the MAI of immature timber is
30 ft3 per acre per year, then:

I ¼ ð30 ft3 per acre per yearÞ ð30 acresÞ
¼ 900 ft3 per year

As a result, the sustained annual yield using the
Hanzlik formula is:

Sustained annual yield ¼ 101,400 ft3

30 years

 !
þ 900 ft3

Sustained annual yield ¼ 4,280 ft3 per year

Over anentiredecade, theharvest shouldbe 42,800 ft3.
If this harvest policy were instituted, then the har-
vested area would be 8.44 acres in the first decade
(Table 11.3), 8.03 acres in the second decade (Table 11.4),
and 8.93 acres in the third decade (Table 11.5). The
forest, after three decades, seems to bemoving to a regu-
lated state, as the age classes are moving downward
toward the desired future rotation age. However, the

TABLE 11.2 Average Yield for a Loblolly Pine Stand

Age Volume (ft3 per acre)

20 1,750

30 3,440

40 4,290

50 4,740

60 5,070

70 5,330

80 5,560
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area harvested is not equal from one decade to the next,
and unless there are differential growth rates in the var-
ious age classes, the forest may never reach a regulated
state. As a consequence, the sustainable harvest rate
should probably be reassessed each decade.

Example

Assume that you are working for a large land-
owner in north Florida, and your organization has

determined that the desired future rotation age of
slash pine plantations is 22 years. Assume that the
mean annual increment of the immature forests is
90,700 tons per year. Given the age class structure of
pine plantations shown in Table 11.1, and the desire
to use volume control to schedule the harvests, what
is the planned volume to harvest using the Hanzlik
formula? With an inspection of the data provided in
the table, we find that Vm ¼ 406,677 tons. This is the
total volume of the stands with ages 23 to 27 years,
or all stands older than the assumed rotation age.
Once this is known, we can estimate the sustained
annual yield using the Hanzlik formula:

Sustained annual yield ¼
406,677 tons

22 years

0
@

1
Aþ ð90,700 tons per yearÞ

Sustained annual yield ¼ ð18,485 tons per yearÞ
þ ð90,700 tons per yearÞ

Sustained annual yield ¼ 109,185 tons per year

Two areas of concern have been expressed about the
Hanzlik formula, the first of which also applies to other
methods that also involve using the forest increment
(I) to determine sustainable harvest levels. Because
the forest increment is associated with the estimated
harvest level, concernmust be placed on how the incre-
ment measurement was developed. The mean annual
increment at the rotation age could be used as a proxy
for the increment, or the increment could be calculated
for each age class up to the desired future rotation age,
or perhaps beyond, then accumulated. These and other
methods for determining the increment could lead to
wide variations in scheduled harvest levels. Further,
some suggest that the Hanzlik formula be applied only
in cases where there exists a vast amount of volume in
stands older than the desired rotation age. If this were
the case, and if the amount of mature forest volume
were very large, then the mature forest volume may
dwarf the desired increment, and a volume of (Vm/R)
would dominate the scheduling process [5].

B. The Von Mantel Formula for
Volume Control

The Von Mantel formula has been found useful in
making quick estimates of the allowable harvest levels
for even-aged stands. However, it assumes that the
age-class distribution of the forest approximates a
regulated forest. The Von Mantel formula is based
entirely on the volume of standing growing stock,
and assumes that the volume by age class is roughly a
triangular relationship (Figure 11.1).

TABLE 11.3 First Decade Harvest for a Loblolly Pine
Stand Using Harvest Volumes Estimated Using the

Hanzlik Formula

Before harvest

Stand

age Acres

Volume

per acre

(ft3)

Total

volume

(ft3)

Harvest

area

(acres)

Harvest

volume

(ft3)

60 20 5,070 101,400 8.44 42,800

20 10 1,750 17,500 — —

Total 8.44 42,800

TABLE 11.4 Second Decade Harvest for a Loblolly
Pine Stand Using Harvest Volumes Estimated Using the

Hanzlik Formula

Before harvest

Stand age Acres

Volume

per acre

(ft3)

Total

volume

(ft3)

Harvest

area

(acres)

Harvest

volume

(ft3)

70 11.56 5,330 61,615 8.03 42,800

30 10.00 3,440 34,400 — —

10 8.44 0 17,500 — —

Total 8.03 42,800

TABLE 11.5 Third Decade Harvest for a Loblolly
Pine Stand Using Harvest Volumes Estimated

Using the Hanzlik Formula

Before harvest

Stand age Acres

Volume

per acre

(ft3)

Total

volume

(ft3)

Harvest

area

(acres)

Harvest

volume

(ft3)

80 3.53 5,560 19,627 3.53 19,627

40 10.00 4,290 42,900 5.40 23,173

20 8.44 1,750 14,770 — —

10 8.03 0 0 — —

Total 8.93 42,800
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Sustained annual yield¼ 2ðGrowing stock volumeÞ
Rotation age

� �

Using the terminology we presented earlier, this
becomes:

Sustained annual yield ¼ 2 Ga

R

� �

Since the Von Mantel formula suggests a triangular
representation of volume by age, applying the for-
mula to an irregular, older, or younger forest age
class structure would not seem appropriate. The non-
linear relationship that generally describes the accu-
mulation of standing volume over the life of a stand
also suggests that the accuracy of this method could
be questionable when applied to a single stand. When
measuring volume with solid units (e.g., cubic
feet, cubic meters), the formula could overestimate
the harvest, due to the fact that volume growth is
nonlinear. When measuring volume, using merchant-
able units (e.g., board feet), the formula could under-
estimate the harvest. In the latter case, merchantable
volume does not begin to appear until after some
minimum stand age that effectively ignores the
nonmerchantable growing stock of younger trees.
In these cases, an adjustment (R�a) generally is
assumed to be of value, where a represents the first
year at which the merchantable volume is recognized.

Sustained annual yield ¼ 2 Ga

R� a

� �

One advantage of both the original and adjusted
Von Mantel formulas is that they are relatively simple
to employ, since all we need to understand is the total

current growing stock (standing volume) on a forest
or in a stand. As a rough first estimate of the appro-
priate level of harvest, the Von Mantel formula may
prove useful to some land managers. When applied
to a forest using merchantable volumes, it is consid-
ered a conservative approach to the estimate of
annual harvest volumes. However, other methods
are available that account for the fact that most forests
are not regulated.

Example

Assume you manage 1,000 acres of land that con-
tains a regulated forest of Douglas-fir (Pseudotsuga
menziesii) plantations. Assume that the maximum
rotation age for this landowner is 50 years. Therefore,
there are 20 acres in each one-year age class. Using
the data provided in Appendix A for an example
Douglas-fir stand, we can plot the total cubic foot
and board foot volume for the regulated forest
(Figure 11.2). The growing stock volume can be esti-
mated through linear interpolation of the per-acre
volumes for the five-year age classes provided in
Appendix A. In doing so, we might find that the for-
est contains 3,057,820 ft3 or 10,241 MBF (thousand
board feet). The sustained annual yield using the
uncorrected Von Mantel formula would be

Sustained annual yield ¼ 2ð3,057,820 ft3Þ
50 years

0
@

1
A

¼ 122, 312:8 ft3 per year

or

Sustained annual yield ¼ 2ð10,241 MBFÞ
50 years

0
@

1
A

¼ 409:6 MBF per year

These estimated harvest levels are below the volume
contained in the last age class, because the relation-
ships represented by real data in Figure 11.3 are
not perfectly triangular. For example, the 50-year
age class, prior to harvest would contain 188,940 ft3

(9,447 ft3 per acre � 20 acres) and 745.4 MBF (37.27
MBF per acre � 20 acres). The estimated sustained
harvest levels are 65 and 55 percent of the volume
contained in the 50-year age class, for the cubic foot
and board foot volumes, respectively. The differ-
ences are greater for the estimated merchantable
harvest volume because the merchantable volume
is not recognized until the stand is nearly 20 years
of age. Had we incorporated the adjustment factor
(a) of 20 years into the Von Mantel formula,
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Stand age class

FIGURE 11.1 Triangular relationship assumed by the Von
Mantel formula.
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we would find that the estimated harvest levels are
now

Sustained annual yield ¼ 2ð3,057,820 ft3Þ
50 years � 20 years

0
@

1
A

¼ 203,854:7 ft3 per year

or

Sustained annual yield ¼ 2ð10,241 MBFÞ
50 years � 20 years

0
@

1
A

¼ 682:7 MBF per year

With this adjustment, we now find that our estimated
cubic foot harvest volume is slightly higher (8%) than
the volume contained in the 50-year age class, and that

the estimated merchantable harvest volume is slightly
lower (92% of the volume contained in the 50-year-age
class). Although informative, Recknagel [1] suggested
that the use of the VonMantel formula is best restricted
to situations where there is a need to determine a provi-
sional sustained annual harvest while other information
about the forest is being collected.

C. The Austrian Formula for
Volume Control

The Austrian formula is a method for determining
the appropriate volume to harvest given the annual
growth of a forest, the growing stock volume that
a landowner wants to maintain over time from a
regulated forest, and the current growing stock
(standing volume) of the forest. The method was

FIGURE 11.3 Board foot volume per acre for a Douglas-fir stand.

FIGURE 11.2 Cubic foot volume per acre for a Douglas-fir stand.
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developed around 1788, as a result of a decree by the
Vienna Hofkammer (court chamber or official having
jurisdiction over revenue matters). The goal of regu-
lating the yield is to allow the forest to approach a
normal growing stock and normal increment [1]. An
adjustment period also is assumed to deal with the
difference in volumes between the desired and actual
growing stock volumes. The annual growth, or incre-
ment of a forest was defined earlier (I). To describe
the relationships in the Austrian formula, variables
representing the current growing stock volume (Ga),
the desired growing stock volume of a regulated for-
est (Gr), and the adjustment period (a) are hence
defined. As Recknagel [1] points out, technically
the Austrian formula should use the mean annual
increment of the forest to represent the increment
(I). However, the current annual increment has been
applied by others in lieu of the mean annual incre-
ment. In addition, the adjustment period technically
was meant to represent an entire forest rotation rather
than a period of time defined by the landowner. In
the latter case, Recknagel [1] called this Karl’s method,
which also employed the current annual increment
rather than the mean annual increment. Although
the Austrian formula can be applied to both even-
aged and uneven-aged stands, this approach of using
an adjustment period defined by the landowner or
forest manager is necessary for application of the
method to uneven-aged stands, where no rotation
length is assumed. In estimating the appropriate har-
vest volume levels, the Austrian formula utilizes the
difference between the current and desired growing
stock volume as an addition or subtraction from the
annual increment.

Sustained annual yield ¼ Ga� Gr

a

� �
þ I

Example

Assume that a forest you manage has an increment
of 139,000 ft3 per year. Assume also that the current
growing stock volume is 5,730,000 ft3, and that the
landowner wants a future growing stock volume of
6,323,000 ft3. This assumes that the forest needs to
accumulate growing stock volume 593,000 ft3 over
some period of time to arrive at the desired growing
stock volume. If the adjustment period to arrive at
the desired growing stock volume is 20 years, then
the sustainable harvest volume becomes

Sustained annual yield ¼
5, 730, 000 ft3�6, 323, 000 ft3

20 years

0
@

1
Aþ 139,000 ft3

Sustained annual yield ¼ � 29, 650 ft3 þ 139, 000 ft3

Sustained annual yield ¼ 109, 350 ft3

Had the adjustment period been five years or less, the
harvest level effectively would have been to harvest no
volume at all. Although the Austrian formula would
have indicated a negative sustainable harvest volume,
it simply implies that no harvest could have occurred
if the landowner wanted the growing stock to build up
to a desired level within the time frame that they indi-
cated. If the desired future growing stock volume of a
regulated forestwere equal to the current growing stock
volume, then the sustainable annual harvest volume
using the Austrian formula would simply become the
increment. This suggests a policy of harvest equaling
growth of the forest. If the current growing stock vol-
ume, say 10,000,000 ft3, were much greater than the
desired future growing stock volume, then the sustain-
able harvest level, in this case 322,850 ft3, would over-
shadow the current increment. This suggests that the
adjustment is to lower the current growing stock vol-
ume to the desired volume by spreading the surplus
harvest volume over the years in the adjustment period.

Caution must be taken when using these volume
estimation rules. Besides problems encountered in esti-
mating the increment, the growth rate of the mature
growing stock is not taken into account as the plan
develops. As a result Ga may be higher than expected
when the conversion period ends. Therefore, though
we may expect that the annual growth of the forest
should equal the scheduled harvest after the conver-
sion period, the current growing stock may be greater
than what was expected in a regulated forest.

Example

Assume again that you are working for a large land-
owner in north Florida, and your organization has
determined that the desired future rotation age of slash
pine plantations is 22 years. Assume that the mean
annual increment of the immature forests is 90,700 tons
per year. Given the age class structure of pine planta-
tions shown in Table 11.1, and the desire to use volume
control to schedule the harvests, what is the planned
volume to harvest using the Austrian formula?
Assume that the desired growing stock level is
600,000 tons and that the adjustment period is 20 years.

Here, we find that Ga ¼ 939,982 tons, Gr ¼ 600,000
tons, and a ¼ 20 years. Therefore,

Sustained annual yield ¼
939, 982 tons� 600, 000 tons

20 years

0
@

1
Aþ 90,700 tons
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Sustained annual yield ¼ 16, 999 tonsþ 90, 700 tons

Sustained annual yield ¼ 107, 699 tons

Example

Assume you manage a fairly large stand of
uneven-aged mixed conifers in eastern Washington,
where the average current growing stock volume is
9,500 board feet per acre, and the average growth rate
is 300 board feet per acre per year. If the landowner
wanted a reserve growing stock of 11,000 board feet
per acre, and was amenable to a 15-year adjustment
period, then what would be the average annual har-
vest using the Austrian formula?

Sustained annual yield ¼
9, 500 board feet� 11, 000 board feet

15 years

0
@

1
A

þ 300 board feet per acre

Sustained annual yield ¼ �1, 500 board feet

15 years

0
@

1
A

þ 300 board feet per acre

In light of the fact that the current average growing
stock is below the desired growing stock, the land-
owner could sustain an annual harvest of about 200
board feet per acre per year for the next 15 years
and still reach their goal of a reserve growing stock
of 11,000 board feet per acre.

Methods for regulating harvests based on volume
can be adapted to irregular or uneven-aged forests.
However, forest managers using the Austrian for-
mula, as well as other formulas that are based on
the increment and the current level of growing stock,
should be aware that the increment may change over
time, as may the current growing stock volume. As a
result, the desired harvest volume needs to be recal-
culated every five or 10 years to ensure that the
appropriate course of action is being taken.

D. The Hundeshagen Formula for
Volume Control

The Hundeshagen formula was developed in the
early 1800s as a method for estimating the sustained
annual harvest level, and is based on the relationship
between the current standing growing stock and the
desired future growing stock level. Once the growth
(increment) of a fully regulated forest has been esti-
mated, the ratio of the current and desired growing
stock levels is used to adjust upward (in the case of

current growing stock being greater than desired) or
downward (in the case of current growing stock
being less than desired) the suggested annual harvest
level. The Hundeshagen formula is:

Sustained annual yield ¼

Current growing stock volume

Desired future growing stock volume

0
@

1
A

� ðRegulated forest annual incrementÞ
If we assume the variable Ir to represent the annual

increment of a fully regulated forest, and we use the
terms we have defined earlier, then the equation
becomes

Sustained annual yield ¼ Ga

Gr

� �
ðIrÞ

Example

Assume that you manage a longleaf pine (Pinus
palustris) forest in south Alabama that consists of
1,500 acres of various age classes of stands. The cur-
rent growing stock volume of the forest is 4,687,000
ft3, or about 3,125 ft3 per acre. If the desired growing
stock level were 4,310,156 ft3, and the increment of a
normal forest of this size were 108,750 ft3 per year,
then what would become your estimate of the sus-
tained annual yield for this forest?

Sustained annual yield ¼ 4, 687, 000 ft3

4, 310, 000 ft3

0
@

1
Að108, 750 ft3Þ

¼ 118; 258 ft3 per year

The Hundeshagen formula is a straightforward
method for approximating the sustained annual yield
for a forest, and provides a mechanism for building
up or drawing down the current growing stock vol-
ume based on its relationship to the desired growing
stock volume. What length of time may be required to
arrive at the regulated forest is another question
entirely.

Example

Assume as in the case of using the Austrian for-
mula that you manage a fairly large stand of
uneven-aged mixed conifers in eastern Washington,
where the average current growing stock volume is
9,500 board feet per acre, and that the regulated forest
annual increment is 300 board feet per acre per year.
If the landowner wanted a reserve growing stock
of 11,000 board feet per acre, and was amenable to a
15-year adjustment period, then what would be
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the average annual harvest using the Hundeshagen
formula?

Sustained annual yield ¼ 9, 500 board feet per acre

11, 000 board feet per acre

0
@

1
A

� ð300 board feet per acre

per yearÞ

The sustained annual yield in this case is about 259
board feet per acre per year for the uneven-aged
mixed conifer stand.

It should seem obvious in these examples that as
the growing stock is being built up or drawn down,
the sustained annual harvest level should be reas-
sessed. One of the drawbacks of using the Hundesha-
gen formula, as in the case of other methods, is that it
does not take into account whether the growing stock
itself may be unacceptable and therefore in need of
adjustment [5]. Ultimately, the suggested sustained
harvest level will be nearly equal to the annual incre-
ment of a fully regulated forest. However, overma-
ture forest can require a lengthy period of time to be
adjusted to a regulated state, and immature forests
can provide little harvest if the growing stock levels
are deficient [1].

E. The Meyer Amortization Method
for Volume Control

In the mid-twentieth century vast areas of forest-
land in the United States were characterized by
immature, understocked forests as a result of the use
of silvicultural operations that tended to harvest only
the mature trees [6]. Today, many stands and forests
can be characterized in this manner as a result of a vari-
ety of socioeconomic factors. Forests such as these con-
tain regeneration of various sizes along with remnants
of older trees that were perhaps too small to remove
during previous harvest entries. To understand the sus-
tained annual harvest that can be provided from forests
characterized in this manner requires a dynamic assess-
ment since the growth rate and growing stock situation
could constantly change as a result of management
activities or natural disturbances. Under these condi-
tions, a reassessment of the harvest potential at various
time points would seem necessary. Here, the desired
rotation age and the annual sustained harvest levels
are not as important as the intermediate entry cycle
employed and the choice of silvicultural system neces-
sary to build up the growing stock to a desirable level.

Meyer [6] suggested an amortization schedule of
harvests for areas such as these, where the harvest
will be distributed equally over all the tree size

classes. Excluding the growth rate of ingrowth into
the forest, the method for determining the sustainable
harvest level over the near term is determined using
the following equation:

Annual harvest ¼
Growth rate

Gað1þGrowth rateÞn� Gr

ð1þGrowth rateÞn � 1

0
@

1
A

Example

Assume for a moment that the growth rate of a
large area of immature, understocked pine-hardwood
forest in Tennessee is 5.5 percent per year. If the cur-
rent standing growing stock is 3,500,000 ft3 and the
desired future growing stock volume at the end of a
10-year time horizon is 3,900,000 ft3, using this
method, then what would be your estimate of the
allowable annual harvest level?

Annual harvest ¼

0:055
3, 500, 000 ft3ð1:055Þ10�3, 900, 000 ft3

ð1:055Þ10 � 1

0
@

1
A

¼ 161, 432:9 ft3 per year

To prove that the method works, examine
Table 11.6. Here we assume that currently we have a
forest that contains 3,500,000 ft3 of immature, under-
stocked forests. Some patches of larger trees remain
from previous harvests to provide the growing
stock volume represented. At the end of year 1 we
show growth of the growing stock (3,500,000 � 1.055)
less the scheduled harvest, or

3, 500, 000 ft3ð1:055Þ � 161, 432:9 ft3 ¼ 3, 531, 067:1 ft3

TABLE 11.6 Growth and Annual Harvest of an Immature,
Understocked Forest in Tennessee

Time Harvest volume (Ft3) Growing stock (Ft3)

Now — 3,500,000.0

End of year 1 161,432.9 3,531,067.1

End of year 2 161,432.9 3,563,842.9

End of year 3 161,432.9 3,598,421.3

End of year 4 161,432.9 3,634,901.6

End of year 5 161,432.9 3,673,388.3

End of year 6 161,432.9 3,713,991.8

End of year 7 161,432.9 3,756,828.4

End of year 8 161,432.9 3,802,021.1

End of year 9 161,432.9 3,849,699.3

End of year 10 161,432.9 3,899,999.9
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At the end of year 2, we take the growing stock
available at the beginning of the year (same as the
growing stock available at the end of year 1), apply
the growth rate, and subtract the harvest. This con-
tinues for all 10 years, where we find at the end of
the tenth year a residual growing stock volume of
about 3,900,000 ft3. Hopefully, the harvests were
designed in such a way as to reduce the problem of
maintaining immature and understocked forests. It
should be obvious that in light of the harvests that
are scheduled, since the desired growing stock
increased, the average stocking level should have
increased. The sustained annual harvest therefore
should be recalculated every five or 10 years as
growth rates of the forest change.

Example

Assume as in previous cases that you manage a
fairly large stand of uneven-aged mixed conifers
in eastern Washington, where the average current
growing stock volume is 9,500 board feet per acre,
and that the regulated forest annual increment is
300 board feet per acre per year. Assume also the
growth rate is about 3.2 percent. If the landowner
wanted a reserve growing stock of 11,000 board feet
per acre, then what would be the average annual
harvest using the Meyer formula over a 15-year time
horizon?

Annual harvest ¼

0:032
9, 500 board feet ð1:032Þ15 � 11, 000 board feet

ð1:032Þ15 � 1

0
@

1
A

In this case, the sustained annual harvest is esti-
mated to be about 225 board feet per acre per year,
which represents a level of harvest between what
was estimated with the Austrian and Hundeshagen
formulas in this same problem.

F. The Heyer Method for Volume Control

The Heyer method, as with the previous methods,
is based on the assumption that the landowner
wants to move an irregular forest toward a normal
forest state. The Heyer method assumes that the
level of sustained harvest is equal to the increment
as long as a normal growing stock is maintained,
a normal increment is realized, and the age classes
are all distributed in a normal fashion [1]. Should
the actual increment (growth rate) fall below the
normal increment, the harvest levels are assumed
to be represented by the actual increment, and
if the actual growing stock is not equal to the normal
growing stock, then it can be brought to normality

through adjustments in the harvest levels. As
with the Austrian formula, a period of adjustment
(a) is needed to spread out over time the excess
harvest (in the case of actual growing stock being
greater than the normal growing stock), or spread
out over time the reduction in harvest that is neces-
sary (in the case of actual growing stock being
less than normal). The formula developed by
Heyer is:

Sustained harvest level ¼ Ga þ ðIÞðaÞ � Gr

a

� �

Example

Assume that you manage a longleaf pine forest in
south Alabama that consists of 1,500 acres of various
age classes of stands. The current growing stock vol-
ume of the forest is 4,687,000 ft3. The desired growing
stock level is 4,310,156 ft3, and the increment of a nor-
mal stand is assumed to be 108,750 ft3 per year. If the
adjustment period were 20 years, then what would be
your estimate of the sustained annual yield for this
forest?

Sustained harvest level ¼
4, 687, 000 ft3 þ ð108, 750 ft3Þð20 yearsÞ � 4, 310, 156 ft3

20 years

0
@

1
A

¼ 127, 592:2 ft3

The Heyer formula is effective for both even-aged
and uneven-aged forests. As with other volume
control methods, the central goal is to move a forest
toward a regulated state by increasing or decreas-
ing the allowable harvest given the state of the
system (growth rate and current growing stock
volume). Recknagel [1] suggests that it is one of
the better volume control methods in situations
where the current growing stock levels are greater
than the desired future growing stock. However,
when rearranged, the Heyer formula becomes the
Austrian formula:

Sustained harvest level ¼
4, 687, 000 ft3 � 4, 310, 156 ft3

20 years

0
@

1
A

þ 108, 750 ft3 ¼ 127, 592:2 ft3

The difference between the two is that the Austrian
formula technically should use the mean annual
increment of a fully regulated forest to represent the
increment (I), whereas the Heyer formula could use
any expression of increment over the adjustment
period.
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G. Structural Methods for Volume Control

When using volume control methods for uneven-
aged stands, an allowable cut is determined using
the periodic increment of the stand, and a guiding
diameter limit generally is used as the basis from
which the allowable cut will be obtained [7]. What
this suggests is that any tree over the minimum diam-
eter assumed can contribute to the allowable cut. This
also suggests two limitations about this type of man-
agement approach, that the trees in smaller diameter
classes are not necessarily managed, and that little
guidance is provided for addressing regeneration,
other than to suggest that larger gaps created through
group selection patches may favor the shade intolerant
tree species.

The structural regulation of uneven-aged stands
involves the negative exponential distribution we
described in Chapter 4. Leak [8] suggested using the
BDq method for stand-level regulation to determine
the desired after-harvest diameter distribution of an
uneven-aged stand. The BDq method depends on
three factors: the desired residual, after-harvest basal
area of the stand (B), the maximum diameter in which
trees will be retained (D), and the slope of the reverse
J-shaped diameter distribution (q). The residual basal
area can be selected by drawing values from commer-
cial thinning operations that are structurally similar to
those the landowner wants, or by selecting a value that
represents a conservative harvest given the initial
stand conditions. Determining the maximum diame-
ter and the q factor may require some thought. For
example, setting the maximum diameter to a low
DBH value suggests that a high level of volume may
be produced, which may lead to considerable resid-
ual stand damage. A high q factor suggests that resid-
ual stands will contain a large amount of smaller trees
relative to the larger trees in the diameter distribu-
tion. A smaller q factor (around 1.1) suggests that
residual stands will contain a lower amount of smal-
ler trees relative to the larger trees in the diameter
distribution, thus may favor the production of saw-
timber products. The allowable cut for uneven-aged
stands is then determined by comparing the diameter
distributions of the before-harvest stand and the pro-
jected after-harvest stand. The volume associated
with the removal of trees in each diameter class is
accumulated to arrive at a per-acre harvest target.
As Guldin [7] suggests, adjustments to the schedule
of harvests are more than likely necessary given the
damage likely to the smaller trees as larger trees are
felled and processed.

III. APPLICATION OF AREA AND
VOLUME CONTROL TO THE

PUTNAM TRACT

The Putnam Tract is composed of hardwood, pine
(planted and natural regeneration), and mixed pine-
hardwood stands. If we simply consider the pine
stands (planted and natural regeneration), then there
are 2,107 acres of land that comprise an irregular
age class distribution. Here we will assume that the
landowner is interested in regulating the forest, and
is curious about the various area control and volume
control options for regulating a forest. A few assump-
tions are necessary prior to beginning the analysis.

1. The desired future rotation age is 30 years.
2. The growth rate of the normal forest is 4.5%

per year.
3. The mean annual increment of the stands less

than 30 years of age results in a forest increment
of 1,300 cords per year.

4. The mean annual increment of the future
regulated forest is 1,467 cords per year.

5. The volume of mature timber 30 years and older
is 16,720 cords.

6. The current growing stock (standing volume) is
31,573 cords.

7. The desired future growing stock is 18,870 cords.
8. The adjustment period, where necessary, is

15 years.

A. Area Control

The amount of land that should be scheduled for
final harvest on the Putnam Tract in each year of a
forest plan that seeks to move the forest toward a
regulated state should be

Area to harvest ¼ 2, 107 acres

30 years

� �
¼ 70:2 acres per year

If an oldest stand first harvesting rule were
employed, then this would entail scheduling stand
12 for harvest in the first year, removing about 1,947
cords (62.2 acres � 31.3 cords per acre). Eight acres
from stand 2 then are scheduled, resulting in a har-
vest of 234 cords. Therefore the total harvest during
the first year of the plan is 2,181 cords.

B. Volume Control—Hanzlik Formula

When using the Hanzlik formula for volume con-
trol, we find that the annual yield should be about

226 11. CONTROL TECHNIQUES FOR COMMODITY PRODUCTION AND WILDLIFE OBJECTIVES



1,857 cords per year given the growth rate of the
immature timber and the amount of volume in stands
considered overmature.

Sustained annual yield ¼
16, 720 cords

30 years

0
@

1
Aþ 1, 300 cords per year

¼ 1, 857 cords per year

Using an oldest-stand-first harvesting rule, this
would require the harvest of most (95%) of stand 12
(a little over 59 acres). No other stands would need
to be scheduled for harvest during the first year to
reach the volume target.

C. Volume Control—Von Mantel Formula

The Von Mantel formula requires the use of the
current growing stock volume. Here we find that
the sustained annual yield is 2,105 cords per year.

Sustained annual yield ¼ 2ð31, 573 cordsÞ
30 years

0
@

1
A

¼ 2, 105 cords per year

This plan would require harvesting all of stand 12,
and 6.4% of stand 2, or 5.4 acres (resulting in a har-
vest of 158 cords from stand 2).

D. Volume Control—Austrian Formula

With the Austrian formula, we take the difference
between the current growing stock volume and the
desired future growing stock volume, and spread this
out over the adjustment period. The mean annual
increment of the future regulated forest is then added
to this surplus to determine the annual harvest level
over the near term.

Sustained annual yield ¼
31, 573 cords� 18, 870 cords

15 years

0
@

1
A

þ 1, 467 cords per year

¼ 2, 314 cords per year

This plan involves harvesting all of stand 12 in the
first year, along with 14.8 percent (12.5 acres) of
stand 2. Since the adjustment period is rather long,
and since the growth of the stands over the desired
future rotation age is not factored into the current

growing stock volume, this estimate of the annual
harvest volume should be revisited periodically.

E. Volume Control—Hundeshagen Formula

Using the Hudeshagen formula, where the rela-
tionship between the current and desired future
growing stock volumes is used, we find that the esti-
mate of the sustained annual harvest is higher than
the other estimates thus far.

Sustained annual yield ¼
31, 573 cords

18, 870 cords

0
@

1
Að1, 467 cords per yearÞ

¼ 2; 455 cords per year

Here, all of stand 12 would be scheduled for har-
vest during the first year, as well as 20.5 percent
(17.3 acres) of stand 2.

F. Volume Control—Meyer Formula

The Meyer formula for volume control takes into
account the growth rate of the forest along with the
current and desired future growing stock levels.

Annual harvest ¼

0:045
31, 573 cords ð1:045Þ15 � 18, 870 cords

ð1:045Þ15 � 1

0
@

1
A

¼ 2, 032 cords per year

We find when using this approach that the volume
suggested to be scheduled for harvest is closer to the
Von Mantel or area control approaches. Under this
plan, all of stand 12 would be harvested in the first
year, along with a minor portion (3.4%) of stand 2.

IV. AREA–VOLUME CHECK

When developing a regulated forest, area control
does not ensure an even harvest over time, and
volume control methods do not ensure an even
amount of land is treated over time. Thus the goal
of the area-volume check method is to adjust the
plan being developed to provide an even area trea-
ted and an even volume harvested. Chappelle [9]
described area-volume check as a process containing
six steps:
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1. Derive a first approximation of the sustainable
harvest, and consider it a trial scheduled
harvest.

2. Develop a list of areas that can be harvested,
and sort them by order of harvesting priority.

3. Determine the time required to harvest each
stand or age class, using the first approximation
of the sustainable harvest level. Calculate the
average age of the stands when they are
harvested.

4. Determine the per unit area yield of the stands
when they are harvested.

5. Check to see whether the number of years
needed to harvest all the areas that can be
harvested is equal to the desired future rotation
age or the desired conversion period.

6. If the criteria for area and volume harvested are
not met, then change the approximated harvest
level and work through the process again until
the results are acceptable.

This area-volume check is necessary since some of
the assumptions behind the use of volume control
methods are not necessarily valid the further we move
out into the time horizon of the plan. Incorporating the
additional increment associated with commercial thin-
nings, salvage operations, and the growth of regener-
ated stands, then subsequently smoothing the more
correct increment over time is the central theme of
area-volume check. The area-volume check process is
applicable in both even-aged and uneven-aged stands.
In even-aged stands it is meant to provide regularity in
management by means of maintenance of age classes.
In uneven-aged stands, it is meant to provide regular-
ity of management by controlling the cycle of harvest
entries and by maintaining the optimum reserve
growing stock level [5]. With this method, a land man-
ager would develop a schedule of activities using both
area control and volume control, then other issues
(silvicultural, organizational) are considered, and after
adjusting the schedule, a decision is made. This pro-
cess is repeated at the beginning of each planning
period, and thus it represents somewhat of a rational
approach, since more information affects the manage-
ment decision than when simply using area or volume
control methods in isolation. It may seem obvious to
many that the area-volume check is very similar to
the binary search technique for forest planning, which
we discussed in Chapter 10. However, binary search
focuses on the volume scheduled for harvest, whereas
area-volume check also would consider the area
treated. Although more complicated to use than area
control and volume control methods, the area-volume

check has been used extensively in practice, and con-
tinues to be used today to assess timber supply issues
(e.g., Silvacom Ltd. [10]).

V. WILDLIFE HABITAT CONTROL

The traditional control techniques described in this
chapter have focused on commodity production goals;
however, the use of controls on wildlife habitat and
other noncommodity resources frequently have been
incorporated into forest plans. For example, minimum
desired habitat levels, either described as a weighted
index for a management area, or as a total number of
“suitable” habitat land areas have been used in many
U.S. National Forest plans. In many cases, however, a
minimum desired habitat level may not be achievable
for some time. Therefore, there is a need to reasonably
establish the level of habitat production over time.
This estimate can then be used as a control in forest
planning exercises. Of the approaches we described
earlier, area control has the most direct association
with the desire to maintain habitat at some predefined
level. However, we are still left to wonder how much
area should be controlled.

Application of the relationships represented in the
volume control formulas to the desire to manage hab-
itat is more problematic. Some volume control formu-
las require a growth rate (increment) of habitat, which
could be difficult to determine, since a stand or forest
either is or is not suitable habitat depending on the
underlying structural conditions (see Chapter 4 for a
discussion of this issue). However, if an average
amount of growth (increment) of land into suitable
habitat conditions can be estimated, and if a land-
owner or land manager can estimate the current and
desired future level of suitable habitat, then modified
versions of the Austrian or Heyer formulas can be
used as a guide for determining how much habitat
we would need to create and reasonably expect it to
build to a desired level over an adjustment period.
First, assume that Gr represents the desired habitat
level, and Ga represents the current habitat level.
Rather than subtract the surplus (or deficit) from the
actual (since we are not harvesting products) we
would need to subtract the actual from the desired.
And since the increment (I) will occur naturally, this
too would be subtracted from the computation, and
the resulting equation would become:

Annual build-up of habitat ¼ Gr�Ga

a

� �
� I
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Example

Assume for a medium-sized forest the suitable
habitat for pileated woodpeckers (Dryocopus pileatus)
is building at a rate of 10 acres per year, given the
structural growth of the stands within the forest.
Assume also that currently there are 1,000 acres of
suitable habitat, but 1,500 acres are desired at the
end of the decade. Using the previous modified equa-
tion, we would find that we need to create 40 acres
per year through active management and silvicultural
methods to enable us to reach our goal of having
1,500 acres of suitable woodpecker habitat at the end
of the decade.

Annual build-up of habitat ¼
1, 500 acres� 1, 000 acres

10 years

0
@

1
A� 10 acres per year

¼ 40 acres per year

Extensions of these methods can also be made to
the development of carbon stocks, continuous crown
cover, and other aspects of forests that are meaning-
fully related to the vast social, environmental, or
economic objectives of the landowner.

VI. THE ALLOWABLE CUT EFFECT

In the early 1970s, a concept was proposed that
seemed to enhance the attractiveness of investments
in intensive silviculture. The concept became known
as the allowable cut effect, because it suggested that
an investment in a young stand today could result
in increased harvests of older stands today. The
allowable cut effect was first proposed as a way to
justify increased harvests on U.S. National Forest
lands. Soon afterward, the concept became an issue
on all types of land ownerships where management
activities were being considered that would increase
growth rates of young stands. Lundgren [11] argued
that if we were to assess the value of an investment
in a forest, rather than the value of an investment in
each individual stand, then we would need to place
the stand-level investment into context with the
impacts on broader forestwide goals. Specifically, if
an additional management action in one area increased
the potential harvest sometime out in the future
(through increased growth rates), then land managers
could reap some of that benefit in the near-term
in another area today through an increase in sus-
tained yields. In addition, it has been argued that

the additional, near-term income that would result
from the higher harvest levels should be included in
the economic analysis of the additional stand-level
management activity.

In a standard stand-level analysis, we would
determine the value of an additional management
activity applied to a stand by assessing the costs
and revenues associated with the activity. It is not
unreasonable to assume that intensive management
activities applied to young stands in the near-term
may result in increased stand-level harvests in the
future. These activities may include herbaceous weed
control, release treatments, fertilization treatments,
and others.

Example

Assume, using a standard stand-level analysis,
that within a recent clearcut in Georgia, we can plant
standard nursery-grown seedlings or genetically
improved seedlings. The additional cost incurred for
the genetically improved seedlings is $25 per acre. If
we planted the genetically improved seedlings,
and we planned to clearcut the stand in 25 years,
the added revenue is expected to be $200 per acre.
The rate of return on this investment would be about
8.7% (invest $25 today at an 8.7% interest rate, and in
25 years, we should have a little over $200).

This stand-level decision ignores the opportunities
associated with the broader forest. The main stand-
level question is, given an 8.7 percent return on the
investment, would the management organization
pursue it? In other words, we would need to rank
the investment relative to the other potential invest-
ments that an organization could pursue, assuming
they had the funds today to invest in genetically
improved seedlings at a rate of $25 extra per acre in
planting costs.

The allowable cut effect acts to transfer the
anticipated increases in stand-level timber yields to
decisions about forest-level scheduled harvests in
the near-term. In one way, it allows a land manager
to argue for an increase near-term harvest levels
in anticipation of higher future yields. In another,
it allows a land manager to justify, on economic
grounds, investments in long-term timber production.

Example

Building on the previous example, assume that in a
recent clearcut in Georgia we can plant genetically
improved seedlings at an additional cost of $25 per
acre, and in 25 years the additional revenue will be
$200. Given the additional volume available in the
future, we also assume that we can harvest slightly
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more volume today (and every year for the next 25
years) from older stands, resulting in $12 per acre
additional net revenue. This, of course, would occur
in other stands; however, we could argue that the
actual cost of the genetically improved seedlings is
really $13 per acre ($25 actual cost per acre—$12
additional net revenue from other harvests). The rate
of return on this investment might arguably now be
about 11.5 percent, making it more attractive in the
eyes of the decision-makers.

In sum, the allowable cut is the amount of wood
that may be harvested over a period of time to main-
tain sustained production. The allowable cut effect
involves the allocation of anticipated future timber
yields to the near-term, and the projected increase
in future inventories due to changes in management
practices, which will be harvested in equal amounts
beginning in the near-term, and extending over a
period equal to one rotation [12]. It is used mainly
to argue for increased current harvest levels, espe-
cially when harvest levels are limited by even-flow
or sustained yield constraints. In other words, the
effect of the analysis is that an organization can argue
for an immediate increase in scheduled harvests
based on the amount of wood that they hope will
be made available some time in the future. The allow-
able cut effect can also be thought of as an increase
in near-term harvests from a forest as a result of
changes in assumptions about the productivity of
future forests.

Example

Assume in a forest in Louisiana, we will clearcut
100 acres this year, then plant genetically improved
loblolly pine seedlings. We hope to harvest this
stand once again in 25 years, resulting in a gain of
25 tons per acre over stands that were planted using
standard nursery-grown seedlings. The total gain in
wood volume from this investment in genetically
improved seedlings is 2,500 tons (100 acres � 25 tons
per acre). If this expected gain in wood volume were
spread over 25 years (from today until the wood
volume gain actually is realized), the allowable cut
effect suggests that the annual scheduled harvests
could be increased by 100 tons per year (2,500 ton
gain/25 years).

This example represented a relatively straightfor-
ward analysis of the allowable cut effect. However,
a number of factors can influence the allowable
cut effect, including the desired rotation age, the
current and desired forest structure (age class dis-
tribution), and organizational wood flow policies.
The allowable cut effect will be greater for forests

containing a regulated age class distribution than
for forests containing a larger amount of older forest
structure, because in the former case more acres are
needed to meet the volume requirements of the
regulated forest, whereas in the latter case fewer
acres of older forest are needed to meet the same
volume requirement. Thus more acres are placed in
the alternative management treatments sooner,
allowing a landowner to realize the productivity
gains sooner. In the case of younger forests, increas-
ing the annual harvest levels requires harvesting
more acres of younger forests sooner, which could
require shortening the minimum harvest age, if this
is possible [13].

Two main assumptions support the assessment of
the allowable cut effect: (1) a reserve of mature timber
stands must be available for harvest, and (2) there
must be a policy constraint in the forest plan that con-
trols the rate of harvest [12]. Others, however, have
suggested that a wood flow policy constraint is not
necessary [13], yet the allowable cut must be based
on some form of volume regulation.

A number of criticisms have been lodged against
the use of the allowable cut effect in economic anal-
yses. These include the following:

• The allowable cut effect is based on current
and future scheduled timber volume, not
necessarily on increases of value, although the
increase in wood volume can suggest higher
rates of return in the investments in young
stands.

• It is the future forest inventory, rather than
the near-term annual scheduled harvest that
is influenced by alternative management
practices [12].

• The rate of return on the investment in the
young stand is influenced by both the
productivity gains of the alternative
management practices, as well as organi-
zational wood flow policies [12].

• Incorrect management decisions may occur
simply because the analysis suggests that the
opportunity exists to harvest more timber in
the near term [12]. Since we are planning
several decades into the future, we can argue
that a continued program of intensive
silvicultural activities may not materialize due
to changes in budgets, markets, and other
factors. In addition, an intensive silvicultural
program may not be implemented at the scale
it was assumed in some forest planning
analyses.
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• An overestimation of the rate of return on
investments may occur due to the joint product
of investments in alternative practices and the
ability to harvest sooner some surplus wood
volume contained in older stands.

• The allowable cut effect is not applicable to
alternative management practices that increase
the quality of wood (such as pruning), rather
than the quantity of wood [12].

VII. SUMMARY

The control techniques we described in this chapter
are not universally applicable to all types of forest
conditions, and therefore must be used with care.
One of the challenges, for example, facing the man-
agement of uneven-aged forests may be the poor dis-
tribution of diameter size classes within stands.
Developing a plan that reduces the harvest, effec-
tively lengthening the entry cycle for harvesting,
could allow a satisfactory diameter distribution to be
created, yet may create an economic strain on the
landowner [14]. If within a broader forest ownership
some land can be acquired to fill in the gaps in diam-
eter distribution, then it may provide more flexibility
in meeting the sustained annual harvest desired by
some landowners. Some stands may be in such poor
shape, however, that the initial entry may be used to
remove the cull and deformed trees. Subsequent
entries may be conducted in short time intervals to
remove commercially desirable trees, but the initial
entry might need to be devoted to removing those
trees that would likely be lost in the short-term, or
that are using resources that may be better suited
for other more desirable trees.

These broader considerations are accentuated by
the fact that an insufficient amount of land contain-
ing the tree species and sizes desired by local
manufacturing facilities could present a problem
for the sustained yield management of both even-
and uneven-aged forests. Landowners are generally
aware of the risks associated with committing funds
to forest management. Given the uncertainty of
some markets, one challenge for natural resource
managers will be, as Zillgitt [14] described over 50
years ago, to convince landowners that sustained
yield management is an investment worth consider-
ing. In uneven-aged stands, where the reserve grow-
ing stock is at a level acceptable to the landowner,
and where the distribution of species and diameter
classes suggest that regulation may have been

obtained, all that is needed to determine the annual
harvest under a harvest-equals-growth scenario is to
estimate the annual increment. However, broader
concerns, such as transportation system limitations,
business-related costs and issues, forest health con-
cerns, wildlife habitat needs, and perhaps the need
to manage for sustainable ecosystems, can affect the
harvest levels estimated with each of the techniques
presented in this chapter. Carter [15] noted some of
these issues as a comment on the introduction of
Hanzlik’s method.

Requiring a harvest level that equals the level of
growth is a characteristic of a regulated forest, and
a desire of many landowners throughout North
America. When using volume control methods, the
estimate of volume to harvest each year is a function
of either the standing volume of growing stock alone,
or the standing volume of growing stock and the rate
of growth of the forest (the annual or periodic incre-
ment). If used long enough, then management by
controlling harvest levels will transition to manage-
ment by controlling area treated. Unfortunately,
most forests currently are not regulated, nor will
they ever become regulated. Other physical issues
brought about because of irregular age class distribu-
tions, organizational concerns (budgetary and time
constraints), or outside factors (changing markets,
natural disturbances) suggest that a regulated forest
policy may not be feasible in practice. In irregular
or uneven-aged forests, for example, the increment
may not be representative of the growth rate of the
ideal forest. In addition, when a desired future grow-
ing stock level is suggested for an uneven-aged for-
est, the level chosen is difficult to justify, unless
some form of stand-level optimization also was per-
formed to provide evidence of its appropriateness.
However, the current increment may be of limited
usefulness in determining the annual harvest level,
since other management issues may be more impor-
tant, such as the need to adjust irregular age-class
distributions. In addition, growth conditions change
periodically, and growth rates may decrease due to
insect or disease problems.

The Swiss needle cast issue in coastal Douglas-
fir forests is a good example of how the growth
rate of seemingly healthy stands may change within
a few years. Additional management actions, such
as fertilization practices, may increase the rate of
growth of tree stands as well. In summary, although
controlling forest plans through area treated or
volume scheduled may be a desire of a landowner,
factors associated with the entire management
situation may preclude reaching a regulated state.
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QUESTIONS

1. Area Control. Assume that the owners of the Lin-
coln Tract are interested in area control and the
possible plan that might be developed using
the area control method for regulating a forest.
Assuming no intermediate treatments that
would produce harvest volumes, and given the
size of the forest (4,550.3 acres) and a desired
future rotation age of 45 years:

(a) How much land area would be scheduled
for final harvest in each year?

(b) Which stands would be harvested during the
first year of the plan?

(c) Howmuchharvestvolumewouldbeproduced?

2. Area control. Develop a memorandum addressed
to the owners of the Lincoln Tract that discusses
the advantages and limitations of using area con-
trol as a guide for developing a forest plan.

3. Volume control. Assume the following about the
Lincoln Tract:

• The desired future rotation age is 45 years.
• The growth rate of the current forest is about

5% per year.
• The mean annual increment of the stands

less than 45 years of age results in a forest
increment of 1,703 MBF per year.

• The mean annual increment of the future
regulated forest is 2,953 MBF per year.

• The volume of mature timber over 45 years
of age is 83,065 MBF.

• The current growing stock (standing vol-
ume) is 96,972 MBF.

• The desired future growing stock volume is
34,082 MBF.

• The adjustment period is 20 years.
• The harvesting rule is oldest stand first.

(a) Using the Hanzlik formula, what is the esti-
mate of the sustained annual yield?Howmuch
land would be required to meet this harvest
target during the first year of the plan?

(b) Using theVonMantel formula,what is the esti-
mate of the sustained annual yield?Howmuch
landwould be required tomeet this harvest tar-
get during the first year of the plan?

(c) Using the Austrian formula, what is the esti-
mate of the sustained annual yield? How
much land would be required to meet this
harvest target during the first year of the
plan?

(d) Using the Hundeshagen formula, what is the
estimate of the sustained annual yield? How
much land would be required to meet this
harvest target during the first year of the
plan?

(e) Using the Meyer formula, what is the esti-
mate of the sustained annual yield? How
much land would be required to meet this
harvest target during the first year of the
plan?

4. Volume Control. In a memorandum addressed to
the landowners of the Lincoln Tract, compare
and contrast the various volume control options
for the owners.

5. Volume Control. Discuss for the owners of the
Lincoln Tract the advantages and limitations of
using volume control as a guide for developing
a forest plan.

6. Habitat control. Assume that currently there are
1,071 acres of high quality pileated woodpecker
habitat on the Lincoln Tract. The owners of the
Lincoln Tract are interested in increasing the
high quality habitat to around half the area of
the Tract within the next 20 years. If the natural
growth rate (increment) of high quality habitat
is around 20 acres per year, on how many other
acres would management actions be needed to
improve the habitat quality forested stands in
order to meet their objective? What relation
would this objective have to the desire also to
generate harvest revenue from the Tract?

7. Allowable cut effect. Within a southernUnited States
forest where the minimum harvest age is 23 years,
we can implement intensive management activ-
ities today that effectively increase the site index
(base age 25) from 65 to 75. Assume that the
increase in volume at age 23 is 39.7 tons per acre,
and the stumpage price assumed is $25 per ton.
The additional regeneration cost that would be
required to change the site index is $50 per acre.
What is the rate of return on this investment?

Assume further than the increase in timber
volume that can be realized this year, after devel-
oping a forest plan that maximized the even-flow
harvest volume when assuming the increased
future yields, was 681 tons. This additional reve-
nue ($17,025) was obtained from 869.46 acres,
resulting an average increased revenue per acre
of $19.58. Given this allowable cut effect on
the annual harvest volume, what would be your
rate of return on the intensive site preparation
investment?
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C H A P T E R

12

Spatial Restrictions and Considerations
in Forest Planning

Previous chapters have addressed classical issues in forest management planning that demonstrated the uses of formulae methods and lin-

ear programming to determine harvest levels. This chapter introduces several contemporary planning concerns that involve the spatial rela-

tionship between forest management activities and resource-related goals. Controlling the timing, extent, and location of forest management
activities can require positional information describing the landscape features being managed; information perhaps best derived from geo-

graphic information systems. Spatial considerations in forest plans can include constraints related to the adjacency, connectivity, and prox-

imity of management activities, or can include objectives that either maximize or minimize some spatial aspect of a plan. In the former case,

adjacency and green-up rules are common examples of spatial constraints that have been examined in North America, Australia, and Europe.
In the latter case, you may want to develop a plan that maximizes the habitat quality for a species of wildlife, using a set of rules that include

quantifying the spatial relationship between foraging and nesting areas (for example). In the case of habitat quality, the functional relation-

ships either could be included in the objective function, resulting in perhaps a multiobjective problem, or they could stand alone, leaving eco-

logical and commodity production goals to be represented by constraints (minimum or maximum levels of achievement). The application of
these types of restrictions in forest planning are discussed in this chapter, and although a number of mathematical processes have been devel-

oped over the last 20 years to address these restrictions, the focus is on the spatial relationships themselves, and how we might incorporate

them into a forest planning process.

OBJECTIVES

Commodity production continues to be the
emphasis of forest management activities of many
landowners across North America. However, the
sustainable management and planning of natural
resources for many land areas uses approaches that
increasingly accommodate broader economic, ecolog-
ical, and social goals. As a result, many landowners
and land managers are becoming increasingly inter-
ested in forest plans that acknowledge a wider set of
complex functional relationships between the growth
and harvest of trees and other natural resource values,
a number of which are considered nonlinear or con-
tain conditional relationships that seem convoluted
on first inspection. As a result, many practical man-
agement problems are becoming too complex to be
addressed with classical optimization techniques,
such as linear programming, that use single objective
functions with continuous variables. As the forest
management planning environment continues to

evolve in an increasingly complex regulatory and
social context, we will likely see more use of spatial
restrictions and nonlinear goals in forestmanagement
plans.

Spatial information can be used to facilitate the
development of a management plan that helps
landowners achieve goals that otherwise would
need to be addressed in an ad-hoc manner at the
time of implementation. Spatial relationships that
involve forest structure can range from maintaining
minimum stand sizes, to preventing harvests larger
than a certain size, and to ensuring that adjacent
stands with a certain type of forest structure that
are larger than a certain minimum size are next to
stands of another type of forest structure that are
also larger than a certain minimum size. Further,
road and trail management issues relate to the con-
struction, access, connectivity, and removal of
routes of access. In this chapter, we describe a num-
ber of these types of spatial restrictions and rela-
tionships that will allow students to become aware
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of contemporary natural resource management
planning issues. Upon completing this chapter,
you should be able to:

1. Understand how adjacency and green-up restric-
tions for clearcut harvests can be incorporated
into natural resource management plans.

2. Understand how complex, nonlinear wildlife-
habitat relationships can be incorporated into
natural resource management plans.

3. Conceptualize and solve road and trail develop-
ment plans.

I. ADJACENCY AND GREEN-UP RULES
AS THEY RELATE TO CLEARCUT

HARVESTING

Rules that pertain to the adjacency of harvests and
subsequent green-up of regenerated stands relate
directly to the spatial and temporal juxtaposition of
harvests, and are perhaps the most widely used spatial
constraints in forest planning today [1]. Controlling
the size of harvests has been viewed as a way to
benefit wildlife, diversity, and aesthetics. However,
there are unintended consequences of spreading out
harvests over space and time, such as the associated
increase in forest edge [2]. Adjacency and green-up
rules arise from laws, regulations, voluntary certifica-
tion programs, and organizational policies [3]. For
example, in Sweden the maximum clearcut harvest
area is 20 ha [4]. In the United States, some states
(e.g., Oregon, California, and Washington) have
laws indicating the maximum clearcut size allowed.
In addition, some U.S. National Forests have placed
a limit on the maximum size of clearcuts, such as the
16 ha limit for the Chattahoochee-Oconee National
Forest [5].

Two common misconceptions forest managers
have concerning adjacency and green-up constraints
is that their implementation in a planning effort is rel-
atively straightforward, and that the effects (economic
and otherwise) of recognizing these constraints are
clear. In fact, controlling the timing and placement
of harvests in a forest plan may require an extensive
set of adjacency and green-up constraints. Two con-
ceptual models of adjacency and green-up commonly
are used in forest planning: the unit restriction model
(URM) and the area restriction model (ARM). Both of
these models are described in detail by Murray [6].
The URM is used to control the placement of har-
vest activities by disallowing the scheduling of a
harvest that might physically touch (or be in proxim-
ity of) another harvest that previously has been
scheduled or implemented, no matter how large or
small each of the two stands are, and no matter how
large or small the combined cleared area might

become. The ARM controls the size of harvests,
and allows adjacent harvests to be scheduled con-
currently as long as the total size of the aggregate
harvest area does not exceed some predefined limit.
If forest stands (management units) are small rela-
tive to the maximum harvest area allowed, then
using the URM constraints may significantly mis-
represent the problem [7]. In contrast, if forest
stands are about the same size as the maximum har-
vest area allowed, using the URM constraints may
be appropriate. This may be important when
attempting to analyze the economic impact of differ-
ent maximum clearcut sizes, since changing the
average size of stands of trees maintained in a geo-
graphic information system is relatively difficult.
The ARM is not constrained in this regard, and
planners and managers can utilize the most disag-
gregate geographic data available [8].

One assumption that needs to be made in a forest
planning problem that includes these types of rela-
tionships is the adjacency model that is recognized.
The three general models of adjacency include:
(1) stands that share an edge, (2) stands that share
an edge or simply a corner, and (3) stands that
are within some distance of each other (Figure 12.1).
The first two of these can rather easily be ascertained
within a geographic information system by under-
standing which polygons share a common line (edge)
or point. The latter is more computationally difficult
since a proximity or buffering analysis must be per-
formed to determine the set of polygons that are
within a certain distance of each other. Each of these
three cases has been used in practice.

Also inherent in the use of the URM and ARM
constraint models is the green-up period, or exclu-
sion period. This is the length of time, usually
expressed in years, that must pass before harvesting
activities are allowed in adjacent areas. Concep-
tually, the green-up period represents the amount
of time a regenerated area needs to “green-up,” or
grow to a certain height, before an adjacent harvest
can be scheduled. Typical green-up periods are two
to three years in the southern United States, and five
to 10 years in the western United States and Canada.
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Longer green-up periods have been proposed for
U.S. National Forests.

A number of methods have been assessed for
developing constraints that will recognize and
allow the control of adjacent harvest areas. Jones
et al. [9], Yoshimoto and Brodie [10], Murray and
Church [11], McDill et al. [12], and Goycoolea et al.
[13] all describe several constraint formulations
for representing adjacency relationships in forest
planning problems. The goal of these efforts has
been to increase the efficiency of integer program-
ming problem-solving methods, since in general,
reducing the number of constraints in a problem
formulation also reduces the time required to solve
the problem. Pair-wise adjacency constraints are
the most simplistic, although perhaps not the most
computationally efficient, formulations of adjacency
constraints. Pair-wise adjacency constraints typically
take the following form:

S1Y1þ S2Y1 � 1

Here, S1Y1 represents a binary integer decision
variable that describes the potential harvest of stand 1

during year 1. S2Y1 represents a similar binary inte-
ger decision variable describing the potential harvest
of stand 2 during year 1. If these two stands somehow
are considered adjacent, then the pair-wise constraint
prevents them both from being scheduled for harvest
in year 1. Other constraints would be needed to reflect
the fact that these two stands should not be scheduled
for harvest in years 2-n. As you may have gathered,
pair-wise constraints are useful for URM adjacency
planning problems.

Example

Assume that we need to develop a 15-year (3-period)
forest plan for the Lincoln Tract. The plan will be
designed to control the placement and timing of
harvests during the first time period using the URM
process. Within the Lincoln Tract GIS database each
stand is assigned a volume per unit area (thousand
board feet per acre, or MBF per acre) for six time
periods, in five-year increments. After extracting this
data from a GIS database, we can design an objective
function that maximizes the discounted net revenue
of harvests over the first three time periods. Assume
that the minimum harvest age in this example is 50
years (i.e., a stand has to be at least 50 years old at
the beginning of the time period). Assume also that
the stumpage price is $450 per MBF, and that the dis-
count rate assumed by the landowner is 5 percent.
All revenues will be discounted from the middle of
each time period (years 2.5, 7.5, and 12.5), and no
costs will be assumed in the problem. In addition,
we will assume that stands representing riparian
areas (6, 38, 56) will not be scheduled for harvest.
And, as a wood flow constraint, the harvest volume
per time period will be limited to 30,000 MBF or less.
The form of the objective function might follow the
following:

Maximize
XI

i¼1

XT
t¼1

ai vit sp SiPt

where:

i ¼ A stand
I ¼ The total number of stands
t ¼ A time period
T ¼ The total number of time periods
ai ¼ Area of stand i
vit ¼ Volume contained in stand i during time

period t
sp ¼ The stumpage price assumed

SiPt ¼ A binary integer decision variable
representing the harvest of stand i during
time period t

(2) Stands that share an edge
or a point: 

80 and 92
80 and 93
80 and 98
92 and 93
92 and 98
93 and 94
93 and 98

(1) Stands that share an edge:
80 and 92
80 and 93
92 and 98
93 and 94
93 and 98

(3) Stands that are within some
pre-defined proximity of each other:

80 and 92
80 and 93
80 and 98
92 and 93
92 and 98
93 and 94
93 and 98
94 and 98

FIGURE 12.1 Three types of adjacency relationships.
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For the Lincoln Tract the objective function would
resemble the following:

Maximize 2302296.93 S4P1 þ 1880346.75 S4P2
þ 1530196.64 S4P3þ . . ..þ 1437297.62 S87P1
þ 1317081.82 S87P2 þ 1170720.08 S87P3

You might notice that there is no reference to
stands 1, 2, or 3 in the objective function. The reason
for this, as well as any other omissions, is that stands
younger than 50 years at the beginning of each time
period have been ignored. The resource constraints
for this problem would reflect that stands can be har-
vested only once, and each decision variable utilizes a
binary integer value.

subject to
2) S4P1 þ S4P2 þ S4P3 <¼ 1
3) S5P1 þ S5P2 þ S5P3 <¼ 1
4) S15P1 þ S15P2 þ S15P3 <¼ 1

As before, any decisions that are moot (those related
to stands 1, 2, or 3 for example) are not included in the
resource constraints. If these decision variables were
included inadvertently, then we run the risk of making
infeasible decisions. The wood flow constraint might
involve the use of accounting rows to accumulate the
volume scheduled for harvest, such as the partial one
shown here for time period 1:

30) 5779.92 S4P1 þ 2966.99 S5P1 þ . . .. þ
3608.34 S87P1 - H1 ¼ 0

Once each of the wood-flow accounting rows have
been developed for the three time periods, some con-
trol on the volume can be incorporated into the prob-
lem formulation. For example, when we assumed that
the landowner wanted to harvest 30,000 MBF or less
per time period, the following wood-flow constraints
could be utilized:

33) H1 <¼ 30000
34) H2 <¼ 30000
35) H3 <¼ 30000

In addition to these constraints, the unit restriction
harvest area constraints need to be incorporated into
the problem formulation. These constraints indicate
that the choice of harvesting each stand is dependent
on the choice assigned to neighboring stands. Any
choices that involve harvesting stands that touch
one another are precluded from the forest plan. Some
examples of these constraints include:

36) S4P1 þ S5P1 <¼ 1
37) S4P2 þ S5P2 <¼ 1
38) S4P3 þ S5P3 <¼ 1
39) S23P1 þ S84P1 <¼ 1

40) S23P2 þ S84P2 <¼ 1
41) S23P3 þ S84P3 <¼ 1

The objective function, resource constraints, account-
ing rows, and wood flow policy constraints form a
mixed integer problem formulation only when the
solver understands that the choices related to time
period 1 need to be assigned binary integer values. Once
this has been accomplished, a forest plan can be devel-
oped that maximizes the discounted net revenue
($28,629,096) and explicitly determines the stands to
harvest, such as those for time period 1 (Figure 12.2).
The scheduled harvest volumes are 29,990 MBF, 29,964
MBF, and 29,981 MBF for time periods 1 through 3,
respectively. As you can see, these scheduled volumes
are all very close to the desired maximum harvest level
of 30,000 MBF.

Had the planning problem assumed that the green-
up period was longer than one time period in the
planning horizon, the adjacency constraints would
have needed to acknowledge the fact that harvesting
one stand in one time period affects the choices avail-
able for other stands in subsequent time periods. For
example, assume that the green-up period lasted
two time periods from the time of harvest. Rather than
simply controlling the selection of either stand 4 or 5
during a single period, from Equations 36 through
38 above, we would need constraints such as the
following:

36) S4P1 þ S5P1 þ S5P2 <¼ 1
37) S4P2 þ S5P1 þ S5P2 þ S5P3 <¼ 1
38) S4P3 þ S5P2 þ S5P3 <¼ 1

Equation 36 now indicates that if stand 4 is sched-
uled for harvest during the first time period, then
stand 5 cannot be scheduled for harvest during time
periods 1 or 2. Even worse, if stand 4 were scheduled
for harvest during time period 2 (Equation 37), then
stand 5 could not be scheduled for harvest during
any of the three time periods. Equation 38 simply
indicates that if stand 4 is scheduled for harvest dur-
ing time period 3, stand 5 could not be scheduled for
harvest during time periods 2 or 3.

Forest planning problems that utilize area-based
(ARM) clearcut size restrictions can ultimately
require a large number of constraints to provide con-
trol over the planning of adjacent harvests. In these
cases, constraints are formulated to allow more than
one adjacent stand to be harvested during each time
period, as long as the total size of the harvest does
not exceed the maximum limit. Assume, for example,
that stands 1, 2, and 3 are all 55 acres (22.3 ha) in size,
and that they all touch each other (stand 1 is adjacent
to stand 2 and stand 3, and stand 2 is adjacent to
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stand 3 as well). Assume as well that the maximum
clearcut size is 120 acres (48.6 ha). It is obvious from this
information that (at most) only two of the three stands
can be scheduled for harvest during the same time
period, since together, harvesting two of the standswill
create a clearcut that is 110 acres (44.6 ha) in size, which
is below the maximum size allowed. To recognize this
limitation, a constraint can be developed using the
following form:

S1Y1þ S2Y1þ S3Y1 � 2

If the decision variables are assigned binary values,
then this constraint allows, at most, two of the three
stands to be scheduled for harvest during year 1.
Again, other constraints would be needed to reflect
the fact that these two stands should not be scheduled
for harvest in time periods 2-n. These types of

constraints, and other more efficient forms described
in Yoshimoto and Brodie [10], Murray and Church
[11], McDill et al. [12], and Goycoolea et al. [13] are use-
ful for ARM adjacency planning problems. We must
keep in mind, however, that as the potential maximum
clearcut size increases relative to the average size of
a stand, the number of constraints and potential
constraint redundancies will increase [10, 14].

Example

Using the Lincoln Tract problem presented earlier,
assume that the clearcut harvests can be as large as
120 acres during the first time period. In some cases,
it is possible that pairs of neighboring stands can be
scheduled for harvest during the same time period.
For example, stands 63 and 71 are adjacent neighbors
of stand 62. The combined area of stands 62 and 63

FIGURE 12.2 Unit restriction model of adjacency applied to the first-period harvests on the Lincoln Tract.
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is about 86 acres, and the combined area of stands 62
and 71 is about 118 acres. However, the combined
area of all three is about 171 acres; therefore, we can
allow stands 62 and 63 to be scheduled for harvest
during time period 1, or stands 62 and 71, but not
all three stands. One way to handle this situation in
a plan of action is to create constraints such as the
following:

51) S62P1 þ S63P1 <¼ 2
52) S62P1 þ S71P1 <¼ 2
53) S63P1 þ S71P1 <¼ 1

The first two equations allow the scheduling of
adjacent stands, because we know that the combined
areas will be less than our desired maximum sched-
uled area. The third of the three equations prevents
the scheduling of the two stands that will result in a
clearcut area larger than our maximum desired area.

A more logical equation such as the following might
have been considered:

54) S62P1 þ S63P1 þ S71P1 <¼ 2

However, this would still allow stands 63 and 71 to
be scheduled for harvest during the same time
period, violating our assumption of maintaining
clearcut areas below 120 acres. Once all the ARM
adjacency relationships have been accounted for in
the problem formulation, a forest plan can be devel-
oped that maximizes the discounted net revenue
($28,633,724) and explicitly identifies the stands to
harvest (Figure 12.3). The scheduled harvest volumes
in this scenario are 29,984 MBF, 29,980 MBF, and
29,989 MBF for time periods 1 through 3, respectively.
As before, these scheduled volumes are all very close to
our desired maximum harvest level of 30,000 MBF.
However, theARM formulation allowsmore flexibility

FIGURE 12.3 Area restriction model of adjacency applied to the first-period harvests on the Lincoln Tract.
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in the placement and timing of activities, thus the dis-
counted net revenue is higher here than in the previous
case when we used the URM problem formulation.

Although linear programming has been, and con-
tinues to be, widely used in the development of forest
management plans, the fractional results provided by
linear programming (e.g., suggesting the harvest of
only a portion of a stand) are a problem for planning
efforts requiring the recognition of adjacency relation-
ships. For example, if a plan indicates a harvest of 56
percent of a stand, then we do not necessarily know
which part of the stand will be harvested, or which
of the adjacency relationships should be assessed.
As a result, binary choices (harvest/do not harvest)
generally are used in situations that require the recog-
nition of adjacency and green-up constraints. A num-
ber of mathematical techniques other than linear
programming can be used to formulate and solve
spatial forest planning problems that include binary
decision choices, including mixed-integer program-
ming and heuristic methods such as Monte Carlo sim-
ulation, tabu search, and simulated annealing. As we
suggested in Chapter 8, mixed-integer programming
is similar to linear programming (with the exception
of the binary integer variables) and is considered an
exact approach to problem solving. In general, if we
can solve a problemwithmixed-integer programming,
then we can assume that the resulting solution is the
optimal solution to the problem. The two examples
presented thus far have been mixed-integer program-
ming problems. We clearly stated in Chapter 8 that
heuristic methods cannot guarantee that the optimal
solution to amanagement problemwill be found, how-
ever high quality solutions to complex problems can
be generated relatively quickly with these methods.

When using the URM constraints in forest planning,
the size of the maximum harvest area is implied (size
of largest single stand). When using ARM constraints
in forest planning, the maximum harvest area is flexi-
ble, and stands are aggregated in the scheduling pro-
cess up to the maximum area allowed. In general,
forest plans that include URM constraints are lower
in economic value than forest plans that include ARM
constraints, because of the added flexibility that the
ARM constraints provide in arranging the timing and
placement of harvests.

Research has shown that the economic value of for-
est plans tends to decrease as the maximum clearcut
size becomes smaller [15]. Larger maximum clearcut
sizes may provide forest managers more flexibility
in the spatial and temporal arrangement of harvests,
leading to higher economic and commodity produc-
tion values. In addition, reductions in forest plan
value may occur when a minimum harvest area size

is assumed, which can force into a plan a number of
harvest choices that may be suboptimal [16]. The cost
of these types of spatial restrictions generally ranges
from 3 to 20 percent of the potential unconstrained
forest plan value (e.g., [16, 17, 18, 19]). The impact,
of course, depends on the type of forest modeled,
the maximum clearcut size, and the length of the
green-up period. However, in some cases a doubling
of the green-up period can result in a 30 to 40 percent
reduction in net present value. In other cases, the har-
vesting delay related to these constraints can result in
a shift of products assumed to be produced, which
may affect wood-flow needs [20].

Since the timing and placement of harvesting activ-
ities across a property is dynamic, the availability of
other forest characteristics should be viewed as
dynamic as well. For example, older forest areas will
increase in size as forests grow, yet may decrease in size
as adjacent areas are scheduled for harvest [19]. As a
result, large, contiguous patches of older forest may
become more limited when harvests are required to be
spread out across the landscape. In fact, research results
indicate that as the maximum clearcut size decreases,
forest fragmentation actually can increase [17]. The
resulting increase of forest edges and the subsequent
decrease of forest patch sizes may have an effect on the
quality ofwildlife habitat, andmay provide the impetus
for other damage to the forest (e.g., increased windfall
along the edges, from strong winds).

II. ADJACENCY AND GREEN-UP OF
GROUP-SELECTION PATCH HARVESTS

In stands designated for group selection harvesting
activities, the harvest openings (patches) are generally
small (0.5–4 acres) compared to the size of the stand
(50þ acres). Group selection patches are designed and
delineated on maps by taking into account the existing
road system, the topography, and the potential array
of logging options. In most instances, group selection
patches are logically and consistently placed within
the forest management framework. In many group
selection management situations, the timing of entry
and the type of activity assigned to each patch must be
spatially and temporally coordinated. For example, in
a stand where 0.5 acre patches are to be created, the
timing of harvest entry into those patches might be
coordinated such that (1) adjacent patches are not clear-
cut harvested within a certain time window, creating
openings larger than what was desired, and (2) other
patches that are not clearcut harvested are applied a
simultaneous management action, such as a thinning.
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Additionally, the order that patches are harvested may
be restricted to prevent logging through the advanced
regeneration, which can cause unacceptable damage.
This suggests that the timing of treatments (clearcuts
and thinnings) might be synchronized to facilitate an
efficient harvesting operation.

Example

Bettinger et al. [21] describe a management situation
where the objective function for the forest planning
problem was to maximize the net revenue from timber
harvests, subject to a number of constraints related to
group selection harvests. First, the land managers
required a minimum net revenue from each entry into
a stand to make the system operationally feasible. Sec-
ond, the age of the trees in the group selection patches
that were clearcut harvested needed to be above a mini-
mum harvest age. Third, the timing of clearcuts in the
group selection patches needed to be synchronizedwith
the timing of the thinnings in other group selection
patches within the stand. Fourth, unit restriction adja-
cency constraints needed to be used to disallow the
placement of group selection clearcut patches next to
other group selection clearcut patches during the appro-
priate green-up time period. To further complicate the
problem, as you can see in Figure 12.4, the patches
may be made up of several smaller pieces of stands.
For patches within stands designed for group selection
harvesting activities, the green-up time period could
have been as long as 30 years. To control the level of
group selection harvest activities within a stand, only a

certain percentage of patches in a stand should be clear-
cut in each entry period. For example, the assumption
that only 20 percent of the potential group selection
patcheswithin a stand could be clearcut during an entry
was used in this work. When the reentry interval is
assumed to be 10 years, this implies a 50-year rotation,
where after 50 years, all the patches would have been
clearcut harvested, and a second roundof patch clearcut
harvests would have begun.

III. HABITAT QUALITY
CONSIDERATIONS

In many cases, planning for the development and
maintenance of habitat patches requires that we view
a planning problem with a spatial perspective. Simply
assuring that a suitable amount of land of a certain
type of habitat will be available throughout the life-
span of a forest plan can be relatively straightforward
and can be accommodated using linear programming
methods. However, assuring that patches of a certain
size are available through time is not as easy to
accommodate, nor is the ability to assure managers
and landowners that patches of a certain size will be
positioned next to other types of habitat, or within
some distance of other types of habitat. These goals
generally require the use of binary integer decision
variables that will enable the use of constraints that
are similar to the adjacency constraints described

FIGURE 12.4 Group selection patch harvests where only 20% of a stand is entered, and patches do not share an edge.
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earlier. Applications in this area of planning and analy-
sis are numerous, and to further illustrate the vast array
of possibilities, the remainder of this section of the
chapter provides four case studies on the integration of
spatial wildlife goals into forest planning efforts.

A. Case 1: Elk Habitat Quality

Objectives or goals for ungulates (elk and deer) gen-
erally are expressed as the need to maintain a desired
percentage of a management area in adequately sized
blocks of forage and another desired percentage of
the area in adequately sized stands of trees that act as
cover. These two types of habitat areas serve the pur-
pose of providing food and protection for elk and deer.
As an example of an actual elk habitat quality goal, the
1990 Wallowa-Whitman National Forest plan [22]
contained direction for managing areas that were con-
sidered Roosevelt elk (Cervus elaphus) summer range
areas. The rules for arranging forage and cover across
the landscape were two-fold:

1. Maintain at least 80 percent of the forage area
within 600 feet of a patch of cover that was at
least six acres in size.

2. Maintain at least 80 percent of the forage area
within 900 feet of a patch of cover that was at
least 40 acres in size.

These conditions present a rather complex spatial
planning problem. Obviously some sort of forest man-
agement activity would be needed to create and main-
tain forage areas. These could be represented on the
landscape by managed food plots (fields containing
agricultural vegetation), ormore than likely by recently
clearcut areas. The clearcut harvests, however, would
be able to support only vegetation for adequate for-
aging for a certain amount of time, thus the spatial
position of forage areas would need to move around
the landscape over time. The cover areas would need
to consist of overstory trees and understory vegetation
that had a structure sufficient to provide elk and deer
with areas both to hide and maintain warmth.

The functional relationships that describe the
attainment and maintenance of elk summer range
habitat are nonlinear (a management action does not
necessarily lead to a linear and predictable response),
and would therefore be difficult, if not impossible to
incorporate within a strategic plan that utilized a lin-
ear programming framework. The difficulties arise
with the scheduling of each activity (e.g., harvest),
where a planning model would need to assess the
impact of each activity on (1) the distance to forested
cover, (2) the resulting size of the cover, if the activity
affected the size of the cover, and (3) how much of

the resulting forage (prior to the activity and created
by the activity) is within a minimum distance to the
resulting cover. Since these concerns could not be
incorporated directly into the development of a strate-
gic forest plan,more than likely theywould be assessed
at the tactical or operational planning levels (at or near
the time of activity implementation) or assessed after
a plan of action was developed. Other nontraditional
planning methods (heuristics) can be developed to
simultaneously schedule activities and handle com-
plex, spatial relationships such as these, and although
we provided an introduction in Chapter 8, these meth-
ods are beyond the scope of this book. For example,
Bettinger et al. [23] suggested a tabu search method
for incorporating these rules into a forest plan.

B. Case 2: Bird Species Habitat Considerations

To illustrate the incorporation of spatial considera-
tions in forest planning when bird habitat is consid-
ered, we briefly describe two approaches introduced
by Bettinger et al. [24], which cover minimum patch
size goals and complementary patch goals. In these
two cases, it is assumed that the decision variables
related to activities are represented by binary (0,1)
numbers, which indicate that an activity (harvest)
assigned to a stand is assigned to the entire stand,
not some portion of it less than 100 percent. In this
work, two activities were considered: either clearcut
harvest or no harvest. Three overarching constraints
were assumed: (1) a minimum harvest volume was
required to be produced during each time period,
(2) stands could be scheduled for harvest only once,
and (3) stands had to be above a minimum age before
they could be harvested. The time horizon was 50
years, and thus 10 five-year time periods were used.
The planning problem was developed in such a way
as to maximize the area of “habitat”:

Maximize�XT
t¼1

XI

i¼1

XK
k¼1

Ai Hi;t;k

���XI

i¼1

Ai

�

where:

i ¼ A stand
I ¼ The total number of stands
t ¼ A time period
T ¼ The total number of time periods
k ¼ A wildlife species
K ¼ Total number of wildlife species
Ai ¼ Area of stand i

Hi,t,k ¼ A binary variable indicating whether (1) or
not (0) stand i is considered habitat for
species k during time period t
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To assess a minimum patch size goal for bird habi-
tat, Bettinger et al. [24] used a generalization of the
habitat requirements for three western United States
forest birds, varied thrush (Lxoreus naevius), winter
wren (Troglodytes troglodytes), and Hammond’s fly-
catcher (Empidonax hammondii), each of which were
assumed to need intact stands of mature or old-
growth stands greater than 20 hectares in size. They
further assumed that mature or old-growth forests
were stands greater than 80 years of age. To account
for the fact that more than one stand could be joined
together to create a patch, the area restriction model
introduced by Murray [6] was used to determine the
size of individual older forest patches (those consist-
ing of stands greater than 80 years of age). If a stand
was part of one of these patches in any one time
period, then it was considered to have Hi,t,k ¼ 1
during that time period.

A planning goal that seeks to achieve the most area
in complementary, adjacent patches is one order of
magnitude more complex than the minimum patch
size goal. Here, we would assume that a type of wild-
life habitat (such as a patch of older forest of a certain
size, perhaps for nesting and roosting purposes)
should be located adjacent to another type of wildlife
habitat (such as a patch of young forest of a certain
size, perhaps for foraging purposes), and that this sit-
uation would be most beneficial to a particular wild-
life species. One example used by Bettinger et al.
[24] was for the great gray owl (Strix nebulosa), which
seems to prefer younger forests for foraging and
mature or old-growth forests for roosting and nesting.
To incorporate these concerns into a forest plan,
Bettinger et al. [24] assumed that older forest stands
were those with an age greater than 80 years, and that
younger forest stands were those with an age equal to
or less than 10 years. In addition, they assumed that
the size of the older forests had to be 20 ha or greater,
and that the size of the adjacent younger forests had
to be 10 ha or greater.

To accommodate these goals, two recursive func-
tions using the ARM process were used to evaluate
the size of patches that consist of forests that are
greater than or equal to 80 years old, and forests that
are less than or equal to 10 years old. Then a process
using the URM process was used to determine
whether any of the older forest patches were touching
any of the younger forest patches. Therefore, stands
that were greater than or equal to 80 years of age, or
less than or equal to 10 years of age were not neces-
sarily assigned a value Hi,t,k ¼ 1.0 unless the patches
that they belonged to were touching during a given
time period.

These two goals are complex and nonlinear in
nature, and as a result, incorporating these considera-
tions into linear programming would be difficult, if
not impossible. As an alternative, heuristic methods
have been developed to allow planners to create for-
est plans that both mathematically assess these types
of goals, and either constrain problems such that the
goals are met, or incorporate them into the objective
function to maximize or minimize some value. As in
the previous examples, the only spatial information
required for the assessment of these types of bird hab-
itat relationships is the adjacency relationships among
stands of trees.

C. Case 3: Red-Cockaded Woodpecker
Habitat Considerations

The red-cockaded woodpecker (Picoides borealis)
was listed as an endangered species in the United
States in 1970 due to severe population declines and
losses of habitat [25]. The bird species lives in open,
mature, and old-growth pine forests in the southeast-
ern states. Currently, less than 3 percent of estimated
pre- European settlement population of these wood-
peckers remains [25]. Red-cockaded woodpeckers
are a cooperatively breeding bird species that live in
family groups consisting of a breeding pair of birds
and one or two male helpers. At the finest scale, one
of the critical resources for the species are cavities
excavated in live pines, a task that usually takes the
birds several years to complete. Red-cockaded wood-
peckers exploit the ability of live pines to produce
large amounts of resin, and after cavities are created
the resin acts as a barrier against predators such as
climbing snakes. Longleaf pine (Pinus palustris) is
the preferred species because it produces more resin
than other southern pines, and produces it over a lon-
ger period of time [25]. At a broader scale, the wood-
peckers need open pine woodlands and savannas for
nesting and roosting habitat. Nesting habitat consists
of open pine stands that contain little or no hardwood
mid-story or overstory structure. Encroachment by
hardwoods as a result of fire suppression is a well-
known cause of habitat abandonment. Foraging habi-
tat consists of mature pine stands with an open can-
opy, a low density of small pine trees, little or no
hardwood or pine mid-story structure, little or no
overstory hardwood trees, and ground cover that
consists of native bunchgrass and forbs [25]. Frag-
mentation of habitat conditions can limit the number
of breeding groups and isolate different groups. In
general, public lands in the southern coastal United
States are managed in such as way as to increase the
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population, whereas private lands may be managed
in such a way as to stabilize the population.

Some of the red-cockaded woodpecker manage-
ment guidelines encourage maintenance of low den-
sity stands, where the ideal density is somewhere
around 40 to 80 square feet of basal area per acre of
pine trees. To maintain the desired open understory
characteristic, some land managers use biennial,
growing season prescribed burns. As a consequence
of these frequent growing season burns, however,
advanced regeneration that becomes established
under mature stands may be destroyed before it can
grow to a size that can survive such a prescribed fire
management schedule. Thus an unintended result of
this type of management may be to create forests that
are comprised of mature and over-mature timber
stands and do not have viable regeneration in place
to replace the older trees when they ultimately die
due to natural causes or other reasons. As a result,
some questions managers have that relate to forest
planning include:

• Do current management practices result in
sustainable habitat over time?

• Do current management practices result in
sustainable timber production?

• How should wildlife guidelines and timber
management practices be modified to help
insure the sustainability of both concerns?

The fitness of woodpecker habitat is a function
of the structure of the forest resource, the character
of the environment (openness), and the condition of
the ground cover. As an illustration of the type of
data needed, the following planning guidelines were
acquired from the red-cockaded woodpecker recov-
ery standard [25]. The recovery standard varies by
the productivity of each forested site. Medium and
high productivity sites (those with a pine SI25 � 60)
require 120 acres of “good quality” habitat (defined
as follows) within 0.5 miles of the center of the clus-
ter, and 50 percent or more of this within 0.25 miles
of the center, for each group of woodpeckers. Low pro-
ductivity sites (those with a pine SI25 < 60) require
more area (200 to 300 acres) of good quality habitat
within 0.5 miles of the center of the cluster, and 50
percent or more of this within 0.25 miles of the center,
for each group of woodpeckers. Good quality habitat
includes areas with the following characteristics:

• Stands with at least 18 trees per acre (TPA) of
pines � 60 years of age, and � 14 inches
diameter at breast height (DBH). The minimum
basal area for these stands is 20 ft2 per acre.

In these same stands,

• The basal area of pines 10–14 inches DBH is
between 0 and 40 ft2 per acre.

• The basal area of pines < 10 inches DBH is less
than 10 ft2 per acre, and below 20 TPA.

• The basal area of pines � 10 inches DBH is at
least 40 ft2 per acre.

The recovery standard is not clear when it comes to
the maximum basal area for longleaf, shortleaf (Pinus
echinata), or slash pine (Pinus elliottii) stands, yet a maxi-
mum is probably assumed by natural resource man-
agers. The maximum basal area for loblolly pine (Pinus
taeda) stands is 80 ft2 per acre. In addition, the following
forest conditions are used to further define good quality
habitat:

• Bunchgrass and other native, fire-tolerant, fire-
dependent herbs account for at least 40 percent
of the ground and mid-story plant community,
and these are dense enough to carry a growing
season fire at least once every five years.

• The hardwood mid-story, if present, is sparse,
and less than 7 feet in height.

• Hardwoods in the canopy comprise less than 10
percent of the TPA in longleaf pine stands, and
less than 30 percent of the TPA in loblolly pine
and shortleaf pine stands.

• Foraging habitat is not separated from the cluster
bymore than 200 feet of nonforaging areas, which
include hardwood forests, young pine stands less
than 30 years of age, cleared areas, paved roads,
rights-of-way, and bodies of water.

Although population-specific foraging guidelines
may be developed by various natural resource man-
agers, a planner would need to understand whether
any of these exist prior to modeling the habitat condi-
tions. Other silvicultural recommendations of the recov-
ery plan include the following:

• For two-aged pine stands, (1) rotation ages are at
least 120 years for longleaf and shortleaf pine, and
100 years for loblolly pine, slash pine, and pond
pine (Pinus serotina); (2) regeneration cuts are
limited to 25 acres inwoodpecker habitat areaswith
less than 100 breeding groups and 40 acres in areas
with 100 or more breeding groups; (3) 6–10 pines
per acre are left as residual live trees; and (4) all flat-
topped, turpentine, or relict pines are retained.

• For uneven-aged pine stands, (1) 5 TPA of the
oldest live pines are retained during each entry;
and (2) all flat-topped, turpentine, or relict pines
are retained.
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If stands are more than one mile from an active or
recruitment cluster, then even-aged, two-aged, and
uneven-aged management systems can be used to
restore areas to native pine species. Regeneration
harvests of up to 80 acres in size are acceptable in
these circumstances. Some of these guidelines are
not only nonlinear, but they also include spatial
relationships. As a result, these guidelines would
be very difficult (although not impossible) to incor-
porate into a forest planning system. We could rank
habitat with a binary quality (good habitat/not
good habitat) and map it, or we could develop a
ranking procedure to differentiate levels of “good-
ness.” Afterward, a simulation or optimization
model can be developed to project through time
how habitat conditions will change, and how man-
agement actions might be used to maintain or
increase habitat levels. If a quantitative objective for
the management of an area can be ascertained, then
we also could develop an optimization procedure to
maximize the objective while also maintaining or
increasing habitat levels (or alternatively, minimiz-
ing the loss of habitat). Boston and Bettinger [20]
made headway into this area a few years ago. If suc-
cessful, then a planner could provide broad-scale
insights into the potential effects of current and alter-
native forest management policies by comparing the
joint production of commodity and noncommodity
products from a forested landscape.

D. Case 4: Spotted Owl Habitat Quality

One timely opportunity for the integration of eco-
nomic and ecological goals in forest planning involves
the development and maintenance of northern spotted
owl (Strix occidentalis caurina) habitat in the Pacific

Northwest. Although some regulations related to
the owl are rather straightforward (e.g., do not har-
vest within a certain distance of owl nesting areas),
the assessment of habitat quality across the land-
scape is generally more computationally difficult,
depending on how it is accomplished. For example,
the habitat capability index (HCI) model recently
developed by McComb et al. [26] contains a spatial
component that requires assessing both within-stand
nesting characteristics and landscape-level home-
range characteristics. This habitat model requires
assessing the structure of all stands within three
buffer distances from each stand of interest, one of
them being 2,400 m wide. Therefore any scheduled
activity within 2,400 m of a stand can affect the esti-
mated habitat quality of that stand. To assess the hab-
itat quality of all stands across a landscape then
would require some sort of moving window
approach (Figure 12.5).

One aspect of these types of habitat models is that
a single habitat value will be assigned to each stand
during each time period, assuming data are available
to assess habitat quality across all periods of time.
Another important aspect from a visual perspective
is that we can assess how habitat values change
across the landscape by mapping them. With spatial
habitat models, mapping the values using a geo-
graphic information system can help planners and
managers better understand how management may
affect (positively or negatively) habitat quality. Fur-
ther, the stand-level habitat quality values can be
aggregated up to a landscape-level weighted average
(weighted by the area of each stand for the entire land-
scape, for watersheds, for management areas, etc.) to
arrive at a single habitat value for the area in question.
These weighted landscape values can then be

Stand 1

Area of
influence
for stand 1

Moving
window

Area of
influence
for stand 2

Stand 2

FIGURE 12.5 A moving window approach to the assessment of landscape conditions.
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constrained in a forest planning model with equations
that require aminimum level attainment, prevent large
deviations in habitat quality from one period to the
next, or prevent declines in habitat quality across time.

To explore this further, in the McComb et al. [26]
model, HCI levels are estimated by calculating nest
stand and landscape capability for providing habitat,
which then are combined into a single HCI value:

HCIit ¼ NCIit
2 LCIit

� �ð1=3Þ
where:

NCIit ¼ nest stand capability component for stand
i during time period t

LCIit ¼ landscape capability component for stand
i during time period t

Developing projected stand conditions for each
potential management prescription, using a growth
and yield model, is a necessary step in estimating
habitat quality, since NCIit is a function of the density
of trees that are 10–25 cm DBH, 25–50 cm DBH, and
75þ cm DBH. The landscape-level portion of the
index, LCIit, is a function of the percentage of large
and medium sized trees within three buffer zones
around each stand: 300 m, 800 m, and 2,400 m.

Bettinger and Boston [27] demonstrate how to incor-
porate this habitat quality assessment within a forest
planning model that had a time horizon of 40 years,
while using planning periods that were five years long.
The main goal of the problem was to emulate current
broad-level activity in northwestern forests by maxi-
mizing the even-flow of timber harvest volume subject
to several constraints (adjacency of clearcuts, green-up
period, minimum harvest age, and minimum habitat
levels). To demonstrate the utility of the approach,
management activities were limited to two decisions:
clearcut and replant, or no harvest. The initial charac-
teristics of each stand were provided as lists of trees,
since tree characteristics where needed to estimate
wildlife habitat. Modeling the growth of the trees was
accomplished using the ORGANON growth and yield
model [28]. A heuristic forest planning model was
developed to schedule potential activities across the
landscape, since the habitat model could not be
reduced easily to linear equations, and since the num-
ber of stands modeled (39,500) was quite large.

The area restriction model of adjacency was
accommodated using a recursive function that could
determine the actual size of all proposed clearcuts.
In doing so, the function senses the size of potential
clearcuts from neighbors of proposed sales, and their
neighbors, and so on.

xit Ai þ
X

z2Ni[Si
xzt Az � MCS

where:

Ai ¼ The area of stand i
t ¼ A time period
z ¼ A stand either adjacent to stand i or adjacent

to a stand that is adjacent to stand i
Ni ¼ The set of all stands adjacent to stand i
Si ¼ The set of all stands adjacent to those

stands adjacent to stand i
MCS ¼ The maximum clearcut size assumed

xit ¼ A binary decision variable representing
harvest (1) or no harvest (0) of stand i
during time period t

This spatial model for forecasting the quality of
owl habitat is, of course, a simplification of a much
more complex biological and ecological system.
Achieving reliability in a such a simulation process
is difficult, given the potential for error in the under-
lying data, the potential for error in the projection of
forest stand data into the future, and the potential
for the habitat model to score some areas low (or
high) when they actually are being used (or not used)
by owls. Although these potential errors seem daunt-
ing, in practice, we would assume that they provide a
reasonable representation of the vegetative structure
and wildlife habitat quality. As a result, the landscape
model developed by Bettinger and Boston [27] can
be viewed as a modeling structure that facilitates
the evaluation of trade-offs among forest policies. In
doing so, it recognizes economic and ecological goals,
and models their attainment across a large area and
over a long period of time.

Example

To illustrate the incorporation of a simple spatial
wildlife habitat relationship into a forest plan, assume
we are using the URMproblem from earlier in the chap-
ter,wherewe attempted tomaximize the discountednet
revenue while ensuring harvests were not touching
each other during the first time period. In addition to
this, assume that the two oldest stands (78 and 79) repre-
sent owlhabitat and shouldnot be scheduled for harvest
in any of the time periods. The adjacent stands to these
(73, 74, 75, 80, 82, and 83) are to remain uncut as well
during the first time period. To accommodate these
goals, several constraints can be developed that simply
indicate the choices that are now unavailable:

133) S78P1 ¼ 0
134) S78P2 ¼ 0
135) S78P3 ¼ 0
136) S79P1 ¼ 0
137) S79P2 ¼ 0
138) S79P3 ¼ 0
139) S73P1 ¼ 0
140) S74P1 ¼ 0
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141) S75P1 ¼ 0
142) S80P1 ¼ 0
143) S82P1 ¼ 0
144) S83P1 ¼ 0

Equations 133 through 138 indicate that neither
stand 78 nor stand 79 should be scheduled for harvest
during our three-period time horizon. Equations 139
through 144 control the scheduling of the adjacent
buffer stands during the first time period of the anal-
ysis. Given the manner in which we have developed
these constraints, these buffer stands may be available
for harvest in subsequent time periods. However, the
URM harvest constraints still apply.

In addition to these owl habitat constraints,
assume that the landowner is interested in maintain-
ing elk cover structure in stand 85. Here we will
assume that the stand should remain uncut within
the time horizon of the forest plan, and that the land-
owner desires to complement this habitat with elk
forage areas that are directly adjacent to this stand.
As a result, either stand 59, 71, 84, or 86 must be har-
vested during time period 1, since they are the only
adjacent stands to stand 85 that are above the land-
owner’s minimum harvest age. The constraints that

might be developed to accommodate these concerns
include the following:

145) S85P1 ¼ 0
146) S85P2 ¼ 0
147) S85P3 ¼ 0
148) S59P1 þ S71P1 þ S84P1 þ S86P1 ¼ 1

Equations 145 to 147 suggest that stand 85 will not
be scheduled for harvest during the time horizon of
the plan, but Equation 148 suggests that one of its
neighbors must be scheduled for harvest in the first
time period. After solving the problem we find that
the objective function value is $23,798,826, or about
$4,830,270 lower than the solution to the URM prob-
lem, mainly because of the delay or unavailability of
harvests. The scheduled harvest volumes, in fact, do
not necessarily approach the limit of 30,000 MBF per
time period. Scheduled harvests for time periods
1 to 3, respectively, are 27,625 MBF, 24,595 MBF,
and 20,933 MBF. However, the wildlife habitat goals
are maintained (Figure 12.6), and the results should
be of interest to the landowner in understanding the
trade-offs between commodity production and multi-
ple use management.

Elk cover habitat

Owl nesting habitat

Owl buffer polygons

Clearcut harvests

FIGURE 12.6 Wildlife habitat restrictions applied to the Lincoln Tract forest plan.
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IV. ROAD AND TRAIL MAINTENANCE
AND CONSTRUCTION

The objective of many road system management
problems is to minimize the cost to the landowner
for the maintenance, construction, and removal of
roads. There are, however a number of ways we
can look at these types of problems, which includes
viewing them simply as a transportation problem
where products are produced at different places on
the landscape and need to be moved to various mar-
kets. Other ways include viewing these problems as
a minimum cost problem where we need to deter-
mine the lowest cost for routing products or people
across a network to a specific endpoint, or viewing
them as a shortest path problem where we need to
determine the shortest route from one place to
another. Each of these types of problems has to be
developed in conjunction with the need to provide
access to areas of a property necessary to fulfill the
objectives of the landowner. In terms of a problem
formulation, the objective function could then reflect
the total discounted cost of road construction, main-
tenance, and removal over the entire planning hori-
zon. In addition, a budget constraint could be used
to ensure that the money allocated to construction,
maintenance, and removal of roads during each
time period does not exceed what would reasonably
be assumed to be available during those periods
of time. Trail management problems can be viewed
in much the same manner as well. What makes these
problems different from the others we have
described thus far in this chapter is that road and
trail problems are represented using a network
structure that is embedded into the larger forest
planning problem that utilizes as spatial features
lines (arcs) and intersections or endpoints (nodes)
(Figure 12.7).

A. Case 1: Road Management Problem

To begin exploring a basic road management
problem, examine Figure 12.8. Here we find four
stands of various sizes and standing volumes. Each
stand has at least one access point to a potential
road network, and one stand (2) has two entry
points. The segments in the figure are actually vec-
tors representing proposed roads, and each has to
be developed at a cost of $20,000 per mile. A mainte-
nance cost is assumed, at $0.05 per ton of wood
transported over each road, per mile of road. The
objective of the problem is to determine the optimal
road system that minimizes the transportation costs
associated with moving the harvested wood from
each stand to the county road system (accessed by
nodes 4 and 5). We can define the decision variable
perhaps as these:

SEGx ¼ A binary integer variable indicating the
construction (or not) of road segment x

VUyNz ¼ The amount of volume (tons) moving
from unit (stand) y to node z

VNyNz ¼ The amount of volume (tons) moving
from node y to node z

The objective function can then be designed, taking
into account the length of each potential road and the
fixed and variable costs associated with each road.

Minimize 8000 SEG1 þ 12000 SEG2 þ 10000 SEG3
þ 10000 SEG4 þ 14000 SEG5 þ 12000 SEG6
þ 14000 SEG7 þ 14000 SEG8 þ 12000 SEG9
þ 0.02 VU1N1 þ 0.03 VU2N1 þ 0.025 VU2N2
þ 0.025 VU3N3 þ 0.035 VU4N3 þ 0.03 VN1N5
þ 0.035 VN2N5 þ 0.035 VN3N2 þ 0.03 VN3N4

Several of the variables in the objective function
represent the construction of roads. The coefficients
for these decision variables are developed by multi-
plying the cost ($20,000 per mile) by the length of
each segment. For example, the coefficient for
SEG1 is $20,000 times the length of segment 1 (0.4
miles). The other variables in the objective function
relate to the variable cost of transporting wood over
each road segment. For example, the coefficient for
VU2N1 is developed by multiplying the cost per
ton per mile ($0.05) by the length of each associated
route (in this case 0.6 miles). Some constraints need
to be developed for the network to track the flow of
volume harvested. What these constraints imply is
that volume must originate from somewhere, and
must arrive somewhere else, thus they are consid-
ered conservation of low constraints. Further, it is
assumed that none of the volume is lost along the
road network. As they relate to this problem, the

A

B

C

D

E

F

G

Trail
head Lookout

FIGURE 12.7 An example network problem beginning with a
trail head (A) and illustrating several routes (through B–F) that lead
to a lookout (G).
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conservation of flow constraints might include the
following:

2) VU1N1 ¼ 2500
3) VU2N1 þ VU2N2 ¼ 3190
4) VU3N3 ¼ 3240
5) VU4N3 ¼ 3630
6) VU1N1 þ VU2N1 - VN1N5 ¼ 0
7) VU2N2 þ VN3N2 - VN2N5 ¼ 0
8) VU3N3 þ VU4N3 - VN3N2 - VN3N4 ¼ 0
9) VN3N4 þ VN1N5 þ VN2N5 ¼ 12560

Here,

• Equation 2 represents the amount of volume
originating in stand 1, and transported to node 1
in the network.

• Equation 3 represents the amount of volume
originating in stand 2, and transported to either
node 1 or node 2 in the network.

• Equation 4 represents the amount of volume
originating in stand 3, and transported to node 3
in the network.

• Equation 5 represents the amount of volume
originating in stand 4, and transported to node 3
in the network.

• Equation 6 represents the amount of volume
moved from stands 1 and 2 to node 1, then
transported to node 5 in the network.

• Equation 7 represents the amount of
volume moved from stand 2 node 2, and
potentially from stands 3 and 4 (through node
3), then transported to node 5 in the network.

• Equation 8 represents the amount of volume
moved from stands 3 and 4 to node 3, then
either transported to node 4 in the network, or
moved through to node 2.

• Equation 9 represents the amount of volume
arriving onto the county road from segments 6,
7, or 9 in the network.

To ensure that some of these roads are actually
built, we will use what is termed the “big M”
method from the field of operations research.
These equations will force a road to be built if wood
volume is scheduled to be transported across it.
The big M method equations use the following
form:

X1�M Y1 � 0

This equation suggests that if Y1 is a binary inte-
ger, and if X1 represents a continuous real number,
then whenever X1 is positive, Y1 has to be equal to 1.
However, this works only when the value of M
(a coefficient) is greater than or equal to whatever
value X1 can become. As a result, the M coefficient
has to be at least as large as X1. When the maximum

Stand 1
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100 tons/ac

Stand 4
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110 tons/ac
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FIGURE 12.8 A road construction problem.
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value of X1 is unknown, M is set to some arbitrarily
large number (hence the “big M”), and the less than
or equal to inequality is used. When maximum value
of X1 is known, M is known, and the equality sign
can be used in the equation. These types of con-
straints can afford us the ability to designate roads
for construction (the Y variables here) if some vol-
ume is scheduled to move across the road (the
X variable in this brief example). For our problem,
we know just how large M should be for some seg-
ments of the road system, therefore we can develop
the road construction equations to resemble the
following:

10) SEG1 ¼ 1
11) VU2N1 - 3190 SEG2 ¼ 0
12) VU2N2 - 3190 SEG3 ¼ 0
13) SEG4 ¼ 1
14) SEG5 ¼ 1
15) SEG6 ¼ 1
16) VN2N5 - 10060 SEG7 <¼ 0
17) VN3N2 - 6870 SEG8 <¼ 0
18) VN3N4 - 6870 SEG9 <¼ 0

Here we find the following:

• Equation 10 suggests that road segment 1
must be built—it represents the only access to
unit 1.

• Equation 11 suggests that if any volume is
moved from stand 2 onto road segment 2, then
the variable SEG2 has to be given a value of 1,
indicating that the road segment needs to be
built.

• Equation 12 suggests that if any volume is
moved from stand 2 onto road segment 3,
then the variable SEG3 has to be given a value
of 1, indicating that the segment needs to be
built.

• Equation 13 suggests that road segment
4 must be built—it represents the only access
to stand 3.

• Equation 14 suggests that road segment
5 must be built—it represents the only access
to stand 4.

• Equation 15 suggests that road segment
6 must be built—it represents the only access
to stand 1.

• Equation 16 suggests that if any volume is
moved from node 2 to node 5, then the variable
SEG7 has to be given a value of 1, indicating that
the road segment needs to be built. The value
10,060 represents the maximum amount of
volume that can be transported along the road
segment.

• Equation 17 suggests that if any volume is
moved from node 3 to node 2, then the variable
SEG8 has to be given a value of 1, indicating that
the road segment needs to be built. The value
6,870 represents the maximum amount of
volume that can be transported along the road
segment.

• Equation 18 suggests that if any volume is
moved from node 3 to node 4, then the variable
SEG9 has to be given a value of 1, indicating that
the road segment needs to be built. The value
6,870 again represents the maximum amount of
volume that can be transported along the road
segment.

The optimum, or minimum cost solution to the
problem indicates that road segments 1, 2, 4, 5, 6, and
9must be built to harvest all four stands. Theminimum
cost solution requires a budget of $68,730.55. Har-
vested volume from stands 1 and 2 will move through
node 1 then node 5, and onto the county road. Har-
vested volume from stands 3 and 4 will move through
node 3, then node 4, then onto the county road.

To increase the realism of these types of problems,
the unused amount of the budget for any one year
could be inflated, allowing the interest to accrue,
and transferred to the next year. This suggests that
the amount of budget available in any one year is
the annual budgeted amount, plus any balance that
is unused in previous years, plus the interest accrued
on the unused balances. Further, for truck trafficking
problems, methods that account for the slope of each
road, the maximum speed allowed (or possible), and
the cost of the trucking system would enable the
problem to represent more closely the actual manage-
ment situation.

B. Case 2: Trail Development Problem

Assume that the managers of the Lincoln Tract
are considering the development of a trail system
(Figure 12.9). A budget has been developed ($100,000
maximum), and funds must be spent in the current
year. Ideally, the managers would like a trail system
that is close to the highway, yet provides users with a
challenging experience for both hiking and mountain
biking. A parking area has been designated, as have
several potential trail segments. As a start, one route
from the parking area (A) to the turn-around point (B)
is desired. After performing a reconnaissance of the
area, you determine the costs related to developing
and maintaining each segment of trail (Table 12.1).
On average, the managers of the Lincoln Tract expect
10,000 visitors per year on the trail system. Since the
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cost of the trail system is limited, which trails would
you recommend that the mangers construct? What
is your estimate of the cost of the trail system? Using
the assumptions laid out here, what would be the
projected annual maintenance costs?

To solve this problem, we can visualize it as a com-
plex network (Figure 12.10) and assign variables to
the fixed and variable cost elements. We know that
A represents the potential location of parking lot,
and that B represents the potential location of a
turn-around point. The question is, how do we most
efficiently develop a trail system from point A to
point B? Just for illustrative purposes, let’s define
the intermediate nodes of the network, where

A1 ¼ The junction of trails 1, 3, and 4
A2 ¼ The junction of trails 2, 3, and 5
A3 ¼ The junction of trails 4, 6, and 7
A4 ¼ The junction of trails 5, 6, and 8

We must represent other aspects of the problem
with binary integer variables that consider the con-
struction costs:

Y1 ¼ A binary variable indicating whether or not
trail 1 was built

Y2 ¼ A binary variable indicating whether or not
trail 2 was built

Y3 ¼ A binary variable indicating whether or not
trail 3 was built

Y4 ¼ A binary variable indicating whether or not
trail 4 was built

Y5 ¼ A binary variable indicating whether or not
trail 5 was built

Y6 ¼ A binary variable indicating whether or not
trail 6 was built

Y7 ¼ A binary variable indicating whether or not
trail 7 was built

Y8 ¼ A binary variable indicating whether or not
trail 8 was built

The variable costs associated with the number of
people using each trail will be assigned to the follow-
ing variables:

X1 ¼ The number of people using trail 1 (Parking
lot to A1)

X2 ¼ The number of people using trail 2 (Parking
lot to A2)

X3 ¼ The number of people using trail 3 (A1 to A2)
X4 ¼ The number of people using trail 4 (A1 to A3)
X5 ¼ The number of people using trail 3 (A2 to A1)
X6 ¼ The number of people using trail 5 (A2 to A4)
X7 ¼ The number of people using trail 5 (A2 to A4)
X8 ¼ The number of people using trail 6 (A3 to A4)
X9 ¼ The number of people using trail 7 (A3 to

turn-around point)
X10 ¼ The number of people using trail 4 (A1 to A3)
X11 ¼ The number of people using trail 6 (A4 to A3)
X12 ¼ The number of people using trail 8 (A4 to

turn-around point)

FIGURE 12.9 Potential trails system for the Lincoln Tract.

TABLE 12.1 Costs Associated with the Development of a
Trail System on the Lincoln Tract

Trail segment

Length

(miles)

Construction cost

($/mile)

Maintenance cost

($/mile/person)

1 0.65 48,000 0.75

2 0.94 40,000 0.70

3 0.49 47,000 0.75

4 0.30 62,000 0.85

5 0.25 43,000 0.70

6 0.48 46,000 0.75

7 0.35 54,000 0.65

8 0.45 41,000 0.70
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X13 ¼ The number of people using trail 6 (A4 to A3)
X14 ¼ The number of people using trail 8 (A4 to

turn-around point)
X15 ¼ The number of people using trail 8 (A4 to

turn-around point)
X16 ¼ The number of people using trail 7 (A3 to

turn-around point)
X17 ¼ The number of people using trail 6 (A3 to A4)
X18 ¼ The number of people using trail 7 (A3 to

turn-around point)
X19 ¼ The number of people using trail 7 (A3 to

turn-around point)
X20 ¼ The number of people using trail 8 (A4 to

turn-around point)

Shown here is the problem formulation for the trail
development problem.

Minimize 0.49 X1 þ 0.66 X2 þ 0.37 X3 þ 0.26
X4 þ 0.37 X5 þ 0.18 X6 þ 0.18 X7 þ 0.36 X8
þ 0.23 X9 þ 0.26 X10 þ 0.36 X11 þ 0.32 X12
þ 0.36 X13 þ 0.32 X14 þ 0.32 X15 þ 0.23 X16
þ 0.36 X17 þ 0.23 X18 þ 0.23 X19 þ 0.32 X20
þ 31200 Y1 þ 37600 Y2 þ 23030 Y3 þ 18600 Y4
þ 10750 Y5 þ 22080 Y6 þ 18900 Y7 þ 18450 Y8

subject to
2) X1 þ X2 ¼ 10000
3) -X1 þ X3 þ X4 ¼ 0
4) -X2 þ X5 þ X6 ¼ 0
5) -X3 þ X7 ¼ 0
6) -X4 þ X8 þ X9 ¼ 0
7) -X5 þ X10 ¼ 0

8) -X6 þ X11 þ X12 ¼ 0
9) -X7 þ X13 þ X14 ¼ 0
10) -X8 þ X15 ¼ 0
11) -X10 þ X16 þ X17 ¼ 0
12) -X11 þ X18 ¼ 0
13) -X13 þ X19 ¼ 0
14) -X17 þ X20 ¼ 0
15) X19 þ X14 þ X15 þ X9 þ X16 þ X20 þ X18 þ

X12 ¼ 10000
16) X1 - 99999 Y1 <¼ 0
17) X2 - 99999 Y2 <¼ 0
18) X3 þ X5 - 99999 Y3 <¼ 0
19) X4 þ X10 - 99999 Y4 <¼ 0
20) X6 þ X7 - 99999 Y5 <¼ 0
21) X8 þ X11 þ X13 þ X17 - 99999 Y6 <¼ 0
22) X9 þ X16 þ X18 þ X19 - 99999 Y7 <¼ 0
23) X12 þ X14 þ X15 þ X20 - 99999 Y8 <¼ 0
end

In this problem we sought to minimize the cost of
construction (the “Y” variables) and maintenance
(the “X” variables). The coefficients for Y1 were calcu-
lated using the length of each trail and the associated
cost. For example, trail section 1 will cost $48,000 per
mile * 0.65 miles, or $31,200. The variable cost coeffi-
cients (Xs) were calculated using the cost per person
per mile and the length of each trail. For example,
the variable cost associated with traveling between
nodes A2 and A4 is $0.70 per person per mile * 0.25
miles ¼ $0.175 per person. Other coefficients were
calculated in a similar fashion. Constraint rows
2 through 15 account for the flow of people along
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FIGURE 12.10 Network flow diagram for the potential trails system.
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the paths from the proposed parking lot to the turn-
around point. Rows 16 through 23 ensure that the
problem knows that if some people are expected to
have traveled a trail, that the trail is built. The solu-
tion to the problem is to build trail sections 2, 5, and
8 (parking area to node A2, node A4, then to the
turn-around point). The cost of the plan is $78,400,
well below the budget. The annual maintenance cost
is projected to be $11,600, and the initial trail con-
struction cost is estimated to be $66,800.

V. SUMMARY

In some areas of theworld, advances in research and
public concerns about aesthetics, biodiversity, and sus-
tainability have resulted in the incorporation of spatial

relationships in forest plans. Concerns over the spatial
position of management activities affect both the
timing and placement of activities across the land-
scape. Unfortunately, accommodating these restric-
tions into forest management plans may result in
plans that include higher levels of forest fragmenta-
tion, lower wood flows, and lower forest values. In
addition, accommodating adjacency and green-up
constraints or wildlife habitat relationships may
require significantlymore work on the part of planners
to develop the problem formulations, and subse-
quently the plans of action, that recognize the restric-
tions. In the future, computer software and hardware
may progress to the point where classical techniques
are once again useful for solving large combinatorial
problems. In the meantime, more reliance may be
placed on simulation and optimization with heuristics.

QUESTIONS

1. Adjacency and Green-up Constraints. Your supervi-
sor is interested in understanding the various
aspects of “green-up” requirements related to
clearcut harvests. Prepare a short memorandum
for them that describes the following:

(a) The various ways they can measure adja-
cency of harvest units.

(b) What a green-up period might entail.
(c) How adjacency and green-up might be

incorporated into a forest plan.
(d) What are the differences between the unit

restriction model and the area restriction
model.

2. TrailManagement. Themanagers of theLincolnTract
are considering the development of a trail system
(see Figure 12.9). A revised estimate of the construc-
tion costs has been developed (see the following).

Construction
Maintenance

cost
Trail
segment

Length
(miles)

cost
($/mile)

($/mile/
person)

1 0.65 75,000 0.75
2 0.94 40,000 0.70
3 0.49 35,000 0.75
4 0.30 55,000 0.85
5 0.25 75,000 0.70
6 0.48 35,000 0.75
7 0.35 56,000 0.65
8 0.45 59,000 0.70

On average, the managers of the Lincoln Tract
now expect 15,000 visitors per year. Since the cost
of the trail system is limited,which trailswould you
recommend that the managers construct? What
would be the cost of the trail system to develop?
Using the assumptions laid out here, what would
be the projected annual maintenance
costs?

3. Unit Restriction Model. Develop the problem for-
mulation and solve a three-period unit restric-
tion model for the Putnam Tract assuming the
following:

(a) The minimum harvest age is 25 years.
(b) The landowner wishes to maximize the net

revenue associated with the harvests.
(c) The stumpage price is $25 per cord.
(d) The landowner uses a discount rate of 6%.
(e) Only pine stands can be harvested.
(f) The time periods are five years long.
(g) Harvests occur during the mid-point of the

time period.
(h) A wood-flow policy constraint suggests a

maximum of 11,000 cords should be har-
vested per time period.

(i) Use the age at the beginning of each time
period as the age of each stand.

What is the discounted net revenue for this plan?
Which stands would be harvested during the
first time period? What wood flows should be
expected using this plan?

4. Area Restriction Model. Develop the problem
formulation and solve a three-period forest
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plan for the Putnam Tract assuming the
following:
(a) The minimum harvest age is 25 years.
(b) The landowner wishes to maximize the net

revenue associated with the harvests.
(c) The stumpage price is $25 per cord.
(d) The landowner uses a discount rate of 6%.
(e) Only pine stands can be harvested.
(f) The time periods are five years long.
(g) Harvests occur during the mid-point of the

time period.
(h) A wood-flow policy constraint suggests a

maximum of 11,000 cords should be har-
vested per time period.

(i) The landowner wants to control the size of
the harvested areas in the first period, and
wants to use the unit restriction model for
the remaining two periods.

(j) The maximum clearcut size is 120 acres.
(k) Use the age at the beginning of each time

period as the age of each stand.

What is the discounted net revenue for this plan?
Which stands would be harvested during the
first time period? What wood flows should
be expected using this plan? How does this
plan compare to the plan developed using the
previous question’s assumptions?

5. Wildlife Habitat Plan. Using the problem formula-
tion from Question 3, enhance the problem to
account for and control themaintenance ofwildlife
habitat. Assume that wildlife habitat for a certain
species is reflected by the following relationship:

Habitat quality ¼ 0:1 Age� 0:0025 Age2

Some assumptions that are necessary include the
following: (1) use the stand ages at the beginning
of each time period as the “age” of each stand, (2)
if habitat quality falls below zero, then it is zero.

(a) Develop accounting rows to accumulate
habitat units (Habitat quality * nonharvested
acres) for each of the three time periods.

(b) Constrain the problem to produce 100 habi-
tat units in each time period of the plan.

What is the discounted net revenue for this plan?
Which stands would be harvested during the
first time period? What wood flows should
be expected using this plan? How does this
plan compare to the plan developed using the
previous question’s assumptions?

6. RoadManagement Plan with Sediment. Assume for a
moment that the tonnage of sediment produced
for each section of potential road described in
the road management problem (Section IV.A.)
that crossed the stream was

VN1N5 0.001
VU2N2 0.002
VN3N2 0.003
VN3N4 0.004

(a) Develop an accounting row to accumulate
the sediment produced.

(b) How much sediment was produced?
(c) Constrain the problem to require a 10 percent

reduction in sediment produced.
(d) Did the optimal solution to the road manage-

ment plan change? If so, then how?

References

1. Bettinger, P. and Zhu, J. (2006). A new heuristic method for
solving spatially constrained forest planning problems based
on mitigation of infeasibilities radiating outward from a forced
choice. Silva Fennica. 40(2), 315–333.

2. Tarp, P. and Helles, F. (1997). Spatial optimization by simulated
annealing and linear programming. Scandinavian J. Forest

Research. 12(4), 390–402.
3. Bettinger, P. and Sessions, J. (2003). Spatial forest planning: To

adopt, or not to adopt? J. Forestry. 101(2), 24–29.
4. Dahlin, B. and Sallnäs, O. (1993). Harvest scheduling under

adjacency constraints—A case study from the Swedish sub-
alpine region. Scandinavian J. Forest Research. 8, 281–290.

5. U.S. Department of Agriculture, Forest Service. (2004). “Land
and Resource Management Plan, Chattahoochee-Oconee
National Forests.” U.S. Department of Agriculture, Forest

Service, Southern Region, Atlanta, GA. Management Bulletin
R8-MB 113 A.

6. Murray, A.T. (1999). Spatial restrictions in harvest scheduling.
Forest Science. 45(1), 45–52.

7. Barrett, T.M. and Gilless, J.K. (2000). Even-aged restrictions with
sub-graph adjacency. Annals of Operations Research. 95(1–4),
159–175.

8. Murray, A.T. and Weintraub, A. (2002). Scale and unit specifica-
tion influences in harvest scheduling with maximum area
restrictions. Forest Science. 48(4), 779–789.

9. Jones, J.G., Meneghin, B.J., and Kirby, M.W. (1991). Formulating
adjacency constraints in linear optimization models for schedul-
ing projects in tactical planning. Forest Science. 37(5), 1283–1297.

10. Yoshimoto, A. and Brodie, J.D. (1994). Comparative analysis of
algorithms to generate adjacency constraints. Canadian J. Forest

Research. 24(6), 1277–1288.

255REFERENCES



11. Murray, A.T. and Church, R.L. (1995). Measuring the efficacy of
adjacency constraint structure in forest planning models. Cana-
dian J. Forest Research. 25(9), 1416–1424.

12. McDill, M.E., Rebain, S.A., and Braze, J. (2002). Harvest sched-
uling with area-based adjacency constraints. Forest Science.
48(4), 631–642.

13. Goycoolea, M., Murray, A.T., Barahona, F., Epstein, R., and
Weintraub, A. (2005). Harvest scheduling subject to maximum
area restrictions: Exploring exact approaches. Operations

Research. 53(3), 490–500.
14. Crowe, K., Nelson, J., and Boyland, M. (2003). Solving the area-

restricted harvest-scheduling model using the branch and
bound algorithm. Canadian J. Forest Research. 33(9), 1804–1814.

15. Borges, J.G. and Hoganson, H.M. (1999). Assessing the impact
of management unit design and adjacency constraints on forest-
wide spatial conditions and timber revenues. Canadian J. Forest

Research. 29(11), 1764–1774.
16. Jamnick, M.S. and Walters, K.R. (1993). Spatial and temporal

allocation of stratum-based harvest schedules. Canadian J. Forest

Research. 23(3), 402–413.
17. Nelson, J.D. and Finn, S.T. (1991). The influence of cut-block

size and adjacency rules on harvest levels and road networks.
Canadian J. Forest Research. 21(5), 595–600.

18. Boston, K. and Bettinger, P. (2001). The economic impact of
green-up constraints in the southeastern United States. Forest
Ecology and Management. 145(3), 191–202.

19. Boston, K. and Bettinger, P. (2006). An economic and landscape
evaluation of the green-up rules for California, Oregon, and
Washington (USA). Forest Policy and Economics. 8(3), 251–266.

20. Boston, K. and Bettinger, P. (2001). Development of spatially
feasible forest plans: A comparison of two modeling
approaches. Silva Fennica. 35(4), 425–435.

21. Bettinger, P., Johnson, D.L., and Johnson, K.N. (2003). Spatial
forest plan development with ecological and economic goals.
Ecological Modelling. 169(2–3), 215–236.

22. U.S. Department of Agriculture, Forest Service. (1990). “Land
and Resource Management Plan, Wallowa-Whitman National
Forest.” U.S. Department of Agriculture, Forest Service, Pacific
Northwest Region, Portland, OR.

23. Bettinger, P., Sessions, J., and Boston, K. (1997). Using Tabu
search to schedule timber harvests subject to spatial wildlife
goals for big game. Ecological Modelling. 94(2–3), 111–123.

24. Bettinger, P., Graetz, D., Boston, K., Sessions, J., and Chung, W.
(2002). Eight heuristic planning techniques applied to three
increasingly difficult wildlife planning problems. Silva Fennica.
36(2), 561–584.

25. U.S. Department of the Interior, Fish and Wildlife Service.
(2003). “Recovery Plan for the Red-Cockaded Woodpecker
(Picoides borealis).” U.S. Department of the Interior, Fish
and Wildlife Service, Washington, D.C. http://www.fws.gov/
rcwrecovery/finalrecoveryplan.pdf (Accessed 8/22/07).

26. McComb, W.C., McGrath, M.T., Spies, T.A., and Vesely, D.
(2002). Models for mapping potential habitat at landscape
scales: An example using northern spotted owls. Forest Science.
48(2), 203–216.

27. Bettinger, P. and Boston, K. (2008). Habitat and commodity pro-
duction trade-offs in coastal Oregon. Socio-Economic Planning
Sciences. 42(2), 112–128.

28. Hann, D.W., Hester, A.S., and Olson, C.L. (1997). ORGANON

User’s Manual. Department of Forest Resources, Oregon State
University, Corvallis.

256 12. SPATIAL RESTRICTIONS AND CONSIDERATIONS IN FOREST PLANNING



C H A P T E R

13

Hierarchical System for Planning and
Scheduling Management Activities

As we have stated throughout this text, forest planning processes involve the determination of a set of actions that best meet landowner

goals and objectives. The best attainment of the goals and objectives are measured through forecasts of economic, ecological, and social effects.

As we noted in Chapter 1, each natural resource management organization may adopt and implement a different form of planning process.
Inherent in each organization, however, are planning processes that deal with long-term goals and objectives, short-term issues and logistics,

and intermediate concerns. These processes may be integrated into a single planning system, or more likely disaggregated into a hierarchical

system. The levels of planning within a natural resource management organization are sometimes clear, and other times blurred. They range

from broad-scale concern over long-term sustainability to fine-scale operational decisions needed to accomplish daily, weekly, or monthly
goals. Understanding the system in which decisions are made will help you achieve one of your personal goals—to be an effective natural

resource manager.

OBJECTIVES

Forest planning processes provide guidance for
the management of natural resources, and allow
land managers and landowners to compare the con-
sequences of alternative courses of action. Planning
involves methods for determining the best course of
action to meet the goals of the landowner. Under
most circumstances, and depending on the detail
involved, a plan should help a landowner under-
stand the economic, ecological, and social conse-
quences of a set of management activities, and
allow them to understand the associated risks and
uncertainty. This is important because in many
cases, landowners seek plans that involve low
levels of risk and uncertainty. The risks and uncer-
tainties associated with a plan may be obvious in
the presentation of the outcomes, determined
through an analysis of alternatives, or inherent in
the plan given the objectives (e.g., maximize
even-flow, minimize environmental problems) or
constraints (minimum harvest levels, minimum
environmental values) that are recognized. In many
instances, a plan of action allows a landowner to

further prepare for the changes that may arise
financially and otherwise (changing vistas, per-
haps), and allow them to develop ways to mitigate
difficult circumstances.

Organizational processes, for land held and
managed by companies, investment organizations,
states, provinces, and federal governments, vary in
breadth and complexity. For example, many, if not
all the United States National Forest Plans are very
broad in scope, providing strategic direction for
field managers who implement management activ-
ities. During the implementation phase, lower
levels of planning may be involved to ensure the
higher-level concerns are accommodated. This
planning environment is somewhat similar in other
areas of the world as well; however, the extent of
the area covered by plans may vary depending on
the socioeconomic atmosphere of each country.
For example, the phases of planning for forests in
Korea consist of basic plans, regional forest plans,
and unit forest plans [1]. The basic forest plan is
developed for all forests within the country, whether
publicly or privately owned, and provides a strate-
gic management perspective. Regional forest plans
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deal with public and private forests located within

each district within a province. Unit forest plans

are concerned with the activities associated with

specific forests in individual management areas.

These three levels of planning are basically strate-

gic, tactical, and operational in nature. Although

variation exists in the content and complexity of

these three types of planning efforts, at the conclu-

sion of this chapter you should be able to:

1. Describe the basic characteristics of strategic,
tactical, and operational planning as they relate
to natural resource management.

2. Compare and contrast the general differences
between strategic, tactical, and operational plan-
ning.

3. Understand the level of planning required for
various types of natural resource management
decisions that must be made.

I. STRATEGIC PLANNING

The term strategic forest planning sometimes is used as
a synonym for long-term forest management and
planning, although it is debatable whether some forest
management strategies are meant to examine long-term
consequences and impacts. In theory, strategic planning
involves long-term forecasts of the economic, ecological,
and social consequences of selective courses of action.
Traditionally, strategic planning in forestry concen-
trated on the interaction between management deci-
sions and timber sustainability or economic viability;
however, a number of ecological and social concerns
may now be incorporated into a strategic plan. Broad-
scale production levels and other landscape-level issues
are addressed during this planning process. Among the
most widely used strategic forest planning models are
linear programming and simulation. Linear program-
ming has been used mainly to allocate land and
resources to various broad-scale concerns of a land-
owner. The Spectrum andWoodstock planning models
(briefly discussed in Chapter 8) are examples of com-
puter programs that can perform the analyses required
to complete strategic planning efforts. Simulation has
been used mainly as a way to evaluate the long-term
productivity of forests, with a focus on forest growth
dynamics. The growth and yield models we discussed
in Chapter 2 are one type of simulation model. Almost
every large company and governmental agency in
NorthAmerica has used linear programming and simu-
lation models (perhaps in concert) to develop strategic
forest plans. However, the focus is generally on land
availability and broader landscape-level questions.

Strategic plans are designed to illustrate a trajectory
of the forest through time, using decisions that are
meant to lead to long-term sustainable production
levels. Strata-based geography and generalized growth
and yield information typically are used to address
these issues. As we noted in earlier chapters, strata are
aggregations of stands with similar conditions. Strata

may be based on the age, species composition, site
index, stand density, or combinations of these and other
attributes. Obviously the more subdivisions of strata,
the more complex the modeling system becomes. How-
ever, representing the various forest structural changes
that may occur on different sites, or with different spe-
cies compositions, can be more accurately portrayed
when the description of the forest more closely repre-
sents the actual conditions on the ground (as opposed
to using broader averages of a wide range of condi-
tions). As a result, there is a greater emphasis here on
the activities and outcomes of forest plans than on the
details of the spatial arrangement of activities [2].

The most common objectives used during strategic
planning include the maximization of net present
value, cash flow, net revenue, andwood flow of timber
harvests, or the minimization of habitat and other
ecological value degradation. Constraints typically
are related to the allocation of land to various resource
objectives, budgetary issues, wood flows, and the
extent of land assigned to forest management activ-
ities. Measures of outcomes include revenue, habitat,
jobs, commodities, water yields, recreational opportu-
nities, carbon sequestered, and many others. The com-
bination of these that provide the strategy for the
management of a forest generally arises from upper-
level managers and landowners, yet the implementa-
tion of the strategy is left to the mid-level managers
and field personnel, who must also attend to tactical
and operational issues [3].

II. TACTICAL PLANNING

Implementing forest plans without regard to the
spatial proximity of management activities to other
resources or other activities can result in practical
problems in the field, as well as result in the inability
to evaluate many of the potential consequences of
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a plan of action. Tactical forest plans take into account
the spatial relationships between management activ-
ities, and cover periods of time ranging from one year
to perhaps 20 years. These are plans that use stand-
based geography and fine-scale growth and yield
information to characterize the spatial and temporal
distribution of forest conditions and proposed man-
agement activities. Most forest companies, in fact,
develop one- to three-year harvest plans that could
be considered tactical plans. These plans suggest
where and when to implement various natural
resource management activities. In addition, spatial
analysis of the impact of activities is incorporated
here rather than in strategic forest plans. Although
numeric coefficients can be developed that relate
activities to habitat development, the assessment of
habitat quality in relation to the location of planned
harvests, as we described in Chapter 12, is one exam-
ple of spatial analysis integrated into tactical plan-
ning. In Chapter 12, we also discussed variations of
the harvest placement and timing problem that are
common to many forest companies in North America.
Green-up and adjacency rules, for example, require
spatial information and are accommodated in tactical
forest plans to allow land managers and landowners
to recognize these issues and to use them to control
the development of forest plans.

Issues in tactical planning generally revolve around
how to implement a strategic plan, and incorporate
aspects of management that were not recognized in
the strategic plan. The outcomes reported from str-
ategic plans are spatially disaggregated here, in an
attempt to locate the landscape position of activities,
habitats, and forest conditions suggested. For exam-
ple, harvest area size or shape, riparian management
areas, and wildlife habitat patches may all be recog-
nized spatially at this level of planning [4]. Tactical
planning may be critical for understanding future
landscape patterns, since what is planned may have
a lasting impact on the pattern of vegetation. One of
the purposes of a tactical plan is to analyze the cumu-
lative effects of management activities; however,
nontimber values may be difficult to address even in
a tactical plan. These include concerns about water
quality, aesthetics, recreational values, and certain
aspects of wildlife habitat. It is left to the operational
plan to address the final issues associated with the
implementation of management activities.

Common objectives used during tactical planning
include the maximization of net present value, cash
flow, net revenue, and even-flow of timber harvests,
or minimization of habitat quality and other ecological
value degradation. Constraints typically involve the
location and timing of management activities, the

location and timing of habitat development, budgetary
issues, wood flows (by product perhaps), and the
extent of land assigned to forest management activ-
ities. Measures of outcomes include revenue, habitat,
commodities, water yields, recreational opportuni-
ties, carbon sequestered, and others. Although some
of these arise from discussions with upper-level
managers and landowners, others (adjacency and
green-up) may be suggested through regulations or
voluntary certification guidelines.

III. OPERATIONAL PLANNING

Operational planning involves determining the spe-
cific courses of action and allocation of resources that
are needed to achieve the higher-level goals. This may
involvedaily,weekly, ormonthly budgetingor resource
allocation activities, or it may involve project-specific
logistics. Like tactical plans, operational plans also
include spatially explicit information. However, tactical
plans do not lead directly to actual harvesting activities
being implemented, they only generally indicate where
and when the activities should occur, and not how the
activities will be carried out [5]. Road and trail building
and scheduling, two problems we discussed in Chapter
12, are examples of operational planning processes. The
emphasis here is usually on plans of action that cover
less than a year, and the timing of activities within the
year is important.

Other examples related to harvesting operations
include:

• Optimal log bucking decisions
• Location and use of harvesting machinery and

personnel
• Primary transportation routes of wood from the

stump to a landing
• Secondary transportation routes of wood from

the landing to a mill or wood yard

Operational concerns can also be extended to multi-
disciplinary activities such as these:

• Location and use of pruning or precommercial
thinning crews

• Location and timing of tree planting activities
• Location of specific resources (e.g., trees) to be

manipulated to create wildlife habitat (e.g., red-
cockaded woodpecker nest trees)

• Optimal trail system route decisions
• Optimal decisions concerning areas for

mushroom harvesting
• Optimal decisions regarding the set of stream

segments that need enhancement (logs or boulders)
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Although linear programming and dynamic pro-
gramming have been shown to be useful at this level,
heuristic techniques are more commonly used to
solve these problems [4]. In addition, benefit-cost
analysis, internal rate of return, and other economic
criteria have been used to evaluate management
alternatives at this scale. Common objectives used
during this level of planning include the minimiza-
tion of costs, determination of optimal paths, maximi-
zation of net present value, or minimization of habitat
quality and other ecological value degradation. Con-
straints typically involve the location and timing of
management activities, the location and timing of
habitat development, budgetary issues, wood flows
by product, and other logistical concerns. Measures
of outcomes include revenue, commodities, and ele-
ments of habitat quality and other ecological values.
As with tactical planning, some of these will arise
from discussions with upper-level managers and
landowners, and others (some logistical concerns)
may be suggested through regulations or voluntary
certification guidelines.

IV. VERTICAL INTEGRATION OF
PLANNING PROCESSES

To summarize the previous discussion, strategic
plans generally are ones where comprehensive options
are assessed using single ormultiple objective processes
alongwith broad-scale constraints on land and resource
allocations. The time frame of the strategic planning
analysis generally extendsmultiple decades or multiple
rotations into the future (Figure 13.1). Tactical plans
generally involve more detailed spatial information
and concern the location and timing of activities over a
decade or two, but usually less than one rotation. Oper-
ational plans utilize the most detailed and timely infor-
mation to make management decisions related to
activities that will be implemented within weeks or
months, or within a year. Granted, every natural
resource management organization is different. As we
have suggested, each may adopt and implement a
different type of planning process. In fact, inmany cases
the lines become blurred between performing stra-
tegic and tactical planning exercises, and between
performing tactical and operational planning exercises.

Example

Millar Western Forest Products Ltd. developed a
set of forest management plans for lands that they
manage in a sustained yield unit in Alberta [6]. The

strategic plan identified the stands eligible for har-
vest, yet basically used a nonspatial analysis to
develop a 15-year allocation of stands to harvest. A
subset of these stands is used in tactical and opera-
tional plans to take into account operational limita-
tions. Stands available for thinning treatments and
limited harvests within riparian zones are also identi-
fied during the tactical and operational planning
phases. The operational planning phase provides
greater detail about the planned activities, as com-
pared to those suggested in the tactical plan. For
example, the operational plan describes the actual
harvest design and the detailed road management
plan. However, in the set of Millar Western Forest
Products plans, each level of planning incorporates
the same set of general planning steps:

1. Identify current resource values.
2. Develop goals and objectives for management.
3. Evaluate impacts of alternative management

strategies.
4. Select and apply the plan that achieves the

management objectives and minimizes negative
environmental impacts.

5. Monitor the effectiveness of the plan.

Example

When dealing with state-managed forest roads, the
Oregon Department of Forestry [7] conducts three
levels of planning that are consistent with the strategic,
tactical, and operational plans we have suggested.

Level I. This involves planning at a broad level,
and across a long time frame. Established here
are long-term goals and strategies that are

Strategic plan

Time
frame
modeled

Specificity

High (Very specific
about who will do
what, and when it
will be completed)

Short (days,
weeks,
months)

Long (decades)

Tactical plan

Operational plan

Low

FIGURE 13.1 Differences in time frame modeled and specificity
of information for the three forest planning processes.
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consistent with legal requirements as well as
the overall objectives of forest management.
Specific activities are not identified in this
type of plan.

Level II. This involves mid-level planning, and
across a moderate time frame (one decade).
Here, the current condition of the road system
is described, and the general manner in
which the system moves toward the envi-
sioned road system is identified. Major road
management activities such as road con-
struction and maintenance are identified in this
planning effort. This level of planning is
consistent with the goals and strategies from
Level I, and is coincident with the
development of implementation plans.

Level III. This involves the most detailed level of
planning, and covers a relatively short time
frame (two years or less). Activities planned
here must be consistent with the goals and
objectives from Level II planning. In this effort,
activities are site-specific and their exact
locations are identified on the ground.
The road management activities that are
designed are also usually associated with, or
in support of, other specific management
activities.

In general, depending on the political environment
of the country within which forests are managed, the
levels of planning should be either evident within an
organization (if forests are privately managed), or
evident across broader organizational scales (if forests
are publicly managed). For example, in areas of the
world where local citizens have input into and influ-
ence on the management of forest resources, planning
may occur at the national level (strategic), district level
(tactical), and local level (operational). Whether the
planning is coordinated top-down or bottom-up is
also a function of the political environment. A
bottom-up approach can be used to encourage land
users to operate in ways that increase the productivity
of a forest in a sustainable manner, yet may require
more effort on behalf of the planning team. At the
national level, planning processes concern with the
establishment of broad goals and priorities, such as
the need to balance competing demands for land, or
to allocate resources for development. District level
planning processes involve understanding the diver-
sity of the resources, and involve translating national
priorities into local plans. Activities planned here
include determining the general location of forest
plantations, water supplies, and roads. Local planning
processes involve small areas, such as a watershed.

Using local knowledge of the resources, this level
of planning concerns implementation of specific activ-
ities (where, when, and who will be responsible) [8]. In
other situations, where community involvement is not
a necessary condition of management, each level of
planning may be contained within the organization
itself.

V. BLENDED, COMBINED, AND
ADAPTIVE APPROACHES

Spatially explicit forest planning processes (tactical
planning) provide an opportunity to link strategic
and operational planning through either top-down
or bottom-up approaches to management. In a top-
down approach, strategic goals inform the develop-
ment of tactical forest plans. The goals provided by
the linear programming model Woodstock, for exam-
ple, to the spatial planning model Stanley are one
example of a top-down approach. In a bottom-up
approach, operational feasibility can be incorporated
into a tactical plan, which then informs the strategic
plan about the alternatives available for the manage-
ment of a forest. When detailed operational plans
are condensed into a spatially explicit forest plan,
planning is being directed from the bottom up, and
may lead to a strategic plan that is both operationally
realistic, and that reflects reasonable management
decisions made by landowner [9]. However, the
bottom-up approach is not suitable in all management
situations, particularly when strategic direction is
provided prior to the development of tactical or
operational plans.

Adjustments to plans as they are being implemented
at the operational stage are common. Many argue that
field personnel should have the flexibility to adjust
plans as is necessary given unexpected weather
conditions and market fluctuations. If numerous
changes to a plan are made, however, mainly due to
the planning process’ failure to recognize certain attri-
butes or limitations of the operational system, then
some consideration should be given to planning meth-
ods that better represent these factors. These changes
may be inherent in the updated data provided by the
field personnel at the end of a planning period, typi-
cally the end of a year. However, more frequent notifi-
cation of deviations from a plan will likely be of value
to an organization.

In many cases, the differences between the three
levels of planning are not clear, either because (1)
the levels of planning address similar concerns,
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(2) the scope of planning differs among organizations
or agencies, or (3) one or more levels is absent. For
example, the blending of the strategic and tactical
approaches is becoming very common [10], however
blended strategic/tactical approaches require assess-
ing more information at one time than when simply
performing a straightforward strategic planning exer-
cise. However, when using a blended approach, we
can avoid strategies that are not feasible given tactical
goals and constraints.

Within the U.S. Forest Service, programmatic deci-
sions (strategic plans) cover the broadest land area,
and describe management activities to be implemen-
ted in a very general manner. The land and resource
management plans for each U.S. National Forest are
examples of these types of strategic plans. Although
these are considered long-range plans, because the
analysis generally looks several decades into the
future, U.S. National Forest plans are generally appli-
cable only for about 15 years, and describe the objec-
tives and desired conditions anticipated through
implementation of the plan over this period of time.
As a result, National Forest plans provide guidance
and information only for lower-level planning activ-
ities. Before site-specific activities can be implemented,
a site-specific project plan is developed. Examples
of site-specific management activities include pre-
scribed burning, timber harvesting, wildlife habitat
improvement, and recreational area development.
This level of planning may be considered a blend
of the tactical and operational planning processes,
since the operational details are most likely considered
at this time. However, the association between site-
specific activities and forest-level objectives is some-
thing field-level managers need to constantly monitor
and evaluate.

Examples

In Pennsylvania, a strategic plan was developed to
address conservation concerns and the long-term sus-
tainability of both state and private forests, in an
effort to, as the plan [11] suggested,

. . . ensure the long-term viability, health and productivity
of our forests while providing benefits to all Pennsylvanians.

The management of land within the state forest
system, using the strategic State Forest Resource
Management Plan, then was coordinated using guid-
ance and direction outlined in the plan. The State
Forest Resource Management Plan lists a number of
goals that are associated with objectives that provide

guidance for future management decisions and allo-
cations of resources to site-specific projects. This plan
is suggestive of a mid-level planning effort, and fur-
ther suggests operational planning will occur as the
activities are developed to meet specific objectives.

Some land management organizations utilize an
adaptive management planning approach, where
feedback from activities that have been implemented
is used to periodically adjust plans. One such
approach is the adaptive management planning pro-
cess used by Weyerhaeuser [12] for the sustained
yield unit it manages in Alberta (Figure 13.2). Here,
tactical forest planning processes are conspicuously
absent, and more than likely incorporated into the
strategic or operational planning processes. In fact,
as computer and database management technologies
advance, the differences between strategic and tacti-
cal planning become less obvious. It is not unreason-
able to suggest that today forest plans can be
developed using spatially explicit goals and analysis,
yet cover long periods of time while addressing
broad-scale resource allocation concerns.

VI. YOUR INVOLVEMENT IN FOREST
PLANNING PROCESSES

After this brief discussion of the various levels of
forest planning, you might be asking yourself where

Detailed
management

plan

Operational
plan

Management
activities

Forest
response

Forest
monitoring

Analysis

Operational
level adjustments

Strategic level
adjustments

FIGURE 13.2 Adaptive management planning process used by
Weyerhaeuser [12] for land managed in Drayton Valley, Alberta.
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you would fit into the natural resource planning
processes. As a relatively new natural resource
manager you will likely be involved with the
development of operational plans for the land that
you manage. If you do not directly develop these
plans, perhaps you will do so indirectly under the
guidance of other seasoned professionals. As time
goes by, you will likely be afforded the oppor-
tunity to develop these plans yourself and imple-
ment them as well. As you will find, in many
situations the annual goals of a property and some
of the means for achieving them typically are
defined by the landowner or the upper-level man-
agers. These include annual harvest and budget
levels, silvicultural options, and ecological and
social concerns, all of which may be passed down
to the field level through a strategic plan. How-
ever, the data and knowledge that would be
required to develop a strategic plan will likely
arise from the field offices (Figure 13.3). As a result,
you should be aware of how the management
activities that you implement support the goals
recommended in the strategic plan. Not only will
you and your colleagues in the field offices be
the most familiar with the current condition of the

natural resources being managed, but also you will
be relied on to inform the planners and man-
agers of the management prescriptions that are
most likely to be implemented, and their associated
costs. Although a set of optimal prescriptions for
timber stands may be generated during one or more
of the planning processes, understanding the cur-
rent actual management implementation process is
essential so that suggested courses of action are
not outside the bounds of reasonable courses of
action. At some point in your career as a natural
resource manager, you will either be consulted on
these types of issues during the planning process,
or perhaps you will become the person responsible
for developing the plan itself. Understanding the
hierarchy of planning processes within your organi-
zation is therefore an important learning process
and one that will allow you to work effectively with
your peers.

VII. SUMMARY

Land managers and landowners want plans of
action that provide guidance and assessments of
the goals and objectives of a property. Some want
an evaluation of strategies or general directions
for managing resources and achieving long-term
goals. Some want tactical plans to determine where
activities should be planned over the next year or
two. Others require operational plans to facili-
tate implementation of daily, weekly, or monthly
management activities. Ideally, a plan of action
would include a geographic perspective that allows
land managers and landowners to understand the
extent of activities planned, the relationship
between planned activities and the broader set of
natural resources contained within the property
(or landscape), and the potential courses of action
for implementing the management activities.
Through these plans, managers and landowners
should be able to develop a sense for the short-
term, intermediate, and long-term goals associated
with the property. Further, an analysis of alterna-
tives at each level allows the decision-makers to
understand the trade-offs involved in selecting
fine-scale and broader-scale courses of action.
Understanding how you might contribute to each
planning process may be one of the keys to a
successful career.

Develop updated
databases and

knowledge

Assess the
quality of data

Incorporate
data into

databases

Develop
strategic and

tactical
plans

Analyze and
select
plan(s)

Implement
plans/create

operational plan

Field office
District or Regional

office

FIGURE 13.3 Flow of information in a typical timber company
over the course of a year.
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QUESTIONS

1. Operational planning related to commercial thinning
operations. You have recently been hired as a for-
ester for a timber company in western Washing-
ton. Your main responsibility is to plan and
implement all the commercial thinning activities
across the land the company owns (200,000 acres).
Higher-level plans call for a certain amount of
volume to be thinned from a certain amount
of land each year. A general thinning prescription
is applied to stands that are 25 to 30 years old.
Discuss the various aspects of your new job that
might be included in a monthly operational plan.

2. Operational planning related to wildlife habitat
improvement. As a natural resource manager for
a military base in the southern United States,
you are charged with developing a certain
amount of red cockaded woodpecker habitat
each year. Based on the guidelines provided in
Chapter 12, Section III, Part A, what operational
planning issues would you expect to encounter
over the course of a year?

3. Forest planning processes. The organization that
you work for in central Maine utilizes a forest
plan that describes for the land managers the
areas to be harvested each year, the volume
expected from each harvest, and the potential
effects of the plan on wildlife habitat and water
quality values. The plan provided to the field
personnel is one or two years in length, but
you are aware that it is modeled for 50 years to
determine the effects of harvesting on long-term
sustainable wood supplies. How would you
describe this type of planning process? Why?

4. Selecting a planning process. The owner of a tract
of land in Wisconsin is interested in having you
develop a forest plan for their property. After a

brief discussion with the landowner, you deter-
mine the following: (1) they are interested in a
long-term sustainable harvest from uneven-aged
forests, (2) they want some flexibility in locating
the harvests, therefore are not interested in
a site-specific schedule, just a ballpark figure
(volume and area) to work from, (3) though they
desire a 50-year plan to ensure sustainable har-
vests, they are most interested in the costs and
revenues over the next 10 years. Given sufficient
data to develop the forest plan, which approach
described in this chapter would you select? If
the landowner later indicated that they are very
concerned about deer habitat quality, specifically
as measured using a spatial wildlife habitat qual-
ity model, would your choice of approach
change? If so, then how would it change?

5. The hierarchy of forest planning. Assume you are
a manager of a large area of land in central
Virginia, and assume that you are interviewing
recent graduates for an entry-level field forester
position. During the interview, you describe for
the candidates the types of management activities
that the new employee will be performing. In
addition to prescribed burning, timber inventory,
and some harvest layout activities, the position
includes supporting the strategic and tactical
planning processes of your organization, and
includes the direct use of operational planning
processes. Since these planning processes may
overlap somewhat, and since decisions at one
level affect opportunities at another, the goals
and objectives of the planning processes may be
a little confusing to the students you are inter-
viewing. To help clarify matters, develop a short,
one-page memorandum that describes how the
three processes differ, and how the new
employee will eventually become involved.
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5. Epstein, R., Karlsson, J., Rönnqvist, M., and Weintraub, A.
(2007). Harvest operational models in forestry. In Handbook
of Operations Research in Natural Resources (A. Weintraub,
C. Romero, T. Bj�rndal, and R. Epstein, Eds.), pp. 365–377.
Springer, New York.

6. Alberta SustainableResourceDevelopment. (2000). “MillarWest-
ern Forest Products Ltd.” Alberta Sustainable Resource Develop-
ment, Edmonton, Alberta. http://www.srd.gov.ab.ca/forests/
managing/plans/millarwestern.aspx. (Accessed 2/21/08).

264 13. HIERARCHICAL SYSTEM FOR PLANNING AND SCHEDULING MANAGEMENT ACTIVITIES



7. Oregon Department of Forestry. (2006). “Forest Roads Manual:
Transportation Planning.” Oregon Department of Forestry,
Salem, OR. http://www.odf.state.or.us/DIVISIONS/manage-
ment/state_forests/RoadsMan.asp. (Accessed 2/21/08).

8. Food and Agricultural Organization of the United Nations.
(1996). “Guidelines for Land-Use Planning.” Soil Resources,
Management and Conservation Service, Food and Agricultural
Organization of the United Nations, Rome, Italy. FAO Develop-
ment Series 1. http://www.fao.org/docrep/T0715E/t0715e00.
HTM. (Accessed 2/21/08).

9. Brown, C. (2001). ATLAS-SIMFOR Project Extension Report, Link-

ing Operational and Strategic Planning (The RCFC Story). Silvatech
Consulting, Ltd., Salmon Arm, British Columbia. 12 p.

10. Sessions, J. and Bettinger, P. (2001). Hierarchical planning: Path-
way to the future? In Proceedings of the First International

Precision Forestry Cooperative Symposium. Institute of Forest
Resources, pp. 185–190. College of Foret Resources, University
of Washington, Seattle, WA.

11. Pennsylvania Bureau of Forestry. (1995). Penn’s Woods, Sustain-
ing our Forests. Pennsylvania Bureau of Forestry, Harrisburg,
PA. 32 p.

12. Weyerhaeuser Company Ltd. (2005). SYU R12 Detailed Forest

Management Plan, 2000-2015. Weyerhaeuser Company Ltd.,
Drayton Valley, Alberta.

265REFERENCES



This page intentionally left blank



C H A P T E R

14

Forest Supply Chain Management

Supply chains are integrated networks composed of raw material suppliers, manufacturing facilities, and transportation providers that

work across organizational boundaries to deliver products to customers. We could view supply chains from a traditional wood products per-

spective, or from a multiple-use perspective. In the forestry supply chain, some of these functions are performed by the landowner, who
supplies the raw materials, and the harvesting contractor, who commonly performs two functions: manufacturing a tree into logs, and trans-

porting the logs from the forest to the roadside or landing. Hauling contractors then transport the products from the roadside to various pro-

cessing facilities. Various types of mills subsequently convert the logs into wood, paper, and chemical products. Finally, the finished products
are transported to the customers or end-users. Many aspects of the integrated nature of the forestry supply chain may be recognized in stra-

tegic, tactical, and operational forest management plans.

OBJECTIVES

The forestry supply chain for wood products can
be viewed as a system of operations that begins with
the resource; moves through harvesting, processing,
and sorting stages; and ends with the delivery of the
product at one or more processing facilities [1]. The
wood manufacturing supply chain is broader, and
can include the various steps involved in creating a
product. The planning processes associated with
the forestry supply chain are bounded by both envi-
ronmental and economic considerations, and success
is based on performance related to these considera-
tions as well as other social concerns. Supply chains
in general can be characterized as being centralized,
where all the decisions are made by a single deci-
sion-making organization, or decentralized, where
each step of the supply chain involves one or more
different decision-making organizations. Supply
chains can be characterized as “push” systems,
where production is emphasized and inventory is
sold from the manufacturer to end-users generally
through advertisements. Supply chains can also be
characterized as “pull” systems, where customer
demands or requests are used to pull the products
through the manufacturing process. An example of
a pull system would be where a special order is
requested by a customer. Multistage supply chains

have priced contracts at each stage downstream from
the source of thematerial. In general, competition for
sources of material increases the efficiency of supply
chains, but the degree of improvement depends on
the structure of the system and the amount of compe-
tition and collaboration among the participants.
The actors involved in a typical forestry supply chain
can include the following:

• The landowner, cooperative, or concession holder
• The logging contractor
• An intermediary (perhaps) such as a wood yard

operation
• The mills or processing centers
• Other downstream operations that use the by-

products of the primary processing of wood

In developing countries, supply chains typically
involve numerous actors, and are tightly associated
with long-standing social structures [2].

Supply chains are not perfect, and in many cases
are inefficient. In fact, there has been little pub-
lished research assessing the efficiency of supply
chains [3]. Transportation issues, stumpage costs,
global competition, and the loss of local markets
were among the most concerning aspects of the
supply chain in one study of the Appalachian forest
products industry [4]. Most of the people surveyed
in the Buehlmann et al. [4] study suggested that
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developing better relationships among potential
up-stream customers in the supply chain was the
most important response to globalization of the
industry. Cooperation in the decision-making pro-
cesses among the different organizations within a
supply chain can significantly reduce the costs
and increase the efficiency of the entire system [5].
To improve performance in the supply chain, a
number of contracts (buybacks, rebates, revenue
sharing, etc.) also have been proposed, however
price-only contracts are the most prevalent [3].

The forest products industry’s supply chain dif-
fers from most manufacturing businesses in that
smaller products (lumber, paper, etc.) are generally
decoupled from a larger item (the tree). In other
industries, products are assembled from a collection
of smaller parts. As a result, in forest management,
the demand for a single grade of log or lumber can
result in the production of many other logs or lum-
ber as by-products of the production process. There-
fore, the supply chain must not only account for the
primary customer demand, but it must include the
delivery of products to other customers as a result
of the coproduction that arises from the decoupling

process. This pull–push supply chain has both cus-
tomer-demand and production-driven components,
whereas most other supply chains focus exclusively
on only one of these components. In this chapter,
we will present an overview of the forestry supply
chain as a hierarchical system that is similar to the
hierarchical planning problems presented in the pre-
vious chapter. We will describe general solution
methods that can be used to solve these problems
using the mathematical techniques presented earlier
in the text. Finally, we will conclude with a discus-
sion of the uncertainty inherent in supply chain
planning systems. Upon completion of this chapter,
you should be able to:

1. Describe the components of a forestry supply
chain management system.

2. Be able to suggest the appropriate mathematical
technique to be applied to various aspects of
the supply chain.

3. Understand the sources of variation in the supply
chains.

4. Understand the potential benefits frommanaging
the supply chain.

I. COMPONENTS OF A FORESTRY
SUPPLY CHAIN

Supply chains are integrated, multifunctional net-
works in both space and time that facilitate the transfor-
mation of raw materials to finished products, which
eventually are sold to customers or end-users.
Although we described a few earlier, a wide number
of manufacturing organizations and products can be
associated with a forestry supply chain (Figure 14.1).
Natural resource managers should be aware of how
their decisions will influence the profitability of their
own business as well as the other organizations that
are dependent on the wood that is harvested. In-
dividual planning without regard to supply chain
partnerships may result in goods produced at noncom-
petitively high costs, and come with an associated poor
level of customer service that can have an effect on
long-term profitability. Zielke and Pohl [6] developed
the concept of the virtually vertically integrated firm
as one that can easily cross organizational boundaries
and result in efficient production. Here, the alignment
of supply chains among the participants can facilitate
an improvement in profitability among all the organiza-
tions involved. For example, a landowner that wants to
increase his or her international log sales may not be

able to achieve this goal if the port that they typically
use does not have the excess loading capacity (or plans
to expand this capacity). However, the landowner
could work collaboratively with the port, after sharing
its strategy of increasing sales of international logs,
and encourage the port to increase its capacity for the
additional business. The end-result would be both an
increase in business for the port, which may improve
its profitability, and an increase in international sales
for the landowner.

From a natural resource management perspective,
the supply chain can be described by five functions
that involve data collection, demand estimation,
planning, execution, and reporting. Although one of
the functions involves planning, each of the other
four functions (Figure 14.2) are integrated within var-
ious phases of planning, from higher-level strategic
planning processes to lower-level, time-critical, oper-
ational planning processes [7]. The five supply chain
functions include the following:

1. Supply management. This function involves
the management of the availability and
purchase of raw material from all potential
sources, such as owned (fee) timberland, long-
term log and stumpage agreements, short-term
log sales, or gate-wood (delivered by other
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loggers or landowners). One source of data is
the inventory associated with some of the
forests being managed; another source is the
projections obtained from growth and yield
analyses.

2. Planning and scheduling. This function
involves the development of the strategic,
tactical, and operational plans that are designed
to address the management, harvesting, and
transportation activities. In addition, this
function results in the coordination of the
logistical concerns related to aligning wood
demand with wood supply in an effort to meet
both end-user demand and the desired
inventory levels of wholesalers or retailers.

3. Demand management. This function involves
the development of forecasts, through planned
orders, of sales to customers. Additionally,
price-related information is managed during
this function.

4. Execution. This function involves the imple-
mentation of the management plans, and may
include the tracking of harvesting and
transportation processes necessary for establishing
a chain of custody.

5. Knowledge collection and reporting. This
function involves the collection of data

regarding the performance of the supply
chain. The information developed here allows
an organization to analyze and recommend
improvements throughout the supply chain
system.

Execution of an efficient supply chain utilizes logisti-
cal systems that optimize the distribution of the materi-
als from the ;forest to the end-users. One goal is to
ensure that the end-users receive their orders during
the time period desired. The ultimate goal of the supply
chain is to execute the plans with the maximum effi-
ciency while meeting all confirmed needs of each orga-
nization along the way. As we noted, a common goal of
the execution function within the supply chain may be
to perform chain-of-custody auditing requirements.
Tracking the chain-of-custody involves the recording
and tracking of the possession of logs and lumber from
the forest to the customers, and the tracking process
often is associated with the certification of forest prod-
ucts. Since most certification systems require that
forest landowners track wood products from the forest
to the final customer, the chain-of-custody assessment
ensures that customers will be able to purchase forest
products originating from certified forests. Stated
another way, chain-of-custody certification verifies the
flow of certified forest products through the supply
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FIGURE 14.1 A distribution of logs through various processing facilities to markets (adapted from [10]).
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chain. The other common role of a chain-of-custody
verification process is to prove ownership of the wood
produced to reduce trade in illegally harvested wood
products. Here, wood buyers, processing facilities, for-
est landowners, and conservationists all are involved
in tracking wood through the wood supply system.

Chain-of-custody issues are linked to forest planning,
harvesting operations, transportation systems, and pro-
cessing operations. Tracking wood through the system
is not without some significant challenges, which can
include systematic inhibitors to product quality thro-
ughout the supply chain, and a general lack of accep-
tance of technological improvements in the various
wood processing sectors. Each of these is not unex-
pected when multiple organizations, each with perhaps
different objectives and goals, need to interact to effec-
tively track wood products.

A number of technologies have been applied to the
methods for tracking wood products. The oldest and
most common are log brands, which consist of simple
patterns that are hammered into the end of logs.
Nowadays plastic-coated paper bar codes or specially
formulated paint with tracers that glow under vari-
ous light sources commonly are used for international
wood products. Some have suggested using microtag
paint, which contains identification codes that can be
viewed with a microscope. Radio frequency tags or
aroma tags also have been suggested for tracking
wood products [8]. There are several issues that need
to be considered when attempting to track forest
products; one is the shear number of tags that will
be needed, as the number of logs can easily exceed
millions from a large industrial forest products firm.
Another is that the identification tools need to be
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easily associated with a product, they must be dura-
ble, and they must not interfere with subsequent pro-
cessing systems. This requirement may effectively
eliminate from further consideration the use of metal
or plastic tags, which may affect the pulping or saw-
ing process.

The reporting function within the supply chain
serves two roles, the first of which is to provide the
information needed to address the general business
practices of an organization. This includes invoicing
customers and making payments to contractors and
suppliers. The second role is equally important but
not as well recognized, and that is to collect the infor-
mation necessary to develop further an understand-
ing of the business. Some typical questions that can
be addressed with information generated during this
function of the supply chain include:

1. Are the confirmed orders being fulfilled at their
agreed price?

2. Was the production of the crews at their
predicted levels?

3. Did the grade distribution from each stand meet
the anticipated goals?

4. Have log yard inventories remained within the
desired range?

5. Are the harvest levels by strata, silvicultural
regime, or forest type being scheduled in the
tactical and operational plans similar to those
recommended by the strategic plan?

6. Are the stands included in the tactical plan used
in the operational plan, or has the tactical plan
been allowed to drift without reason?

7. What is the accuracy of the long-term sales
forecasts?

8. What is the accuracy of the shorter-term, weekly
forecast?

Those items that have large variances between
their planned performance levels and their actual per-
formance levels should be targeted for further analy-
sis, to determine the causes of poor performance
and to locate areas for improvement in the system.

II. ASSOCIATION WITH THE
HIERARCHY OF FOREST PLANNING

As we suggested, the five supply chain functions
are integrated with strategic, tactical, and annual,
monthly, and weekly operational forest plans. The
execution function also includes logistical schedu-
ling, which is used to optimize the transportation
resources as well as maintain a record of the chain-

of-custody. For the natural resource manager, the
bulk of the work will involve developing the supply
estimates through the use of inventories in conjunc-
tion with growth and yield models. As we noted
in Chapter 13, strategic planning covers a broad time
frame, perhaps a length of time equivalent to two
to three typical rotations in an even-aged manage-
ment system. Strategic plans for public (government-
managed) lands may be developed once every five
to 15 years, whereas strategic planning processes usu-
ally are conducted every one or two years by many
forest companies. The objective of a strategic planning
process is to develop a long-term vision that allows
an organization to best define how it can adequately
compete in current and future markets by integrating
strategies where mutual gains can be produced across
the entire supply chain.

In the forestry supply chain, one common goal is to
align the volume and log types that can be produced
from a forest with the capacities of the most logical
manufacturing facilities. This is accomplished in the
strategic planning process by constraining the use of
various silvicultural prescriptions (for even-aged and
uneven-aged stands) and by adjusting the forest rota-
tion ages (for even-aged stands). The outcomes from a
strategic forest plan can include the area to be treated
by various silvicultural methods and logging systems,
the desired rotation ages for stands containing various
tree species and managed with various silvicultural
regimes, and projected harvest volumes by grade and
species. Logging and transportation analysis examines
the existing harvesting and transportation systems and
considers the costs associated with changing the capac-
ity of these systems.

Additionally, the strategic plan associatedwith a for-
est should consider the transportation infrastructure
projects that may be necessary, such as the construction
or maintenance of wharves or highway upgrades, each
of which could influence the ability to meet the needs
of potential customers or take advantage of lower
operating costs. In reaction to these outcomes, strategies
can be developed for (1) the preferred location of new
manufacturing facilities, (2) the disposal of properties
that do not support future needs, and (3) the acquisition
of properties that can support future needs. In addition,
an organization can develop a strategic plan to acquire
or dispose of long-term cutting agreements, and per-
haps can develop a strategic plan that targets specific
sources of externally procured wood volume.

Tactical planning is the second step in many forest
management planning hierarchies, and as we sug-
gested in Chapter 13, one of the key differences
between strategic and tactical planning is the type of
data employed. In a strategic planning process, the
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decision variables generally are described with con-
tinuous real numbers that represent areas of forest
types, silvicultural regimes, or otherwise delineated
strata. However, in tactical planning processes and all
the remaining levels in the supply chain hierarchy, the
decision variables generally are represented by discrete
integer values, such as whole timber stands. The time
horizon associated with a tactical plan is also approxi-
mately one-half of one even-aged forest rotation length,
or shorter. Many tactical plans are annually or every
other year. Since the decisions are discrete, tactical
planning is able to incorporate into plans spatial
constraints, such as green-up and adjacency require-
ments. These and other habitat-related constraints,
for example, are incorporated into some state forest
practices rules, recovery plans for endangered species,
or voluntary certification program guidelines.

The tactical forest planning process is where the
combined harvest and transportation decisions can
be accommodated, and where significant financial
improvements in the efficiency of transportation sys-
tem can be realized. In many parts of the world, roads
may be built only during a three- to six-month period
of the year, due towet or frozen soils. In addition, roads
in some areas of the world may be used for only a lim-
ited period of time, such as when the ground is frozen.
Thus, landowners may have limited opportunities to
change forest plans since many management activities
are dependent on the access to theirmanagement units.
As a result, many forestry supply chains may inher-
ently contain limited near-term flexibility for accessing
some stands, as the road infrastructure may require a
longer period of time to change. Therefore, the current
road system may have the most influence on where a
landowner is able to harvest. Additionally, logging
and hauling capacities can be included in tactical forest
plans to better represent the management environ-
ment. Assumptions regarding the use of these systems
are relatively robust over the near-term, as there are
limited opportunities to quickly change logging and
hauling systems since significant changes may require
new equipment to be manufactured and marketed.

The objective function of a tactical forest plan may
be to maximize net revenue subject to constraints
associated with the guidance suggested by a strategic
forest plan. Since individual stands or harvesting
units (rather than coarser strata, silvicultural regimes,
or forest types) are now the decision variables, there
is an increase in the resolution of the supply and pro-
duction data. The forecasted wood flow projected
through a tactical plan similarly is refined with finer
gradations in yields by grade classes, as compared
to broader product classes typically recognized in
strategic plans. The outcomes from tactical plans can

include a set of stands to be treated by various silvi-
cultural prescriptions and logging systems, and a set
of road projects to be completed each year. In addi-
tion, with the outcomes from a tactical plan, land
managers and landowners can confirm that the pro-
jected wood supply may be (or may not be) available
to the manufacturing facilities considered in the stra-
tegic plan. Thus, land managers may be able to
understand the composition of stands that can be
used to best supply manufacturing processes, loggers
may be able to match their equipment needs to stand
conditions, and trucking capacity can be aligned to
specific needs based on wood volume and distances
being hauled. Therefore, the outcomes of a tactical
plan can facilitate a number of efficiency gains in
the operational capacity of a wood supply system.

As we noted in Chapter 13, operational planning is
the lowest level of forest planning, and involves the
most direct contact between organizational goals and
the forest itself. In fact, an organization may develop
and use several operational plans, at the weekly,
monthly, and annual time scales. Whereas tactical
plans use virtual crews with average production rates,
operational plans typically incorporate production and
cost estimates for specific crews, information provided
through knowledge of the contractors used for various
management activities within an ownership. At this
stage of planning, contractors can demonstrate that
they have used the information provided by a tactical
plan to become a competitive provider of the services
associated with management activities. The inventory
and forest structure data related to a forest typically
are used to assign crews to harvest units and road con-
struction and maintenance projects. In addition, the
order in which the crews will complete these tasks to
best satisfy the objectives of the landowner or the col-
lective objectives of the supply chain partners can be
determined, perhaps so that wood yard inventories
do not fall short nor become overly excessive. Opera-
tional plans use very fine-scale information to assign
work crews to harvest units, and these plans should
be designed to ensure that all the management actions
suggested by the tactical forest plan are completed. In
response to this concern, a set of constraints can be
designed for operational plans to force compliance
with the tactical or strategic plan goals, thus the hierar-
chy of planning is enforced.

The wood supply data for operational plans gener-
ally arises from preharvest forest inventories that are
collected a year prior to harvesting. This information
is used to support log allocation decisions, since plan-
ners have the ability to create multiple log stock tables
that represent alternative harvesting instructions.
Additionally, supply managers may incorporate the
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volumes available from nonfee land or third-party tim-
ber sales to understand how to approach these oppor-
tunities based on their contribution to the wood
supply mix. The outcomes of operational planning, as
they relate to the forestry supply chain, can include:

• Weekly delivery schedules of wood volumes to
key customers

• Work crew and harvest unit assignment
instructions

• Estimates of the wood volume needed to be
procured in weekly increments

• Reports of unsold, scheduled harvest volume in
the landowner’s inventory in weekly increments

Example

Carlsson and Rönnqvist [9] describe a supply chain
management system used by Södra Cell AB in Swe-
den. Södra Cell AB is one of the largest producers of
market pulp, and operates three pulp mills in Sweden
and two pulp mills in Norway. Sales are made mostly
to companies in Europe, particularly Sweden and
Germany. The Södra Cell AB planning approach uses
a hierarchical system where strategic planning pro-
cesses consider investments and improvements in
pulp mills in light of the available wood supply. Stra-
tegic plans also are made to support the logistical
capabilities of the supply chain, to increase its ability
to supply future markets. A tactical planning process
considers a 12-month rolling time horizon that
matches the supply of wood to the demand for pulp
based on knowledge of markets from key account
managers and sales offices. An operational planning
process is performed monthly, and consists of deci-
sions regarding the shift from one type of market
pulp to another based on production issues at each
mill and the ability to transport the resulting products
to various markets. Optimization models are used to
allocate wood supplies to production facilities in an
effort to minimize transportation costs.

Changes in wood supply markets can occur rapidly,
and as a result monthly planning processes allow for
these market changes to be recognized, and thus can
be used to adjust harvesting and trucking capacity. A
monthly plan can result in operational plans that actu-
ally look out over a three-month time horizon, and these
can be used to balance the needs of longer time horizons
associated with international sales with the demands of
shorter domestic wood sales cycles. These operational
plans allow a natural resource manager to manipulate
the scheduled management activities and account for
market changes, since one goal may be to confirm sales
orders over the first two months. The third month is
used primarily to identify future opportunities and to

adjust the supply chain to improve revenue or customer
service. This level of planning represents a significant
change in the supply chain management process as
changes in wood demand can be recognized and man-
agement reactions can be developed.

Whereas higher levels of planning suggest that any
portion of logs produced can be sold to any customer,
a monthly operational plan recognizes that logs can be
sold using a variety of log allocation policies. Some
landowners, for example, may allocate logs to cus-
tomers based on those opportunities with the highest
net revenue, and thus they treat each grade of log pro-
duced from their land independently of other grades.
However, customer priority systems can be developed
to provide better service to customers. For instance,
common customer priority planning systems include:

• Acceptance of only a full order, thus the order is
treated as a binary variable in planning efforts

• Acceptance of any part of an order, thus the
order is treated as a continuous variable in
planning efforts

• Acceptance of any amount above someminimum
volume, butwith the caveat that the percentage of
log grades must meet a desired target

In the latter case, the order is assumed to be repre-
sented by a continuous variable in planning efforts,
but the percentage assigned is further constrained.

When developing monthly operational plans, log
yard inventory levels are estimated to determine if
they are in compliance with the established organiza-
tional policies. If the inventories are above some max-
imum acceptable level, then additional wood sales
can be sought through price negotiations, or woods
crews can be placed on work quotas (or eliminated) to
reduce the production capacity. If the inventories are
below theminimumacceptable stock levels, then either
production can be increased with extended work
weeks, or additional wood can be procured through
increased short-term gate-wood purchases. In either
event, once plans are in place to move inventory levels
within a desired range, orders are confirmed and com-
municated with customers, and harvesting crews
are notified of their next harvest unit. In summary,
the results of a monthly operational plan include the
assignment of wood flow orders to individual logging
and transportation crews, the development of a spe-
cific wood procurement schedule, and an analysis of
log yard inventories.

The development of a weekly operational plan is
the final element in the planning and scheduling
function of the supply chain analysis, and it is very
similar to the master production schedule found
in many generic factory scheduling systems. The
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production schedule assigns crews a cutting sched-
ule, and an order for wood volume by product, grade,
and length is inherent. As actual orders can change
from the forecasted order, a weekly operational plan
attempts to accommodate these changes without
sacrificing those orders that already have been con-
firmed through the monthly planning process. In
sum, the weekly operational plan is the last attempt
to manage market and customer changes.

Example

In an illustration of the challenges and opportunities
facing the forestry supply chain in Chile, Weintraub
and Epstein [10] suggested that the supply chain begins
with harvesting of each tree, as the actions applied to a
tree initiate the flow of material from the forests to the
various manufacturing facilities. Here, given strategic
goals, tactical decisions are supported by the program
PLANEX [11], which uses raster geographic informa-
tion system databases, often with a spatial resolution
of 10 meters, to aid in the design of harvest unit bound-
aries. This analysis also allows the land managers to
determine the harvesting system requirements for each
stand. The PLANEX solution process at this level of
planning uses a heuristic planning technique. Opera-
tional planning is performed using the program OPTI-
CORT [11], which is a linear programming system
that helps managers address the following questions
with guidance from the tactical plan:

• What stands should be harvested?
• What cutting instructions need to be applied to

each stand?
• What is the destination for the products

produced from each stand?
• What are the harvesting system requirements?

This operational planning process leads to a weekly
and daily schedule that relies on manual adjustments
to satisfy changing orders. Once logs have been deliv-
ered to a landing, the logistics scheduling system

ASICAM is used to assign trucks to landings and to
assign customers to the delivered products [11]. The
planning process develops a daily schedule, where
truck travel times are considered along with the
demand for the various log grades and the loading cap-
abilities on each landing. Trucks can be assigned new
routes to avoid high congestion at the landing or at a
processing facility. Using this planning process, Epstein
et al. [11] estimate a gain of over $20 million per year in
system efficiency. The use of the logistics scheduling
system alone can result in a 15 to 35 percent reduction
in transportation costs. This type of forestry supply
chain planning system may be even more important
today as some companies seek to minimize their carbon
footprint.

III. MATHEMATICAL FORMULATIONS
ASSOCIATED WITH FORESTRY SUPPLY

CHAIN COMPONENTS

The mathematical processes that can be used to
analyze supply chain issues already have been
described, previously in this book and by others.
Rönnqvist [12] provided an assessment of processes
that considers the application, the time horizon,
the computational efficiency, and the solution qual-
ity of mathematical processes to address various
stages of the supply chain problem (Table 14.1).
When addressing supply chain problems, planning
methods typically utilize a hierarchical approach
that allows decisions from the higher levels to filter
down to the lower levels as goals or constraints.
Thus, solutions from a strategic forest plan will pro-
vide guidance to a tactical forest plan, which further
influences decisions that are made when developing
an operational plan. Although the techniques used
to address these problems have been discussed
previously, the difference when applied to supply

TABLE 14.1 Planning Horizon, Solution Time, Solution Quality, and Model Type Used in a Supply Chain
Planning Process (from [12])

Application Time horizon Solution time Solution quality Model type

Board cutting 1 sec <0.1 sec Optimal Dynamic programming

Truck dispatching 5 sec <1 sec High quality Integer programming

Truck scheduling 1 day 20 min Near optimal Integer programming

Annual planning 1 year 1 hour Near optimal Integer programming

Tactical planning (with road management) 5 years >1 hour High quality Integer programming

Strategic planning 100 years 20 minutes Optimal Linear programming
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chain analysis is in how these plans are devel-
oped. In previous chapters, it was assumed that
a planner was able to generate all the data necessary
for an analysis from within their organization. How-
ever, in a supply chain analysis, the data required
may be needed from various organizations out-
side the one in which the planner works, since the
goal is to develop collaborative networks that share
data across organizational boundaries and increase
the efficiency of the system. Thus, a supply chain
planner may need to develop relationships with
managers from outside their organization to obtain
the necessary logging costs, production rates, future
volumes, and so on to effectively develop plans of
action.

The longer term, strategic forest planning pro-
blems ideally are solved with linear programming
techniques, where the supply data are highly aggre-
gated into strata-based averages. Demand data also
is aggregated into broad product classes where the
individual firms involved in the supply chain may
not yet be identified, although it may include both
data from known customers as well as from econo-
metric-based forecasts. A generic strategic forest
planning problem formulation related to supply
chain management might include the following:

As we move down the hierarchy to tactical
planning problems, the data becomes more refined
and the decision variables are associated with indi-
vidual harvest units and road projects, and are repre-
sented with discrete integer variables. The solution
methods rely on those that are capable of solving
mixed integer programming problems or integer pro-
gramming problems, or may rely on a heuristic tech-
nique. The problem formulation will often contain a
number of goals generated from the strategic forest
plan as well as spatial constraints imposed by either
local forest practices rules, organizational policies, or
certification requirements. A generic tactical planning
problem formulation related to supply chain manage-
ment is as follows:

Maximize discounted net revenue

Subject to:

Area constraints—minimum or maximum

limits on productive available land in each time

period, including land for purchase, sale, or

trade.

Volume flow constraints—minimum or max-

imum limits on the volume scheduled for har-

vest for the overall property plus those timber

sales that are available for purchase in the sur-

rounding area.

Cash flow constraints—minimum or maxi-

mum levels related to the management of the

overall property.

Silvicultural limitations—minimum and

maximum limits on areas to be treated with

the various available silvicultural prescriptions.

Habitat requirements—minimum or maxi-

mum limits on areas to be maintained in vari-

ous conditions for habitat maintenance and

protection.

Volume flow by grade groups—minimum or

maximum limits on volume scheduled for par-

ticularly important customers.

Maximize discounted net revenue

Subject to:

Area constraints—minimum or maximum

limits on productive available land in each time

period, including land for purchase, sale, or

trade in each compartment or watershed.

Volume flow constraint—minimum or maxi-

mum limits on the volume scheduled for har-

vest for the overall property plus those timber

sales that are available for purchase in the sur-

rounding area, using guidance from the strate-

gic plan.

Cash flow constraints—minimum or maxi-

mum levels related to the management of the

overall property.

Silvicultural limitations—minimum or maxi-

mum limits on areas to be treated with the var-

ious available silvicultural prescriptions.

Habitat requirements—minimum or maxi-

mum limits on areas to be maintained in vari-

ous conditions for habitat maintenance and

protection, perhaps by compartment or water-

shed.

Volume flow by grade groups—minimum or

maximum limits on volume scheduled for par-

ticularly important customers.

Adjacency and green-up constraints—limits

related to the timing and size of clearcut harvest

areas.

Road and harvest unit linkage constraints—

considerations that allow for issues related to

the transportation system to be incorporated

into the planning process.
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An annual operational plan may be developed to
assign the available work crews to forest management
activities and to arrange the order in which the man-
agement activities will be implemented. This is
mainly an integer programming problem, as discrete
work crews are assigned to unique management
activities. A natural resource manager may want to
accommodate constraints in the planning problem
that require key contractors to have a continuous
work schedule during the year to meet common con-
tractual agreements. At this stage in the supply chain
planning process, log yard inventory levels for the
coproduced products can be tracked to determine if
additional sales programs are needed, or if overall
wood production needs to be reduced to limit losses
in the inventory. A generic annual operational
planning problem formulation related to supply
chain management might include the following:

The monthly operational planning process typi-
cally places more emphasis on sales within the sup-
ply chain process. This planning process has the
goal of considering how wood volume from each
stand can be merchandized to meet different cus-
tomer orders. This is the first level of planning where
the demand of wood has changed from forecasts to

actual orders, and the supply of wood must then be
consistent with these needs. Through this process,
volume tables can be created that are representative
of various log merchandizing rules. These are then
applied to the stands that currently are being har-
vested, or will likely be harvested during the two- to
three-month planning horizon. This problem formu-
lation will also become an integer problem, where
discrete cutting schedules are assigned to specific
harvest units, and the volume is allocated to specific
customers. A generic monthly operational planning
problem formulation related to supply chain manage-
ment might include:

As most domestic mills in the United States (as well
as those in many other countries) order wood on a
weekly cycle, the weekly operational planning process
within the wood supply chain is used to make minor
corrections to the monthly orders. This level of
planning also is used to adjust production levels in
response to changes in demand. The weekly opera-
tional plan follows a similar mathematical formulation
as the monthly operational plan. If this problem cannot
be accommodated, then it is suggested that the
monthly operational plan be revisited using the adjust-
ments suggested here, prior to confirming weekly
orders. A weekly operational planning problem for-
mulation related to supply chain management might
consist of the following:

Maximize discounted net revenue

Subject to:

Volume flow constraints—minimum or maxi-

mum limits on the volume target by wood grade

group for each potential customer, using guidance

from the tactical plan.

Work crew utilization rules—considerations

for the rules used to assign work crews to man-

agement activities to promote high utilization

rates, such as a minimum number of weeks

worked or continuous work for fixed or vari-

able length periods of time.

Management activities completeness con-

straints—considerations for the need to ensure

that all management activities are scheduled

for implementation during the year, and that

they should be completed before moving to

the next activity.

Work crew size constraints—considerations

for the rules that ensure that the plan does not

exceed the maximum number of crews working

in a management activity.

Maximize discounted net revenue

Subject to:

Volume flow constraint—minimum or maxi-

mum limits on the volume target by wood

grade group for each potential specific cus-

tomer, using guidance from the annual operating

plan. In addition, the volume of wood from

each harvesting work crew given specific cutting

instructions.

Wood flow available from short-term supply

sales.

Short-term market potential for specific

grades of wood.

Log yard inventory policy constraints.

Harvest units being represented by discrete

decision variables.

Harvesting crews being represented by dis-

crete decision variables.
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One alternative operational plan might involve the
logistics of the forestry supply chain. To execute the
set of forest plans, some operations may need to be
logistically coordinated. For example, to harvest
wood in some stands, an adequate transportation sys-
tem must be developed that considers inventories,
truck availability, and customer demands. This mathe-
matical problem formulation might include the
following:

Throughout the book, we have concentrated on
natural resource management planning problems.
As you can see in this chapter, when management
organizations want to recognize and plan within a

forestry supply chain, the concepts we presented ear-
lier are very similar to what we have presented here.
We can also extend the conceptual framework of a
“supply chain” to the management of other natural
resources. For example, we may want to develop a
strategic plan for a trail system across the land we
manage. The trail users would be considered the cus-
tomers, and the trail development and maintenance
crew could be considered the manufacturer. We
may then develop a tactical plan to ensure that the
trail system physically connects, and that the costs
of construction and maintenance will be within our
projected budget levels over the next few years. We
may then develop an annual plan that describes the
costs and outcomes that are reasonable over the next
year, given the availability of trail management per-
sonnel and equipment. In addition, we may identify
the specific trail construction contractors and the spe-
cific list of trail management projects to undertake
during the year. As you may have guessed, the out-
comes from an annual plan should be consistent with
the outcomes suggested at higher levels in the
planning process. Finally, we may develop monthly
or weekly operational plans to ensure that the appro-
priate equipment and personnel are assigned to each
segment of the trail system, given the specific charac-
teristics of each trail, and given the short-term supply
of people and equipment.

IV. SOURCES OF VARIATION IN THE
FORESTRY SUPPLY CHAIN

Although in this chapter we have discussed many
qualitative, value-centric concepts regarding planning
and management of natural resources, most of this
book has focused on quantitative techniques to apply
to various forest management and planning pro-
blems. In real-life management problems, costs,
prices, supplies, and demands can change dynami-
cally over space and time and relatively quickly as a
result of global, regional, and local socioeconomic
conditions. As an extreme example, in the aftermath
of Hurricane Hugo in 1989, mills in South Carolina
were flooded very quickly with storm-damaged
wood, and as a result, prices of delivered wood to
pulp mills fell sharply due to the increase in supply,
and logging costs increased due to the hazardous con-
ditions [13]. In light of these real-world issues, many
land managers, landowners, and students of forest
management may find that the deterministic nature
inherent in many quantitative planning techniques is

Maximize discounted net revenue

Subject to:

Volume flow constraints—minimum or max-

imum limits on the volume targets by grade

group for each potential specific customer,

using guidance from the monthly operating

plan. This includes the volume scheduled for

each customer that has not changed since the

development of the monthly schedule, and the

available wood flow from short-term supply

sales.

Volume production constraints—minimum

or maximum limits on the wood volume to be

produced from current harvesting operations

using a set of specific cutting instructions.

Short-term market potential constraints.

Log yard inventory policy constraints.

Harvest units being represented by discrete

variables.

Harvesting crews being represented by dis-

crete variables.

Minimize total transportation costs

Subject to:

Work intensity constraints—these ensure

that the solution to a problem does not suggest

that the available hours for a vehicle or a driver

exceed some safe limit.

Customer demand constraints—these ensure

that the plan meets the demands of each

customer.

In-woods inventory constraints—these en-

sure that all inventory stored at a landing are

below some maximum stock level.
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a difficult characteristic to accept. It should be obvious
that the longer the time frame assumed in a planning
process, the more uncertain many planning assump-
tions become. For example, would assuming a dis-
count rate of 6 percent for a landowner be acceptable
over a 20- or 30-year time horizon, or should the dis-
count rate assumption change as economic conditions
change or as the landowner ages? Unfortunately, even
though short-term planning processes may better
reflect current conditions, in many cases long-term
planning is necessary to assure the sustainability of
resources and to provide strategic guidance for forest
management activities.

When applying quantitative planning techniques to
problems related to the forestry supply chain, it is the
cost and availability of data that can often prohibit us
from fully capturing the essence of a management
problem. For strategic planning processes, the supply
of data generally is provided from forest growth and
yield models, or from strata-based or plot-based
averages. Forecasted prices may come from analytical
models such as the Timber Assessment Market Model
[14] or from other projections provided by government
agencies or private consultants. Further, logging costs
and production rates generally are forecasted using
recently obtained local knowledge. As we move down
the hierarchy of planning processes from strategic to
operational planning, the quality of the information
must improve to enable you to utilize the level of
detail necessary to obtain improvements in the for-
estry supply chain. Forest structure information, for
example, may shift from strata-based averages (used
in strategic planning) to information generated from
a mid-rotation inventory of a specific stand that
reflects recent silvicultural history (used in tactical or
operational planning), or a preharvest estimation of
wood quantity and quality. Forecasted prices for prod-
ucts cover much shorter periods of time in operational
planning processes, and here you can begin to com-
bine modeled prices with consultation of other supply
chain participants to improve price forecasts.

As we move to the operational planning levels
(annual, monthly, and weekly), we will be forecasting
individual orders with mathematical models that may
not be able to simulate the actual circumstances that
control wood volume desires of individual firms.
For example, current logging and hauling rates may
be based only on comparable bids made by contrac-
tors performing similar work, and not based on the
actual production rates for a specific system (since
the data is unavailable). Further, current wood sup-
ply information may be generated from a preharvest
inventory of each stand, and this information may

be useful in supporting log allocation decisions. How-
ever, sampling errors are inherent in most estimates
of wood volume, and unfortunately these errors can
be relatively high for certain log grades. Interestingly,
there has been limited investigation into the relation-
ship between the quality of these wood supply esti-
mates and the expectations of the customer.

Perhaps the most important message is that when
you develop plans related to the forestry supply chain,
the collection of appropriate data will involve a large
commitment of time. The first few attempts to develop
a forestry supply chain model may underscore the
appropriateness of various types of data for each level
of planning. Along the way, high-quality forecasts of
prices and volumes may require a significant effort to
collect, and you may decide that growth and yield
models need to be developed to better represent local
conditions. Further, in some areas of the world, the
social and economic variables that influence logging
system production rates may not be recognizable for
some time. These uncertainties are suggestive of rea-
sons why supply chain management systems utilize
different information at each level of planning, and
they may highlight where improvements in the
planning process should be prioritized.

V. SUMMARY

Evaluating and implementing a specific type of
forestry supply chain involves a number of functions
that have processes ranging from planning to report-
ing mechanisms. The strategic, tactical, and opera-
tional plans that we have described in the last few
chapters of this book all are integral to the successful
implementation of forestry supply chains. Whether or
not aspects associated with producers or customers
outside of the control of a single landowner are
included in forest management plans is reflective of
whether the supply chain is sufficiently acknowl-
edged. In today’s contemporary forest management
environment, chain-of-custody assessments can be
facilitated with the execution of a forestry supply
chain system. Where forest certification is prevalent
or necessary, the tracking of wood products may be
more efficient when viewed through the supply
chain. A number of types of plans that differ in scale
and scope can be developed to model the potential
supply of resources and efficiency of resource man-
agement. It is not until the fine-scale operational
plans are developed that customer-supplier interac-
tions specifically are acknowledged, however. In
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contrast, variation and uncertainty in prices, costs,
supplies, and demands are greater in longer-term
plans. The shorter the planning horizon, the better
handle we may have on the appropriate prices, costs,

supplies, and demands related to wood products.
However, supply chain plans that are short-term in
scope should be consistent with the goals and objec-
tives of longer-term plans.

QUESTIONS

1. Decentralized forestry supply chain. You recently
have been hired as an analyst for a forestry consul-
tant in Alabama. One client is a large pulp mill,
which owns very little land itself. The managers
of the pulp mill are interested in understanding
the opportunities and challenges associated with
the forestry supply chain. Describe in a short
memorandum the actors within a typical forestry
supply chain, the roles that they play, and how
strategic planning goals of the mill might filter
down into the operational plans of their procure-
ment foresters.

2. Centralized forestry supply chain. You recently
have been hired as an analyst for a forestry com-
pany in Texas. The company, in general, oper-
ates using a centralized forestry supply chain.
The managers of the company are interested in
understanding more about the opportunities
and challenges associated with other forms of
forestry supply chains. Describe in a short mem-
orandum the advantages and disadvantages of a
centralized supply chain. How would this differ
from a decentralized supply chain?

3. Recreation supply chain. Assume that you are a rec-
reation planner with a national forest in Montana.
The national forest has developed a strategic for-
est plan that provides broad-scale direction for
the management and development of recrea-
tional resources. However, to implement this
direction, other plans of action are necessary.
Without delving into the intricacies of United
States National Forest planning, describe in
general how tactical or operational plans could
be used to facilitate the management of the
recreational supply chain. What type of infor-
mation should be used to guide decisions in
the weekly, monthly, annual, or decadal time
frames? Who are the customers, and what
products do they desire? How can these be
integrated throughout the planning process so
that an overall general strategy is achieved?

4. Chain-of-custody auditing. You recently have
been hired as a chain-of-custody analyst for a
nongovernmental organization that is actively
involved in the certification of forest resources
worldwide. What is a “chain-of-custody” as it
relates to wood products? What is the purpose
of auditing the wood product chain-of-custody?

References

1. Mitchell, C.P. (1992). Biomass supply from conventional for-
estry. Biomass and Bioenergy. 2(1-6), 97–104.

2. Woods, E.J. (2004). Supply-chain management: Understanding
the concept and its implications in developing countries. In
Agriproduct Supply-Chain Management in Developing Countries

(G.I. Johnson and P.J. Hofman, Eds.), pp. 18–26. ACIAR Pro-
ceedings No. 199e. Australian Centre for International Agri-
cultural Research, Canberra, Australia.

3. Perakis, G. and Roels, G. (2007). The price of anarchy in supply
chains: Quantifying the efficiency of price-only contracts. Man-

agement Science. 53(8), 1249–1268.
4. Buehlmann, U., Bumgardner, M., Schuler, A., and Barford, M.

(2007). Assessing the impacts of global competition on the Appa-
lachian hardwood industry. Forest Products J. 57(3), 89–93.

5. Hall, N.G. and Potts, C.N. (2003). Supply chain scheduling:
Batching and delivery. Operations Research. 51(4), 566–584.

6. Zielke, A. and Pohl, M. (1996). Virtual vertical integration: The
key to success. The McKinsey Quarterly. 3, 160–163.

7. Boston, K. (2005). The desired future state of primary forested
supply chain. In The Role of Forests for Coming Generations Philos-

ophy and Technology for Forest Research Management (K. Naito

Ed.), pp. 39–46. Japan Society of Forest Planning Press, Utsuno-
miya, Japan.

8. Murphy, G. and Franich, R. (2004). Early experience with aroma
tagging and electronic nose technology for log tracking. Forest
Products J. 54(2), 28–35.
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C H A P T E R

15

Forest Certification and Carbon
Sequestration

Global forests provide a wide range of essential products and vital environmental services. In recent decades, widespread forest loss and

decline, of which forest management activity is all but one cause, has raised concerns about the future of global forests and the vital functions

they fulfill. The global consensus on the need to address forest sustainability challenges lent urgency to the development of working solutions.
As part of this process, market forces were employed through forest certification to promote and reward sustainable forest management. The

ability of forests to sequester and store large amounts of carbon draws attention to the role they may play in helping solve another urgent

environmental problem, global climate change. Global problems call for global solutions. We live today in the global economy that operates

with a global view of the environment, and these developments affect forest management everywhere, regardless of location. Though these
developments present numerous challenges to forest managers, they also offer new opportunities and rewards that eventually may substan-

tially alter the practice of forestry.

OBJECTIVES

Global forest resources are essential for conser-
vation of biological diversity, water, and soil
resources, as well as for meeting our needs for com-
modities and nontimber forest products. Concerned
with progressing deforestation and degradation in
many forested regions of the world, members of
the United Nations Conference on Environment
and Development (UNCED) in 1992—termed the
Earth Summit in Rio de Janeiro—developed a non-
binding Statement of Forest Principles that con-
sisted of 17 points outlining guidelines and means
for protecting the world’s forests [1], which in
essence formed an action plan for the sustainable for-
est management movement. Since then, countries
throughout the world have developed regional
and international criteria and indicators that can
measure and monitor success in achieving sustain-
able forest management.

Of the criteria and indicator initiatives related to
sustainable forest management, the Montréal Pro-
cess is geographically the largest, encompassing
most of the world’s temperate and boreal forests,
which compose 60 percent of all the world’s

forests [2]. The seven criteria identified in the
Montréal Process include:

• Conservation of biological diversity
• Maintenance of productive capacity of produc-

tive ecosystems
• Maintenance of forest ecosystem health and

vitality
• Conservation and maintenance of soil and water

resources
• Maintenance of forest contribution to carbon

cycles
• Maintenance and enhancement of long-term

socioeconomic benefits to meet the needs of
societies

• Development of legal, institutional, and eco-
nomic framework for forest conservation and
sustainable management

Similar criteria and indicators for measuring and
assessing sustainable forest management were
developed through the Helsinki Process for Europe,
and the International Tropical Timber Organization
for tropical regions.

These sustainability concerns gave raise to two
prominent environmental concepts associated with
forestry. First, forest certification was prompted
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by a desire to help achieve sustainable forest man-
agement through market forces, since governmental
regulations are difficult to create or enforce in many
parts of the world. Certification has offered the
promise of enhanced forest management and pro-
tection, and the promise for generating adequate
financial returns from managed forests to ensure
that they are retained in their present use. Second,
the growing consensus that global climate change
indeed is occurring, and that greenhouse (GHG)
emissions need to be reduced, has brought attention
to the ability of forests to sequester and store large
amounts of carbon. As a result, markets for seques-
tered carbon recently have been developed, and

may provide forest landowners with another source
of income comparable to an annual hunting lease.
Although the issues are complex and new develop-
ments occur frequently, at the conclusion of this
chapter you should be able to:

1. Understand sustainability concerns driving for-
est certification and forest carbon sequestration.

2. Compare various forest certification systems and
evaluate their applicability.

3. Understand challenges and opportunities asso-
ciated with forest carbon sequestration.

4. Evaluate management implications of pursuing
forest carbon sequestration projects.

I. OVERVIEW OF FOREST
CERTIFICATION

Forest certification is a method for addressing
concerns related to deforestation and degradation of
forests, and for promoting the development and
maintenance of biological diversity [3]. Forest certifi-
cation processes have been called at times green certi-
fication. Certification programs are basically processes
that attempt (1) to identify and promote forest land
that is well-managed, and (2) to recognize the prod-
ucts that are produced from these forests as having
been sustainably managed. Certification also is a
method for verifying a landowner’s commitment to
sustainable forestry objectives, and has been used as
a method for obtaining publicity for voluntary con-
servation efforts. The underlying idea of forest certifi-
cation is that consumers of wood products will
choose to purchase products derived from sustain-
ably managed forests, and pay more for these prod-
ucts (offer a price premium) than for products
derived from poorly managed forests. Whether this
is true or not is debatable (see [4], for example). Forest
certification is aimed at improving the quality of for-
est management and promoting higher wood product
prices, as well as providing better market access for
wood products derived from sustainably managed
forests. The concept was originally designed for
improving tropical forest management, where most
forest losses currently take place. Forest products
originating from sustainably managed forests can be
certified by reliable, independent, third-party audi-
tors. Certified products can then be labeled so that
consumers can clearly recognize them and make
informed choices at the time of purchase. A wood
product with an eco-label is meant to help consumers

easily identify officially approved green products
derived from certified forests. The label also allows
manufacturers to demonstrate that their finished pro-
ducts are derived from certified forests.

A number of environmental nongovernmental
organizations (NGOs) and numerous governmental
organizations participating in the Earth Summit
(1992) strongly supported binding international
agreements and legislation to address deforestation
and degradation throughout the world. Despite their
efforts, no legally binding commitments were devel-
oped, and as a result many NGOs considered the
Summit a failure. In an attempt to better protect
global forests, NGOs since have devised several for-
est certification processes that use market-based
approaches to address international wood products
trade. Forest certification in general consists of four
elements: (1) standards (acceptable levels of forest
management activity); (2) inspections and audits
(objective assessments of whether the standards are
fulfilled); (3) chain-of-custody audits (identifying a
product’s origin and tracking it through the system);
and (4) certification (a labeling process that indicates
that the previous three elements were met satisfac-
torily). Today two types of certificates are awarded:
(1) the sustainable forest management certificates
that verify forests are sustainably managed, and (2)
the chain-of-custody certificates that verify forest
products were made with wood harvested from sus-
tainably managed forests. As a result, forest certifi-
cation is a market-oriented and consumer-oriented
approach that has developed a high level of accep-
tance among some private and public forest man-
agers [5].

Forest certification began with the American Tree
Farm System in 1941. Of the contemporary processes,
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certification of forests worldwide began with the For-
est Stewardship Council (FSC) in 1993 and has since
expanded rapidly. By May 2007, certified forest area
worldwide amounted to 292 million ha or nearly
8 percent of the world’s forests (Table 15.1). Most
certified forests are in the Northern Hemisphere.
North America alone accounts for 56 percent of
certified forest area globally, and the European Union
accounts for about 28 percent. The Commonwealth of
Independent States (Russia, etc.) account for about 7
percent of the certified forest area. Much smaller
amounts of certified forest area are located in Oceania
(Australia, New Zealand, Micronesia, etc.), Latin
America, Africa, and Asia.

The potential wood supply that can arise from
certified forests was estimated in 2007 to be about
386 million m3, or about one-quarter of the total
global industrial roundwood supply (Table 15.1). In
North America and Europe more than 40 percent
of industrial roundwood production arises from
certified forests. In Finland and Austria, 100 percent
of managed forests are certified. However, because
of low customer awareness and lack of price pre-
miums, only a small fraction of certified wood prod-
ucts is marketed as such. In other areas of the
world (e.g., Commonwealth of Independent States,
Latin America), a relatively low percentage of the
wood produced arises from certified forests. Com-
pared with the rest of the world, the sustainability
of forest resources in the Northern Hemisphere is
not threatened, since the quality of forest manage-
ment is generally satisfactory and since the extent of
forest resources is expanding. In other regions of the
world, certified forests are usually those forests that
have been managed sustainably for many decades.

Planted forests managed for wood production
account for a substantial share of certified forests in
all regions of the world. Although the pace of growth
in certified forest area has slowed down in recent
years, major expansions in forest certification are
expected in Russia and China.

The major forest certification systems include the
Forest Stewardship Council, the Programme for the
Endorsement of Forest Certification schemes (also
known as the Pan-European Forest Certification sys-
tem), the Canadian Standards Association sustainable
forest management program, the Sustainable Forestry
Initiative, and the American Tree Farm System. Both
the Forest Stewardship Council and the Program for
the Endorsement of Forest Certification schemes
serve as umbrella programs endorsing national forest
certification systems. An estimate of the area certified
by these programs is provided in Table 15.2. Other
certification programs gaining importance include
the Australian Forestry Standard, Chile’s Certifica-
ción Forestal, Brazil’s Certificação Florestal, and the
Malaysian Timber Certification Council. In the United
States, forest certification is dominated by Sustainable
Forestry Initiative, which has nearly 22 million ha
certified (Table 15.2). The second most popular sys-
tem is the American Tree Farm System with nearly
10 million ha of certified forests. Forest Stewardship
Council certification is third in size with about
9 million ha certified. The total certified forest area
in the United States amounts to more than 40 million
ha (almost 100 million acres). Since the forested area
within the United States is about 300 million ha
(around 750 million acres), this suggests that the
United States is one of global leaders in forest
certification.

TABLE 15.1 Forest Certification by Major Region, 2007 (from [6])

Region

Total forest area

(million ha)

Certified forest

area (million ha)

Percentage of total

forest area certified

Certified

industrial wood

production

(million m3)

Percentage of total

production

North America 470.6 164.2 34.9 210.1 13.2

European Union and some
western European states

155.5 80.8 17.2 166.4 10.5

Commonwealth of Independent
States (Russia and others)

907.4 20.6 4.4 3.6 0.2

Oceania 197.6 9.9 2.1 2.5 0.2

Africa 649.9 2.6 0.6 0.3 0.0

Latin America 964.4 12.1 2.6 2.1 0.1

Asia 524.1 1.6 0.3 0.7 0.0

Total 3,869.5 291.8 62.1 385.7 24.2
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Within the United States, approximately 16 million
ha of the certified forests are located in the southern
states [7]. Thus it is interesting that the southern
United States contains about 29 percent of the
nation’s forests and about 46 percent of the certified
forests, and intriguing since federally managed for-
ests more commonly found in the western portion of
the nation, and are not certified. The forest industry
owned about 9 million ha of pine plantations in
2005, and almost all this land would have been
certified. However, much of the forest industry land
has changed ownership in the past few years, mainly
through sales from vertically integrated forest
products companies to large Timber Investment Man-
agement Organizations (TIMOs) or Real Estate Invest-
ment Trusts (REITS). What effect this change in
ownership may have on the amount of certified forest
area remains to be seen.

There are two types of certification processes: (1)
performance-based, and (2) systems-based. Perfor-
mance-based certification processes are ones where a
certifying organization determines most, or all, of the
performance criteria related to certification, then over-
sees the assessment process to ensure conformance to
the criteria. The systems-based process allows the land
management organization seeking certification to
identify the environmental concerns related to the
property, and to devise an environmentalmanagement
system that will address these concerns. Verification of
adherence to the forest certification standards involves
comparing a landmanagement organization’s mode of
operating to the certification system’s set of standards.
In general, the verification process is a negotiated agree-
ment, and certification may be awarded on the condi-
tion that landowners adopt a certain set of acceptable

management practices. For example, in the brief expla-
nation of the Forest Stewardship Council principles
and criteria (P&C), the following language might be
found:

FSC and FSC-accredited certification organizations will
not insist on perfection in satisfying the P&C. However,
major failures in any individual Principles will normally dis-
qualify a candidate from certification, or will lead to decertifi-
cation. These decisions will be taken by individual certifiers,
and guided by the extent to which each Criterion is satisfied,
and by the importance and consequences of failures. Some
flexibility will be allowed to cope with local circumstances.

The verification process involves preliminary discus-
sions, field verification of activities and conditions, the
writing of a verification report, and follow-up audits.

The reasons why a landowner would enter into a
certification process vary considerably, and are based
on environmental, economic, and social considera-
tions. First, there is a belief that certified products
may eventually command a price premium among
consumers. As we have suggested, this is currently
debatable. Second, some manufacturers believe that
certified wood products may provide better access
to certain markets. This may, in fact, be an important
consideration as some of the larger home improve-
ment stores consider this factor in the supply that
they offer. A few retail home-improvement and office
supply chains, for example, recognize the value of
maintaining a good public image. Whether this leads
to higher sales for the store or for the certified wood
products is also debatable. However, Tikina et al. [8]
found that interest in certification among landowners
in the Pacific Northwest of the United States increases
as the proportion of their customers requesting
certified goods increases. Some landowners also are
concerned about the perception of their land manage-
ment ability. Tikina et al. [8] suggest that in areas
where land management may be highly exposed to
regulatory requirements (e.g., those related to riparian
management zones), landowners may have a higher
interest in obtaining forest certification, to receive
recognition for the effort required to manage their
land within the broader socioeconomic environment.
Although all land management organizations claim
to manage land consistent with environmental rules
and regulations, not all of them do so, thus certification
provides a method to prove their case [9].

Final consumers of wood products have not been
very active in creating the demand for certified wood
products, and their role in the market is not expected
to change in the short-term. In fact, globally certified
wood products represent a very small fraction of forest
products sales. The primary force behind the drive to

TABLE 15.2. Forest Certification Systems around the
World and within the United States, 2008

Certification system

World forest

area certified

(million ha)

U.S. forest area

certified

(million ha)

Sustainable Forestry Initiative 59.9 21.7

Forest Stewardship Council 92.9 9.0

American Tree Farm System 9.7 9.7

Canadian Standards
Association

79.3 0.0

Programme for the
Endorsement of Forest
Certification Schemes

204.0 0.0
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certify forest management may be pressure from envi-
ronmental groups, and the strongest demand drivers
arewoodproducts retailers, who are interested inmain-
taining or increasing their public image, and thus may
prefer to avoid direct action protests in their retail out-
lets [10]. Thepromise of price premiumsmay eventually
work better for forests in developed countries that are
managed for industrial wood production, and where
products are geared toward markets in Europe and
North America. There is less promise of a price pre-
mium, however, for large forested areas located in
developing regions of theworld. These forests tradition-
ally have been used tomeet the subsistence needs of the
local people. In many of these cases, very few resources
are available for the active management of forests, and
most are threatened by overexploitation, degradation,
or conversion to other uses.

II. FOREST CERTIFICATION
PROGRAMS

For land managers and landowners engaged in
active management of commercial forests, certifica-
tion of forest plantations is of special importance.
In many cases, commercial forests are intensively
managed (Figure 15.1), and as a result achieve high
growth rates. Although very productive, the manage-
ment environment involves a number of controversial
issues, such as the low vegetative diversity and the
use of chemicals for site preparation and vegetation
control [11]. In light of these and other issues, we
might ask whether intensively managed plantations
can be certified under the various certification

systems. Interestingly, many certified forests are
indeed plantations, and the certification process has
helped to show how plantations can contribute to
broadly understood sustainable forest management
concepts, including the attainment of environmental,
economic, and social goals. However, the issue of forest
certification is contentious, and some environmental
movements continue to oppose the certification of
forest plantations. As a result, the Forest Stewardship
Council is reviewing its plantation certification
schemes, which is important since Forest Steward-
ship Council certification remains a benchmark for
“green” certification. Several of the relevant compo-
nents of each certification program are provided in
the sections that follow.

A. Sustainable Forestry Initiative

In 1994, members of the American Forest & Paper
Association, primarily composed of forest products
companies, agreed to operate under a set of forestry
principles that were suggestive or indicative of sus-
tainable forest management. These principles were
designed to demonstrate to the public that the indus-
try could meet the needs of the present generation
without compromising the needs of future genera-
tions. The Sustainable Forestry Initiative, which arose
from this effort called for a land ethic that integrated
active management with the conservation of nontim-
ber resources and aesthetics. The objectives of the
Sustainable Forestry Initiative program encourage
and promote the use of sustainable forestry practices
while also promoting the efficient use of forest
resources. The objectives also call for the protection
of certain wildlife habitats and areas that contribute
to forest biodiversity, for the protection of water qual-
ity, and for managing the potential visual impacts
related to harvesting activities.

The Sustainable Forestry Initiative uses a hierarchy of
five principles, 13 objectives, 34 performance measures
within those objectives, and 103 indicators. Sustainable
Forestry Initiative Objectives 1 through 7 provide the
means for evaluating a program participant’s compli-
ance with the standards on forest lands they own or
manage through long-term leases (Table 15.3). Sustain-
able Forestry Initiative Objective 8 deals with wood
procurement systems. Objectives 9 through 13 address
research, training, legal compliance, public and land-
owner involvement, management reviews, and contin-
ual improvements to the forest management system.

Participants in the Sustainable Forestry Initiative
must abide by the standards and substandards rele-
vant to their land ownership or wood-using status.
Participants must develop a written policy related to:

FIGURE 15.1 An intensively managed forest in western
Washington state.
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• Principles on sustainable forestry
• Responsible management practices
• Reforestation practices and productive capacity
• Forest health and productivity
• Long-term forest and soil productivity
• Protection of water resources
• Protection of special sites and biological

diversity
• Legal compliance
• Continual improvement of their management

activities

They must demonstrate compliance with these
objectives and indicators through a third-person certi-
fication audit of their management practices [12].

As an example of the objectives and indicators
relevant to forest plantations, Objective 2 explicitly
addresses reforestation and afforestation, stating that

Performance Measure 2.1. Program Participants shall
reforest after final harvest, unless delayed for site-specific
environmental or forest health considerations, through artifi-
cial regeneration within two years or two planting seasons,
or by planned natural regeneration methods within five
years. (Performance Measure 2.1)

Five specific indicators are associated with this
measure of performance. They include:

1. Designation of management units.
2. Design of criteria to judge adequate stocking

and respond to problems.
3. Minimized use of the planting of exotic species,

and doing so based only on research docu-
mentation.

4. Protection of advanced natural regeneration
during harvest.

5. Use of artificial regeneration programs that
consider the potential ecological impacts of a
different species or mix from that which was
harvested.

In addition to reforestation standards, Sustainable
Forestry Initiative objectives address water quality and
environmental protection,wildlife habitat and biological
diversity, aesthetics, the management of unique sites,
economic efficiency, wood procurement systems, for-
estry research, and the need for public input into the
process. To ensure long-term sustainability of forest
management, organizations engaged in the Sustainable
Forestry Initiativemust alsodevelop amanagement plan
and associated analyses that involve the following:

1. An assessment of the growth of the forest
resources.

2. The development of an inventory system to
track growth and harvest.

3. The development of a land classification system.
4. The development of a soils inventory.
5. An assessment of sustainable harvest levels.
6. A review of nontimber forest management

issues.

Through adherence to the standards and objectives
of the Sustainable Forestry Initiative, members demon-
strate a commitment to sustainability, the environ-
ment, and society, while recognizing the importance
of maintaining commercially viable forests [12]. As
we will see, there are a number of similarities between
this program and others (Table 15.4).

B. Forest Stewardship Council

The Forest StewardshipCouncil developed a perfor-
mance-based forest certification system in 1993. The
initial intent of the certification programwas to protect
tropical forests and assist timber producers with the
marketing of their products in the European wood
products market. The program has since expanded
its scope to include forests in all parts of the world.
The goal of the Forest Stewardship Council is to pro-
mote environmentally and socially responsible, yet

TABLE 15.3. Sustainable Forestry Initiative Objectives,
2005–2009 Edition

Objective Description

1 Broaden implementation of sustainable forestry and
sustainable harvest levels

2 Ensure long-term forest productivity and conservation
through reforestation

3 Protect water quality in streams, lakes, and other water
bodies

4 Manage quality and distribution of wildlife habitats
and conserve biological diversity

5 Manage visual impact of harvesting and other forest
operations

6 Manage ecological, historical, and cultural sites

7 Promote efficient use of forest resources

8 Broaden sustainable forestry through wood
procurement programs

9 Improve research, science, and technology

10 Improve practice by foresters, loggers, and contractors
with training and education

11 Comply with federal, state, and local laws and
regulations

12 Encourage public participation

13 Promote continual improvement; monitor, measure,
and report progress
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economically viable, management of forests. Although
the Sustainable Forestry Initiative uses one set of stan-
dards for all forests, regional Forest Stewardship
Council committees develop the standards appropri-
ate for forests in those areas. These standards include
demonstrating that a forest management plan has been
developed, is being implemented, and is periodically
updated. The management plan can include the devel-
opment of forest plantations as long as they are consis-
tent with areas designated for wildlife habitat and
riparian zones, and as long as they have not been
recently developed through conversion of naturally
regenerated forests.

The Forest Stewardship Council certification pro-
gram has 10 principles and 56 criteria, and 138 national
indicators in the United States guidelines [13]. The For-
est Stewardship Council southeastern United States
standards were developed by a group of nongovern-
mental organizations, government officials, academic
professionals, and consulting foresters, but the forest
industry purposefully declined to attend any forma-
tive meetings, probably due to the perceived environ-
mental bias of the system. Subsequent regional Forest
Stewardship Council regional standards have been
developed, such as the one related to the southeastern
United States [14]. In this particular regional standard,
we find language suggesting that the rate of harvest
of forest products shall not exceed levels that can
be permanently sustained (Standard 5.6). In addition,
a number of standards refer to reforestation and
succession and address the context of plantations in
the certification process. The southeastern United
States certification standard [14] defines commercial
plantations as

A stand established through artificial regeneration for the
commercial production of forest products, usually at the
shortest practical rotation, with a single species, and at regu-
lar spacing in rows. Although commercial plantations may
assume the characteristics of a semi-natural forest. . . .

The Forest Stewardship Council standards require
certified forest landowners to maintain or restore

forests to natural conditions to the extent possible,
and address other means for retaining and managing
natural forests. In addition, forest management prac-
tices should be designed to maintain site productivity
as well as genetic, species, and community diversity
of the forest. More importantly for the southern United
States, the Forest Stewardship Council standards [14]
indicate that

Forest conversion to plantations or non-forest land uses
shall not occur, except in circumstances where conversion:
a) entails a very limited portion of the forest management
unit; and b) does not occur on high conservation value forest
areas; and c) will enable clear, substantial, additional, secure,
long term conservation benefits across the forest manage-
ment unit. (Standard 6.10)

Many people have the impression that the forest
industry manages most of the land in the southern
United States, but in factmost of the forest land is owned
by private, nonindustrial landowners. It is likely that a
good percentage of industrial plantations were con-
verted from naturally regenerated stands of trees, even
though much of the southern United States has been
harvested four or five times since the Colonial Era.
However, many forest industry plantations today were
(and still are) regenerated on old farm fields that are
not considered “natural,” so this standard may not be
daunting as it appears. In addition, plantations devel-
oped from naturally regenerated stands between 1994
and 2001 may be considered for certification under this
program if a restoration plan covering all such stands
is being implemented. Thus in practice, plantations
may still be planted inmost areas of the southernUnited
States where agricultural practices once occurred. But
the language in the standardsmay still prevent certifica-
tion of forests where natural stands of trees are con-
verted to plantations. As with the other certification
programs, land managers must agree to protect soil
resources, minimize forest pests, diseases, and fire,
and minimize the use of pesticides. In addition, land-
ownersmust assess on- and off-site ecological and social
impacts of forest management activities.

TABLE 15.4. Summary of Forest Certification Systems

American Tree

Farm System

Forest Stewardship

Council

Sustainable

Forestry Nitiative

Canadian Standards

Association ISO 14001

Programme for the

Endorsement of

Forest Certification

Scope USA Worldwide USA /Canada Canada Worldwide Europe

Established 1941 1993 1995 1996 1994 1999

Eco-label? No Yes Yes Yes No Yes

Chain of custody? Yes Yes Yes Yes No Yes
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C. American Tree Farm System

The American Tree Farm System, perhaps one of
the most recognizable programs for forest landowners
in the United States, has maintained a Certified Tree
Farm program since 1941. This program, in contrast
to the others, was not created in response to various
market pressures. The program can be characterized
as a performance-based certification system, and
membership is limited to those lands that have passed
a tree farm inspection, a form of verification process.
The certification standards are developed by commit-
tees within the American Tree Farm System, and the
system utilizes its own auditors and auditing process
rather than using a third-party auditing mechanism.
The certification of forests stresses the protection of
environmental benefits and the need for public under-
standing of managed forestry concepts. Landowners
enrolled in the tree farm system develop and imple-
ment a long-term, written forest management plan
that is consistentwith the size of the property. The stan-
dards suggest adequate reforestation and stocking
are important, aswell as the protection of soil andwater
resources. For example, as with other certification
programs, landowners must minimize disturbances
within riparian areas. Unlike other certification pro-
grams, Certified Tree Farms are recognizable by the
famous green and white sign posted along the bound-
ary of each farm.

The American Tree Farm System requires periodic
inspection of the forests of participating “Tree
Farms.” However, prior to 2002 the rigor of the rules
was modest and the inspections were sporadic. To
become a more credible forest certification system,
new standards and auditing procedures were devel-
oped in 2002, and implemented in 2004 [15]. Audit
inspections now are required every five years, and
are conducted by cooperating foresters with forest
industry, private consultants, or state foresters. The
program has the same structure as the Sustainable
Forestry Initiative, as we might expect, since it also
relied in part on the forest industry for development
and program support. The American Forest Founda-
tion’s program of sustainability includes nine broad
standards, 14 performance measures, and 22 specific
indicators. For example, Standard 4 of the American
Tree Farm System relates to reforestation activities,
and requires that forest owners provide timely
restocking of desirable tree species that are compatible
with regional ecosystems. Further, Performance Mea-
sure 4.1 requires land to be reforested using natural
regeneration, direct seeding, or planted tree seedlings.
And Indicator 4.1.1 states that harvested forest land
must achieve satisfactory stocking within five years

after harvest, or within the time required by applicable
regulation. Other standards place importance on
protecting or enhancing wildlife, water, and soil
resources, biodiversity, and aesthetics. In addition,
landowners engaged in this program need to demon-
strate a commitment to sustainable forestry through
the development and implementation of a long-term
forest management plan.

D. Green Tag Forestry System

The Green Tag Certified Forestry program is not as
formal as the previously described programs, yet
includes 10 criteria and 46 indicators for forest certifica-
tion. It is administered by the National Forestry Associ-
ation, and forestry consultants serve as the inspectors
for the program [16]. Criterion 1 requires forestmanage-
ment planning. Here a 10-year management plan needs
to be developed, and a commitment to stewardship
needs to be demonstrated. Specifically, this certification
program suggests that landowners work under a sus-
tained yield management paradigm, where forest
growth exceeds wood harvested over time. Criterion 3
requires postharvest evaluation and reforestation, and
the fourth indicator of this criterion requires that a har-
vested land is regeneratedwithin three years. A number
of the criteria address soil and water resource protec-
tion, as well as the need to maintain forest health and
maintain the appropriate aesthetic quality of the land-
scape. In addition, theprogramstresses the need to com-
municatewith the public, particularlywith neighboring
landowners, and suggests that a balance needs to be
struck between economic and environmental concerns.

E. Canadian Standards Association

The Canadian Standards Association developed a
performance-based and systems-based certification
process (CAN/CSA Z809) in 1996. The process was
developed as a voluntary sustainable forestry man-
agement standard for lands within Canada, and is
consistent with both the Sustainable Forestry Initia-
tive and ISO 14001 programs, yet was meant to be a
program that can be influenced by local values and
public participation processes. The criteria that are
associated with this certification program take into
account economic, environmental, and social dimen-
sions of the management of forested areas [17]. These
include conserving biological diversity, conserving
soil and water resources, and maintaining ecosystem
productivity. In addition, the criteria suggest that
land management organizations operating within this
framework will provide multiple benefits to society
and manage for sustainability in the process. The
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performance measures suggest measuring ecosystem
diversity at a broad scale, yet managing for site-specific
variation in ecosystems. The conservation of habitat for
native species, and the conservation of genetic diversity
pervade the objectives of the program. One of the main
requirements of landowners engaged in this certifica-
tion process is the need to adopt planning processes that
allow substantial public input, thus allowing citizens to
become involved in the decision-making processes of
local forests. Interestingly, Criterion 5 suggests that
landowners associated with this certification process
will contribute to the sustainability of communities by
providing diverse opportunities for people to derive
benefits from the forest. The level of harvest that is
allowed from a certified forest is one that produces

. . . an acceptable and feasible mix of both timber and
non-timber benefits [17].

In addition to incorporating public input into the
planning process, the Canadian Standards Associa-
tion certification system encourages planning as an
adaptive, continuous improvement process that
involves monitoring and measuring performance,
and one that uses corrective or preventive actions as
unplanned variations occur during the normal course
of land management [17].

F. International Organization for
Standardization, Standard 14001

The International Organization for Standardization
(ISO) developed an environmental management stan-
dard (ISO 14001) in 1994 in an effort to standardize
the environmental management system framework.
The ISO 14001 standard is not necessarily specific to
forest management activities, but can be used as a for-
est certification process. ISO 14001 is a systems-based
certification process, and the standards for a property
are developed through a public input process. This
certification process can be applied to forests through-
out the world, and the standards reflect a global con-
sensus on management practices that are acceptable
within an international context. This process suggests
the use of management practices that can reasonably
be applied by other land management organizations
in other parts of the world operating under similar
management situations. Since the program is a sys-
tems-based process, the landmanagement organization
seeking certification identifies the environmental con-
cerns and develops a management program to address
them. The ISO 14001 certification program therefore
provides a wide-ranging portfolio of standards to allow
land management organizations to take proactive

approaches to certification while dealing with specific
environmental challenges.

The process for certification involves prioritizing
environmental issues, integrating these issues into a
management plan, implementing the plan, and com-
municating the results to the public. Monitoring the
performance of the plan in light of the systems-based
standards that were adopted, then assessing the actual
performance against the expected performance, is an
important aspect of the process as well. Given the abil-
ity of a landowner to choose the standards against
which performance is evaluated distinguishes this sys-
tem from some of the others. Two potential downsides
to this certification process are the lack of an eco-label
and the lack of chain-of-custody auditing. As a result,
some land management organizations may decide to
pursue certification under this program concurrently
with another.

G. Programme for the Endorsement of Forest
Certification Schemes

The Programme for the Endorsement of Forest
Certification schemes began in 1999 as an alternative
to the Forest Stewardship Council process. This is a
performance-based certification process, and like sev-
eral of the other processes, includes a chain-of-custody
assessment and an eco-label for certified wood prod-
ucts. This certification program emphasizes through
its criteria the maintenance and enhancement of forest
growing stocks on land that is meant to be available for
timber production. In addition, program participants
should develop methods to inventory measures of
biological diversity, and should assess the impact of
management activities on those measures of biological
diversity. Although other criteria are associated with
this program, one suggests the maintenance of socio-
economic functions and conditions, and suggests that
a portion of the revenue generated from a certified
forest be reinvested in public awareness about the ben-
efits of forest management. As you can tell, this pro-
gram has distinct economic, ecological, and social
aspects that influence the development of a forest
management plan.

III. COST AND BENEFITS OF FOREST
CERTIFICATION

One question all landowners and land managers
face when considering the certification of forests
involves the cost of the program. It is somewhat
surprising how little research evaluating the cost

289III. COST AND BENEFITS OF FOREST CERTIFICATION



and benefits of forest certification has been conducted
thus far. Certification has occurred mainly in forests
that may have been already sustainably managed
(in the Northern Hemisphere) and in areas where
only little management adjustments have had to be
made. Although many of the contemporary systems
are still relatively new, worldwide forest certification
has been practiced since 1993 and given its rapid
growth, soon we should have a better idea of the
costs and benefits for organizations pursuing these
systems. Unfortunately for many land management
organizations, the original premise of a price pre-
mium for certified forest products largely has been
unfulfilled thus far. Forest certification may have
improved market access, especially in the United
Kingdom, Belgium, and The Netherlands, where
demand for certified forest products is more pro-
nounced. In addition, it seems that forest certification
has somewhat improved forest management prac-
tices, but only modestly, and mainly in developed
countries where forests are generally well-managed
[18]. This suggests that certification may overlap
existing organizational or regulatory requirements
and that the net benefit of certification may be rela-
tively small. Still, much progress is required in tro-
pical regions of the world, where we experience
most of the current problems associated with forest
decline.

Ultimately, however, the cost of forest certification
could be substantial to a landowner or land manage-
ment organization. The certification process requires
a substantial amount of time and energy to document
the adherence of management practices to various
principles and indicators. Depending on the work
required to meet the documentation requirements of
a certification system, the direct certification cost
may range from a few cents to several dollars per
hectare, depending on the size of a forest and the
forest conditions [19]. Additional costs may be
incurred if substantial changes to management
activities are required. In some cases, certification
may also discriminate against some forest land-
owners, as was observed in Sweden where private
forest owners were found to be disadvantaged in
the market place by wood produced from Forest
Stewardship Council certified industrial forests [20].
However, some forest certification systems have been
developing approaches to accommodate small nonin-
dustrial landowners by providing opportunities for
group certification, which should help reduce the
direct cost of becoming certified. Forest owners want-
ing to certify their forestry and manufacturing opera-
tions first need to recognize the actions that may be
necessary to meet certification requirements, then

estimate the costs associated with these actions. In
addition, the choice of a certification program may
be important for the marketing of wood products.
However, in today’s management environment in
North America, forest certification is a voluntary
endeavor, and in many cases may not be necessary
for the efficient or effective management of natural
resources.

IV. FOREST CARBON
SEQUESTRATION

Although climate change has long been a controver-
sial issue, there is a growing consensus that recently
observed climate warming is human-induced through
the emission of greenhouse gases. Today, many scien-
tists and politicians believe that global climate change
is indeed occurring. There is also a growing consensus
that climate change must actively be mitigated to
reduce the risk of adverse changes and impacts on
human welfare. It is suggested that this goal can
be achieved through reductions in the amount of
greenhouse gases in the atmosphere, particularly
atmospheric carbon dioxide (carbon), the most com-
mon greenhouse gas. In response to global climate
change concerns, representatives from developed
countries met in Kyoto, Japan in 1997 and agreed to
reduce or limit their greenhouse gas emissions. This
agreement, negotiated under the sponsorship of the
United Nations, is called the Kyoto Protocol. The Kyoto
Protocol also recognized the role that forests and
forest management plays in reducing carbon dioxide
emissions. Article 3.3 [21] states that

The net changes in greenhouse gas emissions by sources
and removals by sinks resulting from direct human-induced
land-use change and forestry activities, limited to afforesta-
tion, reforestation, and deforestation since 1990, measured
as verifiable changes in carbon stocks in each commitment
period, shall be used to meet the commitments under this
Article of each Party included in Annex I.

Annex I includes many developed countries, yet it
also is important to mention that the United States
did not ratify the Kyoto Protocol.

Forests sequester and store large amounts of car-
bon in their vegetative biomass and surrounding
soils. Amounts of carbon sequestered by forest eco-
systems can be determined by estimating the forest
biomass, because carbon represents about 45 to 50 per-
cent of dry biomass of vegetation [22]. Carbon storage
pools include living biomass (trees and understory

290 15. FOREST CERTIFICATION AND CARBON SEQUESTRATION



vegetation), dead biomass (snags, down woody
debris), soils, and wood products (off-site). Today,
the role that forests and forest management play in
reducing carbon emissions is well recognized. Com-
mon land management practices, including afforesta-
tion, deforestation, reforestation, and harvest, can
substantially influence the carbon sequestration
potential of the land [23]. Forest mitigation strategies
may involve eliminating forest land conversions
(especially deforestation in tropical regions), postpon-
ing harvests, reducing prescribed or controlled burn-
ing, or increasing carbon sequestration through
intensified forest management of existing resources
and conversion of agricultural lands to forests.
Although the Kyoto Protocol allows using carbon
stored in forests to meet emission targets, it also
places several restrictions on how this can be accom-
plished. First, the Kyoto Protocol forests have to be
established after 1990. In addition, they have to be
planted on land that historically has not been forested
(using afforestation), or on land that was historically
forested but which recently has been used for nonfor-
est uses (using reforestation).

V. OPPORTUNITIES AND CHALLENGES
IN INCREASING FOREST CARBON

STORAGE

Forests have a great potential for sequestering vast
amounts of carbon. Forest carbon sequestration is
environmentally-friendly, uses known technologies,
generates environmental co-benefits, and may be cost
effective. It is estimated that forests can account for
about 25 percent of the potential global carbon abate-
ment at a cost of up to 40 Euros (about 63 US dollars
at the time this book was written) per metric ton [24].
At the same time, there are numerous challenges fac-
ing effective forest carbon credit markets. They arise
from the nature of carbon sequestration projects and
from biological and management characteristics of
the forestry profession. The four major concerns
include the following:

1. Baseline. The Kyoto Protocol states that only
forests planted after 1990 may be eligible for
carbon offsets. Several other carbon trading
schemes assume the same base date. This may
represent a problem for regions where a large
amount of afforestation took place prior to 1990,
effectively making these projects ineligible for
carbon credits.

2. Additionality. The Kyoto Protocol and several
other carbon credit schemes require the concept
of additionality. A carbon reduction emission
project is additional only when it was developed
solely for the mitigation of climate change.
Projects implemented under a business as usual
or required by other laws and regulations set of
management actions are not considered
additional. Determining what are usual
management practices and what are additional
management practices may be quite difficult.

3. Permanence. Carbon emission reduction
schemes implicitly assume that an emission
reduction is permanent. However, forest carbon
sequestration by its very nature is only
temporary. Although trees can store carbon for
several decades or more, eventually the trees
will die and the carbon will be released. We
might logically ask, is there any value in the
temporary storage of carbon? There probably is,
since if anything, temporary storage will
provide more time for the development of
alternative approaches to carbon emission
reductions. Other questions then arise
concerning how carbon should be valued and
traded, and how we should treat harvesting and
wood product manufacturing. Carbon can be
stored in wood products for many years, for
example, but some carbon trading schemes do
not consider tree harvests nor do they allow us
to count carbon stored in forest products. A
rental payment approach has been suggested
for carbon emission reductions that are not
permanent [25].

4. Leakage. Implementing a forest management
project could cause higher carbon emissions
outside of the project’s scope. For example, a
forestry organization may enter part of its
forests into a carbon sequestration project,
which would impose limits on the size and
location of harvested areas. To compensate for
the resulting loss of harvest volume, the
organization may choose to increase harvest
levels in other part of its ownership. Alter-
natively, an increase in carbon could be
obtained through an application of fertilizer to a
forest, yet an accounting of the carbon impact
during the manufacture of the fertilizer may
be ignored. Well-designed carbon seques-
tration projects should avoid these types of
negative spillover impacts. The shift of the
carbon burden to other areas of the world
is therefore a major concern [26].
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In response to these concerns, many carbon seques-
tration and reduction programs require that forests
are certified using one of the systems described earlier
in this chapter.

VI. EMISSION TRADING

Three approaches usually are considered for the
design of regulations aimed at reducing carbon
emissions. The first involves strict regulation of all
carbon emitters, which is technically challenging
and expensive. The second involves a carbon tax,
which would be imposed on most or all activities
relying on fossil fuels and generating carbon dioxide
and other greenhouse gases. This, however, may
imply the imposition of new taxes, which may lack
political support. The third, and most popular
approach today, involves emissions trading (cap
and trade). Emission trading begins with the estab-
lishment, usually by a governmental body, of an
emission limit (cap). In many programs, this limit
also decreases over time. As part of the cap, individ-
ual companies are given emission allowances, or
credits, which represent their right to emit a specific
amount of greenhouse gas. In cases where emission
allowances are not sufficient to cover their current
emissions, companies may choose to invest in cleaner
technologies, decrease production, purchase emis-
sion allowances (trade) from other companies, or
purchase certified emission offsets such as those
generated by forest carbon sequestration activities.
However, future carbon prices are uncertain for a
number of reasons, including varying predictions of
the extent of climate change, the number of countries
that are pursuing reductions in carbon emissions, the
cost of reductions in greenhouse gases, and innova-
tions in energy production [27].

Carbon credits, either noted as emission allow-
ances or as certified emission reductions, represent
a right to emit one metric ton of carbon dioxide.
As a result, those organizations that can reduce their
regular emissions easier and less expensively, or
generate carbon offsets more efficiently, can sell
their carbon credits to other organizations who find
it harder to limit their emissions. This approach
seeks to reduce the overall social costs associated
with reducing emissions. An example of such an
approach is the trading mechanism provided for
by the Kyoto Protocol. The Clean Development
Mechanism allows participants to meet part of their
emission limits through investment in forest carbon
projects that consist only of afforestation or

reforestation activities. The Clean Development
Mechanism of the Kyoto Protocol set binding con-
straints on carbon emissions [27]. The Mechanism
applies to participating countries, and is applicable
only through 2012. One expected drawback to the
process is that reductions in emissions from par-
ticipating countries will be offset by increases in
emissions from nonparticipating countries [28]. In
practice, developing Clean Development Mecha-
nism forestry projects is quite complex and cumber-
some; therefore, only a few projects have been
developed to date. Interestingly, an organization in
a developed country can undertake a carbon reduc-
tion project in an undeveloped country where its
costs would usually be lower. As a result, the devel-
oped country would receive emission reductions
whereas the host country would receive an invest-
ment in forestry and perhaps new technologies.
Even though the Kyoto Protocol and the Clean
Development Mechanism are widely known, there
are several other carbon trading schemes, including
both mandatory and voluntary [29].

VII. SELECTED U.S. CARBON
REPORTING AND TRADING

SCHEMES

All carbon reporting and trading programs have to
have a carbon registry that is established to record
and track carbon emission and storage over time.
The registry is used to assess progress in reducing
carbon emissions, and is essential for any carbon
credit market since it provides quantified and verified
carbon offsets. As a result, some of the carbon offset
schemes will consist only of a registry and a portfolio
of carbon sequestration projects, whereas others will
add a trading platform to facilitate buying and selling
of carbon offsets. Certification of carbon credits could
allow us to differentiate among products and allow
the introduction of price premiums for certain types
of projects and could increase both the supply and
demand of carbon projects as confidence in the qual-
ity and quantity increases [30].

The European Union Emission Trading Scheme is
the world’s first and only mandatory carbon trading
program; however, the Chicago Climate Exchange is
the world’s first voluntary, legally binding green-
house gas reduction and trading system. The Chicago
Climate Exchange relies on independent verification
and has been active in trading emission reductions
since 2003. An Exchange member who cannot meet
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their own emission targets can purchase credits from
other members who exceed their emission reductions,
or have verifiable offset projects. Forestry projects are
eligible under Chicago Climate Exchange rules, and
the Exchange accepts forestry emission reductions
originating from forests established after 1990. These
forests have to be managed sustainably and third-
party forest certification is required. Individual
projects are audited and reports prepared annually.
Recognized carbon pools include above- and below-
ground living tree biomass and long-lived wood prod-
ucts. The Chicago Climate Exchange requires that 20
percent of credits registered annually be kept in
reserve to cover potential shortages at the conclusion
of a forestry project.

The California Climate Action Registry is a non-
profit organization formed by the State of California
in 2001. The registry is voluntary but may be used
for establishing baselines for any future greenhouse
gas emission reductions. The members of this registry
measure, verify, and report their greenhouse gas
emissions. They are also prepared to participate in
market-based solutions (e.g., cap and trade) and
future regulatory requirements. Since the registry is
purely a reporting mechanism, it does not currently
involve trades of carbon offsets.

The Climate Trust is a nonprofit organization
established in Oregon in 1997. It is dedicated to
providing solutions to climate change. The Climate
Trust invests in high quality carbon offset projects,
including those related to forest management activ-
ities. The Climate Trust also promotes the develop-
ment of carbon policies on local, regional, national,
and international levels. In addition, Oregon House
Bill 2200 authorized the State Forester to establish
programs to market forestry carbon projects. A pro-
posed carbon accounting system (registry) will be
administered by the Forest Resource Trust.

In the southern United States, the state of Geor-
gia established the Georgia Carbon Sequestration
Registry, the first carbon registry in the region. The
purpose of the registry is to encourage voluntary
actions to reduce greenhouse gas emission, and to
ensure that Georgia forest landowners receive
proper consideration for their management activi-
ties in the emerging carbon markets. The ownership
of carbon is not permanently tied to the land or
trees, since sequestered carbon is treated as a sepa-
rate commodity that can be traded independently
of wood. Registered forests must be located in the
state of Georgia, must be composed of native tree
species, and must be managed in a way that is con-
sistent with Georgia’s Forestry Best Management
Practices.

VIII. FOREST CARBON IMPLICATIONS
FOR FOREST MANAGEMENT

At present, the economic value of above-ground or
below-ground forest carbon in carbon markets is rela-
tively low, and as a result, the current impact of car-
bon sequestration on forest management planning is
relatively low. One reason for this is that quantifying
and verifying carbon offsets is a rather lengthy and
expensive process, and low carbon values do not jus-
tify very active participation in the carbon offset
trade. Further, at this point in time, all carbon trading
programs in the United States are voluntary, thus
landowners are encouraged, not forced, to partici-
pate. Should there eventually arise legally binding
regulations that limit emissions, carbon offset values
may increase substantially, therefore justifying more
attention from forest managers and landowners.

Uncertainty still lingers over whether forest carbon
offsets will be eligible as carbon credits under manda-
tory carbon emission reduction programs. Today, the
Kyoto Protocol allows for only a limited use of forest
carbon offsets, but the EuropeanUnion Emission Trad-
ing Scheme does not allow any at all. Interestingly, only
voluntary carbon sequestration programs readily
admit forest carbon offsets. The reasons for these dif-
ferences are not based on biology, but rather on poli-
tics, thus the opportunities for (or impacts on)
landowners will depend on how policy makers define
forestry provisions in potentialmandatory regulations.

Another current (2008) issue is the organization of
the carbon market in the United States and the com-
plexity associated with the carbon market protocols.
For example, some of the state-level protocols involve
complex accounting and reporting procedures. For
landowners, the main questions may involve the
type of carbon sequestration that would count as a
certified carbon emission offset, and how their cur-
rent forests can fit into the system. In addition, the
level of carbon sequestered may depend on what
happens further along in the wood supply chain
(see Chapter 14). For example, the amount of carbon
sequestered from an intensively managed southern
United States forest may depend on how the resulting
products are treated in carbon accounting schemes. If
credit for carbon storage in wood products is severely
limited or not permitted at all, then there will be little
forest carbon sequestration and trade activity in the
southern United States, unless, of course, carbon
prices rise significantly. Though we have only a short
price history of emission allowances and carbon off-
sets on which to base this, carbons credits eventually
could generate income higher than that obtainable
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from other uses of the land. If this holds true, then we
may expect substantial adjustments to forest manage-
ment practices as landowners respond to rising
carbon offset values.

IX. SUMMARY

Forest certification systems and forest carbon
accounting systems may eventually become very
important issues when planning the management of
forests. The systems are evolving, as evidenced by
the introduction of the ClearChoice™ certification
program for North American hardwood forests in
July 2008 [31]. Many, if not all, of the certification sys-
tems require a management plan to be developed.
In addition, a management plan must address some

form of resource sustainability, either of yields, multi-
ple uses, or of the ecosystem. Certification systems
also suggest a number of constraints on forest
management planning that relate to the timing and
location of management activities. These can be
viewed as organizational policy constraints, since an
organization generally enters into the certification
agreements voluntarily. Forest carbon accounting
may, in the future, be an important source of income
for forest landowners. It has been suggested that the
annual revenue from selling the carbon credits asso-
ciated with a managed forest may exceed the revenue
that could be realized from hunting leases. Assuming
the registration process does not cost more than
the revenue that might be obtained, this potential
additional source of revenue for a landowner may
further enhance the attractiveness of forest manage-
ment investments.

QUESTIONS

1. Forest certification and management planning. You
recently have been hired as a marketing man-
ager for a forest products company in north
Florida. The company owns an extensive
amount of timberland, and operates several pro-
cessing facilities, including a paper mill, an ori-
ented strand board (OSB) mill, and several
lumber sawmills. The company sells its products
in the domestic market (70%) as well as overseas
in South East Asia (25%) and Europe (5%). The
company’s CEO recently attended a marketing
presentation suggesting that the forest industry
worldwide was making a major push to achieve
forest certification. Since certification of forests is
a new concept to the CEO, you are called upon
to “bring them up to speed.” In a memorandum
to the CEO, please address the following:
(a) What is forest certification?
(b) What would forest certification mean to our

operations?
(c) What are the advantages and disadvantages

of pursuing forest certification?
(d) Should the company choose to become

certified, which certification system should
it choose?

2. Family tree farm certification. As a county forester
in southern Indiana, you assist a number of non-
industrial private landowners with their daily
forest management needs. Some of these land-
owners have certified tree farms through the
American Tree Farm System. One of the land-
owners is interested in understanding how the
Tree Farm System differs from the other more
recently developed certification systems. Choose
one of the other forest certification systems, and
develop a short memorandum for the landowner
that describes the similarities and differences
between it and the American Tree Farm System.

3. Forest carbon sequestration and management
planning. The forestry organization you work
for in California is interested in exploring the
market potential for forest carbon offsets.
Develop a short memorandum for your supervi-
sor that details the current opportunities for pur-
suing trade in forest carbon offsets.

4. Forest carbon trading. The company that you work
for in Georgia is interested in forestry projects
that will yield carbon credits that, in turn, other
companies can purchase from a carbon exchange.
Describe in a memorandum to your supervisor
the potential risks associated with entering for-
estry projects into a carbon trading market.
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A P P E N D I X

A

Databases Used Throughout
Forest Management and Planning

Many of the examples provided in this book used
one of three sets of data: (1) a stand-level projection
of a single Douglas-fir (Pseudotsuga menziesii) stand
located in western Oregon, (2) current and projected
conditions of the Lincoln Tract, a western coniferous
forest, and (3) current and projected conditions of
the Putnam Tract, a southern pine and hardwood for-
est. This appendix provides some of the raw data
associated with each of these three databases. In the
case of the Douglas-fir stand, the data provided are
all that you may need to follow the discussion in the
book, and to complete the questions that pertain to
the use of the data. In the cases of the Lincoln Tract
and the Putnam Tract, you may want to utilize the
associated geographic information system databases
that can be accessed from the book’s web site.

I. A DOUGLAS-FIR STAND
FROM WESTERN OREGON

We selected a single Douglas-fir stand to illustrate
the development and projection of stand-level condi-
tions through time. The initial inventory data for the
stand begins with age 15 (Table A.1), and stand

development is tracked through time until stand age
110 (Tables A.2–A.20). The stand was projected
through time using the ORGANON growth and yield
model [1]. No intermediate treatments were applied
to the stand during the projection period.

TABLE A.1 Stand Table for a Douglas-Fir Stand, Age 15

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

2 29.0 19.7 0.9

3 75.0 24.5 1.0

4 91.5 27.8 1.1

5 253.5 31.1 0.9

6 16.5 42.0 –

Total 465.5 3.9

Average DBH (inches): 4.2

Quadratic mean DBH (inches): 4.4

Basal area per acre (ft2): 50.1

Volume per acre (Scribner, MBF): 0

Volume per acre (ft3): 375
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TABLE A.2 Stand Table for a Douglas-Fir Stand, Age 20

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

2 – – 1.0

3 13.5 30.6 1.1

4 63.8 35.2 1.2

5 138.8 36.3 1.1

6 130.6 41.3 0.1

7 21.2 45.7 –

8 11.0 55.2 –

9 5.5 55.2 –

Total 384.4 4.5

Average mean DBH (inches): 5.4

Quadratic mean DBH (inches): 5.5

Basal area per acre (ft2): 62.7

Volume per acre (Scribner, MBF): 0.653

Volume per acre (ft3): 867

TABLE A.3 Stand Table for a Douglas-Fir Stand, Age 25

DBH class

(inches)

Trees

per acre

Average

height (feet)

Snags

per acre

2 – – 0.6

3 – – 1.0

4 14.5 41.6 2.2

5 36.9 45.9 2.1

6 67.4 48.8 0.3

7 97.5 52.8 0.2

8 62.3 55.0 –

9 18.7 60.1 –

10 9.2 67.1 –

11 1.8 67.1 –

Total 308.3 6.4

Average DBH (inches): 6.8

Quadratic mean DBH (inches): 7.0

Basal area per acre (ft2): 81.8

Volume per acre (Scribner, MBF): 3.383

Volume per acre (ft3): 1,723

TABLE A.4 Stand Table for a Douglas-Fir Stand, Age 30

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

2 – – 0.2

3 – – 0.9

4 – – 2.2

5 4.5 51.2 2.2

6 29.1 54.9 0.6

7 47.2 58.7 0.5

8 54.2 62.1 0.1

9 86.1 64.5 0.1

10 56.7 66.5 –

11 14.4 72.8 –

12 9.2 77.9 –

13 1.8 77.9 –

Total 303.2 6.8

Average DBH (inches): 8.6

Quadratic mean DBH (inches): 8.7

Basal area per acre (ft2): 125.5

Volume per acre (Scribner, MBF): 8.531

Volume per acre (ft3): 3,006

TABLE A.5 Stand Table for a Douglas-Fir Stand, Age 35

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

2 – – 0.1

3 – – 0.5

4 – – 1.9

5 – – 2.0

6 4.4 60.3 0.8

7 23.5 63.8 0.7

8 44.5 68.4 0.3

9 42.0 71.1 0.3

10 74.0 74.0 0.1

11 65.5 75.4 –

12 29.2 78.7 –

13 11.1 84.5 –

14 5.5 87.6 –

15 1.8 87.6 –

Total 301.5 6.7

Average DBH (inches): 9.9

Quadratic mean DBH (inches): 10.0

Basal area per acre (ft2): 166.1

Volume per acre (Scribner, MBF): 15.050

Volume per acre (ft3): 4,534
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TABLE A.6 Stand Table for a Douglas-Fir Stand, Age 40

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

3 – – 0.2

4 – – 1.7

5 – – 1.8

6 0.8 65.6 1.0

7 4.5 70.0 0.9

8 29.3 72.8 0.8

9 37.8 77.0 0.7

10 38.1 80.1 0.4

11 70.3 83.1 0.3

12 42.3 83.6 0.1

13 48.9 86.1 –

14 15.6 91.2 –

15 5.4 96.4 –

16 5.5 96.4 –

Total 298.5 7.9

Average DBH (inches): 11.0

Quadratic mean DBH (inches): 11.2

Basal area per acre (ft2): 204.7

Volume per acre (Scribner, MBF): 22.551

Volume per acre (ft3): 6,194

TABLE A.7 Stand Table for a Douglas-Fir Stand, Age 45

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

3 – – 0.1

4 – – 1.5

5 – – 1.6

6 – – 1.1

7 1.1 73.8 0.9

8 18.1 77.3 1.8

9 24.2 82.6 1.6

10 31.7 85.1 1.0

11 33.7 88.2 0.8

12 67.2 91.1 0.3

13 36.5 91.9 0.1

14 46.4 93.5 0.1

15 18.3 96.8 –

16 10.9 103.4 –

17 4.2 104.1 –

18 1.2 105.5 –

Total 293.5 10.9

Average DBH (inches): 12.0

Quadratic mean DBH (inches): 12.2

Basal area per acre (ft2): 239.3

Volume per acre (Scribner, MBF): 29.881

Volume per acre (ft3): 7,836
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TABLE A.8 Stand Table for a Douglas-Fir Stand, Age 50

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

4 – – 0.9

5 – – 1.3

6 – – 1.0

7 1.1 79.0 0.9

8 3.6 81.9 2.6

9 24.4 85.1 2.4

10 28.4 91.3 1.7

11 28.9 93.8 1.5

12 31.5 95.5 0.6

13 54.4 98.6 0.5

14 35.4 99.1 0.2

15 34.4 100.6 0.1

16 28.2 103.3 –

17 7.4 107.3 –

18 9.0 111.5 –

19 1.8 111.5 –

Total 288.5 13.7

Average DBH (inches): 12.9

Quadratic mean DBH (inches): 13.2

Basal area per acre (ft2): 272.3

Volume per acre (Scribner, MBF): 37.270

Volume per acre (ft3): 9,447

TABLE A.9 Stand Table for a Douglas-Fir Stand, Age 55

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

4 – – 0.5

5 – – 1.1

6 – – 1.0

7 – – 0.9

8 4.4 85.9 3.1

9 15.7 89.7 2.9

10 21.5 93.9 2.4

11 26.0 97.7 2.2

12 29.6 101.4 0.9

13 26.4 103.4 0.8

14 49.1 105.4 0.4

15 34.7 105.6 0.4

16 29.9 107.7 0.1

17 25.0 109.8 –

18 10.5 113.4 –

19 9.0 118.1 –

20 1.8 118.2 –

Total 283.6 16.7

Average DBH (inches): 13.7

Quadratic mean DBH (inches): 14.0

Basal area per acre (ft2): 301.4

Volume per acre (Scribner, MBF): 44.858

Volume per acre (ft3): 10,996
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TABLE A.10 Stand Table for a Douglas-Fir Stand, Age 60

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

4 – – 0.2

5 – – 0.9

6 – – 0.7

7 – – 0.6

8 1.8 87.6 3.5

9 14.3 92.8 3.2

10 18.3 99.7 3.2

11 23.9 101.8 2.9

12 22.3 106.3 1.2

13 25.5 108.0 1.1

14 49.6 110.6 0.5

15 28.1 111.3 0.5

16 20.8 111.5 0.2

17 27.3 113.9 0.1

18 24.4 115.8 –

19 11.1 119.5 –

20 6.6 123.8 –

21 4.2 124.7 –

Total 278.2 18.8

Average DBH (inches): 14.3

Quadratic mean DBH (inches): 14.6

Basal area per acre (ft2): 322.8

Volume per acre (Scribner, MBF): 52.495

Volume per acre (ft3): 12,464

TABLE A.11 Stand Table for a Douglas-Fir Stand, Age 65

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

4 – – 0.1

5 – – 0.6

6 – – 0.5

7 – – 0.4

8 0.8 91.1 3.2

9 11.1 95.2 3.0

10 15.7 102.5 3.1

11 20.6 106.9 2.8

12 22.3 109.0 1.1

13 20.0 111.7 1.0

14 23.9 114.6 0.5

15 43.8 116.8 0.4

16 25.7 116.9 0.2

17 28.5 118.6 –

18 16.6 118.9 –

19 22.3 121.6 –

20 10.5 125.2 –

21 6.6 129.3 –

22 4.2 130.2 –

Total 272.6 16.9

Average DBH (inches): 14.9

Quadratic mean DBH (inches): 15.3

Basal area per acre (ft2): 346.5

Volume per acre (Scribner, MBF): 59.555

Volume per acre (ft3): 13,830
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TABLE A.12 Stand Table for a Douglas-Fir Stand, Age 70

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

5 – – 0.5

6 – – 0.4

7 – – 0.3

8 0.7 94.4 3.4

9 9.2 99.0 3.4

10 12.3 105.4 4.1

11 17.3 108.8 3.9

12 19.0 112.6 1.7

13 23.3 117.0 1.6

14 16.7 118.5 0.7

15 47.5 121.1 0.6

16 16.1 121.7 0.3

17 24.2 122.3 0.1

18 26.7 123.9 0.1

19 20.2 125.5 –

20 14.7 127.3 –

21 7.8 130.7 –

22 6.6 134.5 –

23 4.2 135.4 –

Total 266.5 21.1

Average DBH (inches): 15.4

Quadratic mean DBH (inches): 15.8

Basal area per acre (ft2): 362.9

Volume per acre (Scribner, MBF): 66.092

Volume per acre (ft3): 15,072

TABLE A.13 Stand Table for a Douglas-Fir Stand, Age 75

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

5 – – 0.3

6 – – 0.2

7 – – 0.2

8 0.6 97.2 3.6

9 4.6 99.2 3.7

10 12.8 107.1 5.1

11 15.2 112.0 4.9

12 18.2 116.2 2.3

13 19.1 119.1 2.2

14 19.1 124.5 1.0

15 43.3 125.2 0.8

16 14.0 126.2 0.4

17 24.3 126.4 0.2

18 15.6 126.6 0.2

19 24.5 129.3 0.1

20 20.0 130.8 –

21 10.6 133.0 –

22 7.4 135.6 –

23 8.4 139.5 –

24 2.4 140.0 –

Total 260.1 25.2

Average DBH (inches): 15.9

Quadratic mean DBH (inches): 16.3

Basal area per acre (ft2): 378.8

Volume per acre (Scribner, MBF): 71.838

Volume per acre (ft3): 16,189
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TABLE A.14 Stand Table for a Douglas-Fir Stand, Age 80

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

6 – – 0.1

7 – – 0.1

8 0.5 99.6 3.6

9 1.9 103.8 3.8

10 11.2 107.4 5.9

11 14.7 115.1 5.9

12 16.8 119.8 3.2

13 15.6 125.0 3.1

14 16.7 123.8 1.3

15 19.4 127.7 1.1

16 42.0 130.6 0.4

17 18.8 130.1 0.3

18 15.3 131.8 0.2

19 19.8 133.0 –

20 13.9 132.8 –

21 19.3 135.2 –

22 10.6 137.5 –

23 6.7 142.3 –

24 7.8 144.3 –

25 1.8 144.1 –

Total 252.8 29.0

Average DBH (inches): 16.5

Quadratic mean DBH (inches): 16.9

Basal area per acre (ft2): 395.0

Volume per acre (Scribner, MBF): 78.024

Volume per acre (ft3): 17,193

TABLE A.15 Stand Table for a Douglas-Fir Stand, Age 85

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

7 – – 0.1

8 0.4 101.9 3.6

9 1.6 106.3 3.8

10 8.2 110.9 7.0

11 13.1 117.2 7.1

12 15.6 122.8 4.1

13 15.3 127.2 4.0

14 13.8 126.6 1.6

15 15.3 131.2 1.4

16 41.7 134.3 0.5

17 13.5 134.0 0.4

18 18.0 134.6 0.2

19 15.0 135.1 0.1

20 20.9 138.0 0.1

21 15.4 138.7 –

22 12.3 138.7 –

23 8.7 142.6 –

24 8.5 147.0 –

25 5.4 148.5 –

26 1.8 148.2 –

Total 244.5 34.0

Average DBH (inches): 17.0

Quadratic DBH (inches): 17.5

Basal area per acre (ft2): 406.6

Volume per acre (Scribner, MBF): 83.524

Volume per acre (ft3): 18,084
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TABLE A.16 Stand Table for a Douglas-Fir Stand, Age 90

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

8 0.3 104.3 3.5

9 1.3 108.6 3.8

10 6.9 113.3 8.1

11 9.9 120.2 8.2

12 13.6 125.5 5.2

13 14.9 129.1 5.1

14 13.0 129.7 2.0

15 13.6 135.3 1.8

16 37.5 137.4 0.7

17 13.3 137.9 0.6

18 21.0 138.3 0.3

19 11.2 138.8 0.2

20 18.8 141.3 0.2

21 14.6 139.9 0.1

22 14.3 143.9 –

23 10.5 144.0 –

24 7.4 146.3 –

25 8.5 151.7 –

26 4.2 151.8 –

27 1.2 152.9 –

Total 236.0 39.8

Average DBH (inches): 17.5

Quadratic mean DBH (inches): 18.0

Basal area per acre (ft2): 415.1

Volume per acre (Scribner, MBF): 88.702

Volume per acre (ft3): 18,871

TABLE A.17 Stand Table for a Douglas-Fir Stand, Age 95

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

8 0.2 105.9 3.4

9 1.0 110.9 3.8

10 5.7 115.8 9.0

11 8.5 122.8 9.2

12 11.4 128.1 6.3

13 12.7 130.9 6.2

14 12.5 134.7 2.5

15 12.9 138.3 2.3

16 38.1 140.3 1.0

17 11.8 141.2 0.8

18 18.1 141.0 0.3

19 10.7 142.5 0.3

20 13.2 142.5 0.2

21 17.7 145.3 0.1

22 7.9 144.7 –

23 16.6 147.0 –

24 9.9 149.4 –

25 7.4 151.8 –

26 5.4 155.6 –

27 5.4 155.7 –

Total 227.1 45.4

Average DBH (inches): 17.9

Quadratic mean DBH (inches): 18.5

Basal area per acre (ft2): 421.8

Volume per acre (Scribner, MBF): 93.108

Volume per acre (ft3): 19,582
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TABLE A.19 Stand Table for a Douglas-Fir Stand, Age 105

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

8 – – 2.8

9 0.8 113.6 3.8

10 3.8 119.7 10.2

11 5.4 128.0 10.6

12 7.7 132.2 8.3

13 10.0 134.1 8.2

14 12.4 140.2 3.6

15 10.1 144.8 3.2

16 11.8 142.9 1.6

17 33.2 147.7 1.3

18 9.5 146.9 0.4

19 17.6 148.3 0.3

20 9.0 148.8 0.2

21 14.3 150.7 0.2

22 12.7 150.7 0.2

23 6.5 150.7 –

24 15.8 154.5 –

25 7.6 152.7 –

26 6.8 156.9 –

27 7.3 161.1 –

28 6.0 162.7 –

29 1.8 162.5 –

Total 210.1 54.9

Average DBH (inches): 19.0

Quadratic mean DBH (inches): 19.5

Basal area per acre (ft2): 437.0

Volume per acre (Scribner, MBF): 101.714

Volume per acre (ft3): 20,850

TABLE A.18 Stand Table for a Douglas-Fir Stand, Age 100

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

8 – – 3.0

9 1.0 111.9 3.8

10 4.7 117.7 9.8

11 6.9 125.8 10.0

12 10.1 129.8 7.4

13 10.7 132.9 7.3

14 12.7 138.1 3.0

15 11.8 141.4 2.8

16 36.0 143.5 1.3

17 11.5 144.1 1.1

18 9.0 144.4 0.4

19 16.7 144.6 0.3

20 13.9 145.3 0.2

21 13.8 149.2 0.1

22 12.1 147.5 0.1

23 13.4 150.4 –

24 9.4 149.8 –

25 8.1 153.4 –

26 5.5 157.5 –

27 6.6 158.8 –

28 4.2 159.6 –

Total 218.1 50.6

Average DBH (inches): 18.4

Quadratic mean DBH (inches): 18.9

Basal area per acre (ft2): 426.3

Volume per acre (Scribner, MBF): 97.634

Volume per acre (ft3): 20,237
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II. THE LINCOLN TRACT

The Lincoln Tract (Figure A.1) is a coniferous forest
located in the western United States. As we men-
tioned in Chapter 3, the forest is contiguous, and is
composed of 87 stands covering 4,550.3 acres
(1,841.5 hectares). Douglas-fir stands cover most of
the area (about 94%), and these undoubtedly contain
a minor percentage of western hemlock (Tsuga

heterophylla) and other conifers. Some mixed conifer
and hardwood stands (about 6% of the area) are also
present on the southern side of the tract and along or
near the stream system. A ridge crosses the tract from
east to west, thus the stream system drains south-
ward and northward from the center of the tract.
About 19.9 miles (32.1 km) of intermittent and peren-
nial streams are contained within the tract itself. Some
basic stand-level data associated with the Lincoln
Tract is provided in Table A.21.

TABLE A.20 Stand Table for a Douglas-Fir Stand, Age 110

DBH class

(inches)

Trees

per acre

Average height

(feet)

Snags

per acre

8 – – 2.3

9 0.6 115.5 3.6

10 2.7 121.7 10.5

11 4.1 130.1 10.7

12 7.1 133.7 8.9

13 7.6 135.9 8.7

14 10.4 141.0 4.1

15 10.6 147.0 3.7

16 9.7 145.1 1.9

17 33.8 150.6 1.5

18 8.9 150.5 0.5

19 15.1 150.5 0.4

20 10.0 151.1 0.3

21 10.3 151.2 0.2

22 15.5 155.4 0.2

23 9.0 153.1 0.1

24 11.3 156.9 –

25 9.6 155.7 –

26 7.4 160.5 –

27 7.3 161.5 –

28 5.4 165.4 –

29 4.2 165.2 –

30 1.2 166.3 –

Total 201.8 57.6

Average DBH (inches): 19.4

Quadratic mean DBH (inches): 20.0

Basal area per acre (ft2): 439.7

Volume per acre (Scribner, MBF): 105.705

Volume per acre (ft3): 21,431
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FIGURE A.1 A map of the Lincoln Tract.
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TABLE A.21 Basic Data Representing the Stands within the Lincoln Tract

Volume per acre (MBF)a

Period Period Period Period Period Period

Stand Acres Hectares Age Speciesb 1 2 3 4 5 6

1 41.913 16.962 18 DF 0.4 2.2 6.1 11.7 18.5 25.3

2 61.130 24.739 10 DF 0.0 0.0 0.7 3.3 8.4 14.9

3 19.911 8.058 7 DF 0.0 0.0 0.3 1.5 4.9 10.0

4 61.228 24.778 100 DF 94.4 98.4 102.2 103.2 104.0 104.8

5 46.946 18.999 70 DF 63.2 68.7 74.6 79.9 84.9 89.1

6 28.837 11.670 55 Mixed 42.1 49.2 55.9 61.9 67.3 73.1

7 97.054 39.276 20 DF 0.7 3.2 7.9 14.0 21.0 27.8

8 55.242 22.356 22 DF 1.5 4.9 10.1 16.4 23.1 29.7

9 105.215 42.579 11 DF 0.0 0.1 1.1 4.2 9.3 15.7

10 79.805 32.296 11 DF 0.0 0.1 1.1 4.0 9.0 15.2

11 119.452 48.341 20 DF 0.6 3.1 7.8 13.8 20.7 27.4

12 118.871 48.106 13 DF 0.0 0.4 2.2 6.3 12.0 19.0

13 119.017 48.165 12 DF 0.0 0.3 1.6 5.2 10.6 17.3

14 71.507 28.938 14 DF 0.0 0.5 2.7 7.3 13.3 20.4

15 73.929 29.918 90 DF 88.1 92.4 96.9 101.0 105.0 106.0

16 46.101 18.656 15 DF 0.0 0.7 3.4 8.4 14.9 22.3

17 26.182 10.596 32 DF 10.4 16.9 23.9 30.7 37.7 44.8

18 65.845 26.646 6 DF 0.0 0.0 0.1 1.1 4.0 8.8

19 21.358 8.643 27 DF 5.2 10.7 17.4 24.6 31.6 38.8

20 78.198 31.646 18 DF 0.4 2.2 6.3 12.0 18.9 25.9

21 31.500 12.748 19 DF 0.5 2.6 6.9 12.6 19.4 26.1

22 45.971 18.604 16 DF 0.1 1.2 4.3 9.6 16.3 23.5

23 63.343 25.634 55 DF 44.9 52.5 59.6 66.0 71.7 77.9

24 65.696 26.586 14 DF 0.0 0.5 2.5 6.8 12.4 19.0

25 83.623 33.841 18 DF 0.4 2.2 6.1 11.7 18.5 25.4

26 35.553 14.388 13 DF 0.0 0.4 2.2 6.3 12.1 19.0

27 42.321 17.127 19 DF 0.5 2.5 6.8 12.4 19.1 25.8

28 30.126 12.191 4 DF 0.0 0.0 0.0 0.5 2.5 6.8

29 25.295 10.236 0 DF 0.0 0.0 0.0 0.0 0.7 3.2

30 31.405 12.709 12 DF 0.0 0.3 1.6 4.9 10.1 16.5

31 5.319 2.153 12 DF 0.0 0.3 1.7 5.2 10.8 17.6

32 70.990 28.729 25 DF 3.2 7.9 14.1 21.0 27.8 34.7

33 3.228 1.306 0 DF 0.0 0.0 0.0 0.0 0.7 3.3

34 63.534 25.711 37 DF 17.6 24.8 32.0 39.3 46.7 53.9

35 46.835 18.954 33 DF 12.0 18.9 26.0 33.1 40.4 47.7

36 41.287 16.709 34 DF 13.5 20.7 27.9 35.2 42.6 50.1

37 21.332 8.633 0 DF 0.0 0.0 0.0 0.0 0.7 3.4

38 16.899 6.839 50 Mixed 33.6 40.5 47.3 53.7 59.6 64.7

39 39.151 15.844 15 DF 0.0 0.7 3.2 8.1 14.4 21.6

40 56.976 23.057 5 DF 0.0 0.0 0.0 0.7 3.4 8.4

41 10.677 4.321 16 DF 0.1 1.1 4.1 9.2 15.6 22.6

42 98.086 39.694 22 DF 1.6 5.0 10.2 16.6 23.4 30.1

43 65.829 26.640 23 DF 2.2 6.2 11.8 18.6 25.6 32.6

44 8.329 3.371 2 DF 0.0 0.0 0.0 0.3 1.6 5.0

Continued
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TABLE A.21 Basic Data Representing the Stands within the Lincoln Tract (Continued)

Volume per acre (MBF)a

Period Period Period Period Period Period

Stand Acres Hectares Age Speciesb 1 2 3 4 5 6

45 26.828 10.857 23 DF 2.2 6.2 11.9 18.7 25.7 32.8

46 39.971 16.176 40 DF 20.9 27.6 34.4 41.4 48.4 55.0

47 72.255 29.241 21 DF 1.2 4.3 9.5 16.1 23.2 30.4

48 78.912 31.935 1 DF 0.0 0.0 0.0 0.1 1.2 4.2

49 51.479 20.833 35 DF 13.8 20.7 27.4 34.2 41.2 48.1

50 20.409 8.259 75 DF 67.2 73.0 78.1 83.0 87.1 91.3

51 23.477 9.501 38 DF 18.1 24.9 31.7 38.7 45.7 52.5

52 39.301 15.904 33 DF 12.1 19.0 26.1 33.3 40.6 48.0

53 64.266 26.008 35 DF 13.8 20.7 27.3 34.1 41.1 48.0

54 42.310 17.122 1 DF 0.0 0.0 0.0 0.1 1.1 4.2

55 13.670 5.532 1 DF 0.0 0.0 0.0 0.1 1.1 4.2

56 17.161 6.945 55 Mixed 44.0 51.5 58.4 64.8 70.4 76.5

57 58.149 23.532 38 DF 19.3 26.5 33.8 41.2 48.7 55.9

58 73.249 29.643 40 DF 20.8 27.5 34.3 41.3 48.3 54.8

59 29.787 12.055 65 DF 56.6 62.8 68.2 74.1 79.4 84.3

60 51.636 20.897 31 DF 8.9 15.1 21.8 28.6 35.3 42.2

61 30.762 12.449 9 DF 0.0 0.0 0.5 2.5 6.8 12.5

62 32.205 13.033 50 DF 36.7 44.2 51.6 58.6 65.0 70.6

63 53.579 21.683 62 DF 51.4 57.8 63.6 69.1 74.5 79.6

64 38.905 15.744 54 DF 40.7 48.0 54.6 60.9 66.5 72.2

65 63.824 25.829 53 DF 41.5 49.0 56.3 63.0 69.0 74.9

66 45.018 18.218 0 DF 0.0 0.0 0.0 0.0 0.7 3.4

67 79.428 32.144 22 DF 1.6 5.0 10.4 16.9 23.8 30.7

68 28.334 11.467 49 DF 34.2 41.4 48.8 55.6 62.0 67.6

69 75.572 30.583 46 DF 29.0 35.8 42.8 49.7 56.2 62.0

70 24.380 9.866 16 DF 0.1 1.1 4.1 9.2 15.6 22.5

71 85.393 34.558 55 DF 42.0 49.1 55.7 61.8 67.1 72.9

72 37.455 15.158 24 DF 2.7 7.3 13.3 20.6 27.7 34.9

73 56.148 22.722 5 DF 0.0 0.0 0.0 0.7 3.4 8.5

74 81.661 33.047 40 Mixed 20.7 27.4 34.1 41.1 48.1 54.6

75 62.937 25.470 42 Mixed 25.1 32.3 39.7 47.2 54.5 61.3

76 5.134 2.078 45 DF 28.0 35.0 42.1 49.2 55.9 62.0

77 53.940 21.829 70 DF 61.0 66.3 72.0 77.1 81.9 85.9

78 53.652 21.712 103 DF 95.5 99.3 101.4 102.3 103.1 103.8

79 94.880 38.397 110 DF 103.7 104.7 105.5 106.4 107.1 107.7

80 46.611 18.863 59 Mixed 50.6 57.7 64.3 70.2 76.3 81.8

81 19.701 7.973 37 DF 16.5 23.2 29.9 36.7 43.6 50.4

82 76.216 30.843 50 DF 33.8 40.6 47.5 53.9 59.8 65.0

83 50.515 20.443 90 DF 85.2 89.4 93.7 97.7 101.5 102.5

84 71.207 28.817 50 DF 34.9 42.0 49.1 55.8 61.9 67.2

85 62.715 25.380 101 DF 90.1 93.7 96.8 97.6 98.5 99.2

86 87.598 35.450 65 DF 57.9 64.2 69.7 75.8 81.1 86.1

87 88.657 35.878 55 DF 40.7 47.6 54.0 59.9 65.1 70.7

aTime periods are 5 years long.
bDF ¼ Douglas-fir.
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III. THE PUTNAM TRACT

The Putnam Tract (Figure A.2) is a pine and hard-
wood forest located in the southern United States.
As with the Lincoln Tract, we noted in Chapter 3
that the Putnam Tract consists of 81 timber stands
covering 2,602 acres (1,053 hectares) in a contiguous
block. Pine plantations of various ages cover about
53 percent of the tract, and natural pine stands
comprise about 25 percent of the forests. Some
mixed pine and hardwood forests are present on

the tract, but their extent is limited. Hardwood
stands occupy most of the lowlands along the
streams, and account for about 17 percent of the
area. Numerous streams are intermixed throughout
the tract, all draining into a single main stem run-
ning from the southwestern portion of the tract
through the northeastern portion of the tract. About
11.8 miles (19.1 km) of intermittent and perennial
streams can be found within the tract itself. Some
of the basic data for the Putnam Tract stands can
be found in Table A.22.

FIGURE A.2 A map of the Putnam
Tract.
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TABLE A.22 Basic Data Representing the Stands within the Putnam Tract

Cords per acrea

Period Period Period

Stand Acres Hectares Forest type Age 1 2 3

1 73.976 29.937 Pine plantation 2 8.3 12.1 14.9

2 84.525 34.206 Natural pine 45 29.3 32.4 35.8

3 11.882 4.809 Hardwood 5 0.0 2.0 6.0

4 31.615 12.794 Pine plantation 21 13.9 18.1 23.1

5 1.201 0.486 Hardwood 31 20.8 23.6 26.3

6 6.683 2.705 Mixed 25 16.3 20.3 24.1

7 23.277 9.420 Natural pine 44 29.1 33.0 36.2

8 31.157 12.609 Pine plantation 15 8.3 13.5 17.8

9 12.622 5.108 Pine plantation 15 8.2 13.2 17.4

10 48.907 19.792 Pine plantation 19 12.1 16.4 21.5

11 9.067 3.669 Pine plantation 14 7.1 12.2 16.3

12 62.212 25.176 Natural pine 47 31.3 34.1 37.5

13 57.533 23.283 Pine plantation 12 5.4 10.3 15.1

14 56.344 22.802 Pine plantation 11 4.2 9.1 14.5

15 96.191 38.927 Pine plantation 10 2.8 8.4 13.2

16 72.705 29.423 Pine plantation 10 2.4 8.2 12.9

17 85.437 34.575 Pine plantation 10 2.9 8.6 13.4

18 35.667 14.434 Pine plantation 13 6.2 11.2 16.0

19 7.275 2.944 Natural pine 28 20.1 24.9 28.1

20 29.241 11.833 Pine plantation 21 14.2 18.4 23.5

21 29.212 11.822 Natural pine 26 19.0 23.2 26.1

22 10.276 4.159 Pine plantation 20 13.0 17.4 22.4

23 40.580 16.422 Pine plantation 21 13.7 18.0 22.9

24 56.878 23.018 Pine plantation 25 17.6 22.2 26.4

25 26.485 10.718 Natural pine 44 28.4 31.2 34.6

26 4.179 1.691 Natural pine 40 26.8 30.7 33.9

27 41.800 16.916 Pine plantation 26 18.3 23.2 26.2

28 16.948 6.859 Pine plantation 26 18.7 23.4 26.3

29 19.940 8.069 Pine plantation 27 19.4 24.0 26.7

30 109.838 44.450 Pine plantation 28 20.5 25.1 28.0

31 81.232 32.874 Pine plantation 35 26.0 29.2 32.4

32 34.482 13.954 Hardwood 45 27.1 29.8 32.4

33 84.964 34.384 Hardwood 45 24.6 27.3 29.9

34 63.744 25.796 Hardwood 45 26.1 28.7 31.0

35 28.411 11.498 Mixed 35 23.4 27.2 30.1

36 52.379 21.197 Natural pine 25 13.2 17.5 20.2

37 16.094 6.513 Natural pine 29 21.8 25.3 28.5

38 2.339 0.947 Hardwood 30 19.5 22.3 25.1

39 6.423 2.599 Pine plantation 10 2.8 8.4 13.1

40 10.793 4.368 Pine plantation 20 13.2 17.5 22.6

41 32.247 13.050 Mixed 17 10.5 14.8 18.2

42 7.212 2.919 Hardwood 30 17.4 20.3 23.2

Continued
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TABLE A.22 Basic Data Representing the Stands within the Putnam Tract (Continued)

Cords per acrea

Period Period Period

Stand Acres Hectares Forest type Age 1 2 3

43 9.483 3.838 Natural pine 26 12.8 17.2 21.0

44 11.442 4.631 Mixed 30 20.8 24.9 28.5

45 21.360 8.644 Pine plantation 10 2.6 8.1 13.0

46 37.428 15.146 Pine plantation 10 3.2 8.8 13.6

47 10.968 4.439 Natural pine 25 12.7 17.2 19.9

48 19.064 7.715 Hardwood 30 15.6 18.4 21.1

49 26.269 10.631 Pine plantation 21 14.3 18.3 23.1

50 23.695 9.589 Pine plantation 21 14.1 18.1 23.0

51 25.553 10.341 Natural pine 32 17.2 20.2 22.9

52 23.981 9.705 Hardwood 50 30.8 33.5 35.2

53 10.422 4.218 Pine plantation 14 7.2 12.3 16.5

54 9.027 3.653 Pine plantation 20 13.5 17.6 22.6

55 10.589 4.285 Pine plantation 15 8.0 13.0 17.1

56 5.012 2.028 Mixed 35 22.9 26.8 30.1

57 20.266 8.201 Natural pine 34 17.3 20.3 23.4

58 29.253 11.838 Natural pine 34 18.2 21.5 24.6

59 30.154 12.203 Natural pine 34 16.7 19.6 22.9

60 18.029 7.296 Natural pine 33 16.4 19.5 22.7

61 34.381 13.914 Natural pine 33 15.9 18.9 22.3

62 17.279 6.993 Mixed 35 24.8 28.3 31.2

63 51.807 20.966 Hardwood 60 31.4 34.2 36.3

64 18.988 7.684 Hardwood 62 29.4 32.1 34.4

65 36.426 14.741 Hardwood 65 26.4 29.0 31.2

66 10.634 4.303 Hardwood 67 30.8 33.5 35.1

67 23.976 9.703 Hardwood 70 32.8 35.6 38.0

68 23.035 9.322 Hardwood 68 30.4 33.1 35.0

69 5.315 2.151 Mixed 43 28.9 32.4 35.1

70 63.685 25.772 Pine plantation 26 19.0 23.9 26.6

71 25.719 10.408 Pine plantation 26 18.4 23.3 26.3

72 13.486 5.458 Mixed 25 17.8 21.7 25.4

73 23.849 9.651 Hardwood 40 25.6 28.4 31.1

74 59.242 23.974 Pine plantation 30 22.3 27.3 30.3

75 0.897 0.363 Pine plantation 4 0.0 1.5 7.1

76 42.720 17.288 Natural pine 40 27.8 31.8 35.2

77 46.265 18.723 Pine plantation 17 10.4 15.1 19.3

78 27.095 10.965 Mixed 45 27.4 31.1 33.8

79 35.157 14.228 Natural pine 40 27.5 31.6 35.0

80 0.881 0.357 Hardwood 30 20.5 23.1 25.6

81 85.555 34.623 Natural pine 45 29.2 32.1 35.4

aTime periods are 5 years long.
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A P P E N D I X

B

The Simplex Method for Solving Linear
Planning Problems

In several chapters of this book, we introduced
the notion that many forestry and natural resource
management problems could be arranged as a
set of linear equations. In two-variable problems,
these equations can be graphed to illustrate the
solution space and to determine the optimal deci-
sion. In larger problems, a solution procedure is
necessary. The Simplex Method is one process
that can be used to develop a solution for a set
of linear equations that represent a management
problem such that an optimal allocation to the
decision variables will be made. Admittedly, the
process appears to be complex. However, in this
appendix we attempt to make the solution proce-
dure clear. The emphasis of this discussion is on
placing a set of linear equations into a matrix, and
transforming the matrix through a series of manip-
ulations, leading to the identification of the optimal
solution for a management problem. A small, two-
variable, two-constraint problem is used to illus-
trate the process. Linear programming continues
to be widely used in natural resource management,
therefore after reading this appendix, you should
be able to:

• Understand how a set of linear equations are
converted to a detached coefficient matrix, or
tableau

• Identify the optimal solution to a linear
programming model based on mathematical
relationships

• Transform a matrix from the initial
representation to the optimal solution

I. AN OVERVIEW OF THE SIMPLEX
METHOD

As you may have learned, there are a variety of
methods that can be used to solve natural resource
management problems, from traditional optimization
techniques, to simulation, to heuristics. The Simplex
Method is a traditional optimization technique, and
one of the most basic ways we can solve a problem
that is composed of a set of linear equations. It is con-
sidered an exact technique, since when completed, we
are assured that the optimal solution (if one exists)
to a problem has been located.

The Simplex Method was first introduced in 1947
by George Dantzig, who was a planner for the
United States Air Force. As we noted in Chapter 7,
the term linear programming was suggested to Dant-
zig as the type of solution technique he developed
because linear equations are used, and because the
term programming was synonymous with planning
in the military. At the time of the development of
the Simplex Method, the process was viewed as a
mechanization of the traditional military planning
process. For an interesting overview of the life and
contributions of George Dantzig, students should
read the summary provided by O’Connor and
Robertson [1].

Essentially, the Simplex Method searches the edges
of an n-dimensional solution space, seeking improve-
ments to a solution for a set of linear equations. When
graphing linear equations, these large problems may
contain numerous corners. The search process stops
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when the method determines that no other corners
can be reached (from the current corner being
assessed) that will improve the objective function
value. Other types of search methods designed to
handle linear equations have been developed since
Dantzig’s development of the Simplex Method. Some
of these include searching through the middle of an
n-dimensional solution space. Although we concen-
trate here on the basic linear programming search
process, interested students should read Morgan
[2], who describes several variations of the Simplex
Method.

Linear programming assumes that all the variables
will be assigned a continuous number (e.g., 0, 0.5689,
24, 156.3) that is either zero or positive. This is the
assumption of divisibility being applied. When we
assume that variables can be assigned integers only
(e.g., 0, 1, 2, 3 . . .), the search technique is considered
either mixed-integer programming (some variables
will be integers, some will be continuous numbers),
or integer programming (all variables will be inte-
gers). Within linear programming, variables also are
considered basic (i.e., have a positive value) and non-
basic (i.e., have a zero value).

As we mentioned in earlier chapters, a linear prob-
lem formulation consists of a set of linear equations.
Some of these equations contain inequalities. These
equations need to be converted to equalities, by intro-
ducing new variables (slack variables). For example,
the equation

X1þ X2 � 250

is an inequality, and is converted to an equality by
introducing a slack variable (S1),

X1þ X2þ S1 ¼ 250

to represent the fact that both X1 and X2 can be
0, thus S1 has to be 250. We could say that this
equation, if it were a constraint, has 250 units of slack
in it (i.e., 250 units of the right-hand side of the equa-
tion are unused). For any solution in the feasible
region of the solution space, the slack variables are
also either zero or a positive continuous number.

II. TEN STEPS THAT REPRESENT
THE SIMPLEX METHOD

The Simplex Method can be boiled down to a set
of ten steps (Figure B.1). The full set of steps is
repeated (iterated) numerous times until the method
has determined that the optimal solution has been
located.

A. Step 1: Develop the Detached
Coefficient Matrix

At the start of the Simplex Method, the equations
that comprise the linear problem are placed into a
detached coefficient matrix, or tableau. In addition to
this tableau, we will note the variables that are
currently in the solution, and their contribution to the
objective function value. For example, in Figure B.2
we have illustrated a simple problem where we want
to maximize 2.5 X þ 8 Y. The constraints are:

15 X þ 20 Y � 60

X þ 5 Y � 10

Create matrix and
establish initial solution

Calculate opportunity
costs

Optimal
solution ?

Identify pivot column

Calculate maximum
contributions

Identify pivot row

Determine key number

Calculate
transformation "ratio"

Transform
pivot row

Transform
non-pivot row(s)

Yes

No

Stop, report
optimal solution

FIGURE B.1 The steps involved in the Simplex Method.

S1

S2

15

1

20

5

1

1

60

10

2.5 8

X Y S1 S2 Q
Variables
in the
solution

0

0

Their
value

FIGURE B.2 An example detached coefficient matrix.
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These constraints were converted to equalities with
the addition of slack variables:

15 X þ 20 Yþ S1 ¼ 60

X þ 5 Yþ S2 ¼ 10

They can then be inserted into a detached coeffi-
cient matrix (Figure B.2). The initial feasible solution
in this case is the null set, where all variables except
the slack have a value of 0 in the solution. If an initial
feasible solution cannot be located, then the solution
process terminates, and a new set of constraints need
to be determined.

The top row of the matrix simply recognizes the
variable that is being represented by each column.
The Q column initially is represented by the right-
hand-side (RHS) of each constraint. Row 2 includes
the coefficients of each variable that are recognized
in the objective function. The objective function we
are using (maximize 2.5 X þ 8 Y) does not include
any slack. Row 3 represents the first constraint (15 X
þ 20 Y þ S1 ¼ 60), and row 4 represents the second
constraint (X þ 5 Y þ S2 ¼ 10).

To the right of the matrix, we provide an indication
of the variables that are currently in the solution (the
slack variables S1 and S2), and their contribution
(“their value”) to the objective function value
(nothing).

B. Step 2: Calculate the Opportunity Costs

The opportunity costs are calculated for each of the
columns (variables) in the management problem. This
is performed to determine whether an optimal solu-
tion has been located (when all opportunity costs
are less than or equal to zero), and to locate the pivot
column. All variables currently in a solution have
opportunity costs of zero or less. A pivot column
and row identifies the place around which the matrix
will be transformed.

The opportunity costs are calculated for each
column (variable) using the equation:

OC ¼ (Objective function value of variable in the
column)

– (Constraint Row 1 value) � (“Their value” on Row 1)
– (Constraint Row 2 value) � (“Their value” on Row 2)
– (Constraint Row 3 value) � (“Their value” on Row 3)
. . . . . . .

For example, the opportunity cost of column 1 in
Figure B.2 is:

OC ¼ (2.5) � (15 � 0) � (1 � 0)
OC ¼ 2.5

C. Step 3: Make a Decision Regarding
Optimality

If all opportunity costs are less than or equal to
zero, then the process stops and the optimal solution
is reported. If one or more opportunity costs are
greater than zero, then the process continues, as fur-
ther improvements can still be made to the objective
function value.

D. Step 4: Identify the Pivot Column

The column of the matrix that is associated with the
highest positive opportunity cost is the pivot column.

E. Step 5: Calculate the Maximum
Contributions of Variables to the
Current Solution

These maximum contributions of variables indicate
the maximum amount of the variable represented by
the pivot column that can be brought into the solu-
tion, as affected by each constraint. The equation for
computing the maximum contributions is:

MC ¼ ðQrow=Pivot column valuerowÞ
For example, assuming that the pivot column is Y,

the maximum contribution for the first constraint in
our simple model is:

MC ¼ ð60=20Þ
The value of 60 is found in column Q, row 1. The

value of 20 is the row 1 value associated with the
pivot column.

The smallest of these maximum contributions indi-
cates how much (at most) the variable represented by
the pivot column can enter the solution without vio-
lating any constraints.

F. Step 6: Identify the Pivot Row

The constraint row of the matrix that was associated
with the lowestmaximum contribution is the pivot row.

G. Step 7: Determine the Key Number

The “key number” is the value of the cell in the
matrix that is located at the intersection of the pivot
column and pivot row.

H. Step 8: Calculate the Transformation Ratio

Each constraint that is not identified as the pivot
row needs to be transformed. The transformation

317II. TEN STEPS THAT REPRESENT THE SIMPLEX METHOD



ratio assists us with these computations. It is simply
the value of the cell in the pivot column of the non-
pivot row divided by the key number.

TR ¼ ðvalue of cell in pivot column of

non-pivot row=key numberÞ

I. Step 9: Transform the Pivot Row

In this step we transform the matrix, starting with
the pivot row, to represent that the Simplex Method
is moving to another corner of the solution space by
allowing a variable currently not in the solution, to
enter the solution.

New pivot row value

¼ ðOld pivot row value=Key numberÞ

J. Step 10: Transform the Nonpivot Row(s)

For all the cells in the nonpivot rows, we need to
remember one thing: the value of the cell in the pivot
row for each column in question (the value before we
transformed the pivot row in Step 9). Given this,
along with the current value of each cell in the nonpi-
vot rows, and the transformation ratio associated
with each nonpivot row, we can transform the cells
of the nonpivot rows using the equation:

New non-pivot row value

¼ ðOld nonpivot row cell valueÞ
� ðOld pivot row cell value for the column

in questionÞ � ðTRÞ
Assuming that TR ¼ 4, and the old pivot row cell

value for the column is 1, the value for column 1, con-
straint 1, will change from 15 to 11:

New nonpivot row value¼ ð15Þ � ð1 � 4Þ ¼ 11

III. A TWO-VARIABLE,
TWO-CONSTRAINT PROBLEM SOLVED

WITH THE SIMPLEX METHOD

Assume that recently you have been hired as a for-
ester for a medium-sized company in southern
Mississippi. One of your responsibilities is to manage
a site preparation and planting budget of $500,000 per
year. Based on some preliminary discussions with the
company’s preferred site preparation contractor,

there are two main reforestation options. You have
determined that it will cost the company about $178
per acre to use a 3-in-1 plow in conjunction with
machine planting to reforest a cutover area. It will
cost about $203 per acre to shear the residual stems
and apply a chemical site preparation treatment, then
hand plant cutover areas. This data is consistent with
what is reported in Smidt et al. [3] for the United
States southern Coastal Plain.

The contractor has indicated that given their cur-
rent machinery and personnel, on average they can
site prepare 12 acres per day using the 3-in-1 plow.
On average, they can site prepare 15 acres per day
using the other system. These figures are yearly
averages, and in any given year there are about 200
work days. You have decided that you want to maxi-
mize the number of acres site prepared over the next
year.

The set of linear equations that are needed to solve
this problem are:

Maximize SPM1þ SPM2

Subject to:

178 SPM1þ 203 SPM2 � 500, 000

0:0833 SPM1þ 0:0667 SPM2 � 200

The objective function (SPM1 þ SPM2) simply
implies that you need to maximize the number of acres
assigned to site preparation method 1 (SPM1) or site
preparation method 2 (SPM2). The first constraint is
the budget constraint, and the second constraint is an
operational constraint. The values in the second con-
straint are days per acre, or the inverse of the acres
per day suggested earlier for each type of treatment.
First, we convert the constraints from inequalities to
equalities by adding slack variables to each.

178 SPM1 þ 203 SPM2þ S1 ¼ 500, 000

0:0833 SPM1þ 0:0667 SPM2þ S2 ¼ 200

Next, we begin one or more iterations of the Sim-
plex Method.

A. Iteration 1 of the Simplex Method

Iteration 1, Step 1. The initial detached coefficient
matrix, or tableau, is created (Figure B.3). As you
can see, since this is the initial formulation of the
problem, the slack variables are “in the solution,”
and the variables related to the site preparation
methods are not. This is an initial feasible solution.
In other words, no acres have been assigned to
each of the site preparation methods yet.
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Iteration 1, Step 2. The opportunity costs are
calculated for each column (variable).

OCSPM1 ¼ ð1Þ � ð178 � 0Þ � ð0:0833 � 0Þ ¼ 1

OCSPM2 ¼ ð1Þ � ð203 � 0Þ � ð0:0667 � 0Þ ¼ 1

OCS1 ¼ ð0Þ � ð1 � 0Þ � ð0 � 0Þ ¼ 0

OCS2 ¼ ð0Þ � ð0 � 0Þ � ð0 � 1Þ ¼ 0

Iteration 1, Step 3. Since one or more opportunity
costs are greater than zero, the process continues,
and we note that the optimal solution has not yet
been located.

Iteration 1, Step 4. The column of the matrix that is
associated with the highest positive opportunity
cost is either the SPM1 or SPM2 columns, since
each have opportunity costs of 1. We will choose
SPM1 as the pivot column, but we could have
chosen SPM2 as well.

Iteration 1, Step 5. Calculate the maximum
contributions, or the maximum amount of the
variable represented in the pivot column that can
be brought into the solution, as affected by each
constraint.

MC1 ¼ ð500, 000=178Þ ¼ 2, 808:989

MC2 ¼ ð200=0:0833Þ ¼ 2, 400:960

The smallest of these values tells us that at most,
2,400.96 acres of SPM1 can enter the solution
without violating any of the constraints. This is
related to constraint row 2.

Iteration 1, Step 6. The constraint row of the matrix
that was associated with the lowest maximum
contribution is the pivot row (constraint row 2).

Iteration 1, Step 7. The key number is the value of the
cell in the matrix that is located at the intersection
of the pivot column and pivot row, or 0.0833.

Iteration 1, Step 8. Since each constraint that is not
identified as the pivot row needs to be
transformed, and there is only one other constraint,
other than the one identified as the pivot row, we
simply need one transformation ratio.

TR1 ¼ ð178=0:0833Þ ¼ 2,136:8547

Iteration 1, Step 9. Transform the pivot row values
by dividing each by the key number (0.0833).

As you can see (Figure B.4), the value of Q in
constraint row 2 has changed to the maximum
contribution value we calculated in Step 5.
In addition, we note to the right of the matrix
that the variable SPM1 has entered the solution,
and that it has a contribution of 1 to the
objective function value for each acre assigned
to SPM1.

Iteration 1, Step 10. Transform the nonpivot row
(constraint 1).

New nonpivot row value for Column
SPM1 ¼ (178) � (0.0833) � (2,136.8547) ¼ 0

New nonpivot row value for Column
SPM2 ¼ (203) � (0.0667) � (2,136.8547) ¼ 60.4718

New nonpivot row value for Column
S1 ¼ (1) � (0) � (2,136.8547) ¼ 1

New nonpivot row value for Column
S2 ¼ (0) � (1) � (2,136.8547) ¼ �2,136.8547

New nonpivot row value for Column
Q ¼ (500,000) � (200) � (2,136.8547) ¼ 72,629.06

Figure B.5 illustrates the condition of the detached
coefficient matrix after one complete transformation
(one iteration). When viewed as a graph, in two-
dimensional space, we find that the Simplex Method
moved from an initial null solution (SPM1 ¼ 0,
SPM2 ¼ 0) to a solution where SPM1 ¼ 2,400.96 and
SPM2 ¼ 0 (Figure B.6).

B. Iteration 2 of the Simplex Method

Since we have not determined whether the optimal
decision has been located, we must begin Iteration 2
with the assessment of the opportunity costs. Step 1
of Iteration 1 (develop initial detached coefficient
matrix) is not repeated in subsequent iterations of
the Simplex Method.
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0.0667

1

1

500000
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1 1

SPM1 SPM2 S1 S2 Q
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Variables
in the
solution

0

0
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FIGURE B.3 The initial detached coefficient matrix.
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FIGURE B.4 The detached coefficient matrix after transforming
the pivot row.
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FIGURE B.5 The detached coefficient matrix after transforming
the non-pivot row.
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Iteration 2, Step 2. The opportunity costs are
calculated for each column (variable).

OCSPM1 ¼ (1) � (0 � 0) � (1 � 1) ¼ 0
OCSPM2 ¼ (1) � (60.472 � 0) � (0.8007 � 1) ¼ 0.1993
OCS1 ¼ (0) � (1 � 0) � (0 � 1) ¼ 0
OCS2 ¼ (0) � (�2136.855 � 0)� (12.005 � 1)¼ �12.005

Iteration 2, Step 3. Since one or more opportunity
costs are greater than zero, the process continues,
and we note that the optimal solution has not yet
been located.

Iteration 2, Step 4. The column of the matrix that is
associated with the highest positive opportunity
cost is the SPM2 column, since it has an
opportunity cost of 0.1993, and the others have
zero or negative opportunity costs.

Iteration 2, Step 5. Calculate the maximum
contributions, or the maximum amount of the
variable represented in the pivot column that can
be brought into the solution, as affected by each
constraint.

MC1 ¼ (72,629/60.4718) ¼ 1,201.0403
MC2 ¼ (2400.96/0.80072) ¼ 2,998.5007

The smallest of these values tells us that at most,
1,201.04 acres of SPM2 can enter the solution
without violating any of the constraints. This is
related to constraint row 1.

Iteration 2, Step 6. The constraint row of the matrix
that was associated with the lowest maximum
contribution is the pivot row (constraint row 1).

Iteration 2, Step 7. The key number is the value
of the cell in the matrix that is located at the
intersection of the pivot column and pivot
row, or 60.4718.

Iteration 2, Step 8. Since each constraint that
is not identified as the pivot row needs to be
transformed, and there is only one other constraint,
other than the one identified as the pivot row, we
simply need one transformation ratio.

TR1 ¼ (0.80072/60.4718) ¼ 0.01324122

Iteration 2, Step 9. Transform the pivot row values by
dividing each by the key number (60.4718). As you
can see (Figure B.7), the value of Q in constraint
row 1 has changed to the maximum contribution
value we calculated in Iteration 2, Step 5. In
addition, we note to the right of the matrix that the
variable SPM2 has entered the solution, and that it
has a contribution of 1 to the objective function
value for each acre assigned to SPM2.

Iteration 2, Step 10. Transform the nonpivot row
(constraint 1).

New nonpivot row value for Column
SPM1 ¼ (1) � (0) � (0.01324122) ¼ 1

New nonpivot row value for Column
SPM2 ¼ (0.80072) � (60.4718) � (0.01324122) ¼ 0

New nonpivot row value for Column
S1 ¼ (0) � (1) � (0.01324122) ¼ �0.01324122

New nonpivot row value for Column
S2¼ (12.005)� (�2136.86)� (0.01324122)¼ 40.29937

New nonpivot row value for Column
Q ¼ (2400.96) � (72629.06) � (0.01324122) ¼

1,439.263

Figure B.8 illustrates the condition of the detached
coefficient matrix after two complete transformations
(two iterations). When viewed as a graph, in two-
dimensional space, we find that the Simplex Method
moved from the previous solution (SPM1 ¼ 2,400.96,
SPM2 ¼ 0) to a solution where SPM1 ¼ 1,439.26 and
SPM2 ¼ 1,201.04 (Figure B.9).
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0.0833 SM1 + 0.0667 SPM2 ≤ 200 

178 SPM1 + 203 SPM2
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0

FIGURE B.6 Movement of the search (in graphical space) after
Iteration 1.
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FIGURE B.7 The detached coefficient matrix after transforming
the pivot row.
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FIGURE B.8 The detached coefficient matrix after transforming
the non-pivot row.
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C. Iteration 3 of the Simplex Method

As with iteration 2, since we have not determined
whether the optimal decision has been located, we
must first assess the opportunity costs. Again, Step 1
of Iteration 1 (develop initial detached coefficient
matrix) is not repeated in subsequent iterations of
the Simplex Method.

Iteration 3, Step 2. The opportunity costs are
calculated for each column (variable).

OCSPM1 ¼ (1) � (0 � 1) � (1 � 1) ¼ 0
OCSPM2 ¼ (1) � (1 � 1) � (0 � 1) ¼ 0
OCS1 ¼ (0) � (0.01654 � 1) � (�0.01324 � 1) ¼ �0.0033
OCS2 ¼ (0)� (�35.3364� 1)� (40.29937� 1)¼�4.9630

Iteration 3, Step 3. Since all of the opportunity costs
are zero or less, we learn the optimal solution has
been located. The optimal solution is SPM2 ¼
1,201.04 acres, and SPM1 ¼ 1,439.26 acres. As a
check of the solution against the constraints, we
can input each of the optimal solution values into
the two constraints:

Budget constraint:
$178 per acre (1,439.26 acres) þ $203 per acre (1,201.04

acres) ¼ $499,999.40
Operational constraint:
0.0833 days per acre (1,439.26 acres) þ 0.0667 days per

acre (1,201.04 acres) ¼ 200 days

Both of the constraints are binding. That is, all the
resources (budget and allowablework days) are needed
for one of the two site preparation methods. Even
though the budget is not exactly at $500,000 in the pre-
ceding example, some rounding led to our result.

D. Verification of the Simplex
Method Results

As a check to the solution developed by hand ear-
lier, we solved the problem using LINDO [4], and
found the following:

Problem formulation:

max SPM1 þ SPM2
subject to
2) 178 SPM1 þ 203 SPM2 <¼ 500000
3) 0.0833 SPM1 þ 0.0667 SPM2 <¼ 200
end

Result:

OBJECTIVE FUNCTION VALUE
1) 2640.303

VARIABLE VALUE REDUCED COST
SPM1 1439.263184 0.000000
SPM2 1201.040161 0.000000

ROW SLACK OR SURPLUS DUAL PRICES
2) 0.000000 0.003295
3) 0.000000 4.962975

NO. ITERATIONS¼ 2

As we had hoped, the optimal solution provided
by LINDO is consistent with the solution we gener-
ated by hand using the Simplex Method.

QUESTIONS

1. You work for the United States Forest Service
in California, and manage a budget to develop
fish structures (to facilitate the development of
pools). Your budget is $100,000 per year. Based
on the availability of a local contractor, you
determine that there are two options: place
logs in the stream system, or place boulders
in the stream system. You would like to

develop as much fish habitat in as many miles
of stream as possible each year. It will cost
$10,000 per stream mile to create fish structure
using logs, and $21,000 per stream mile to cre-
ate structures using boulders, due to the avail-
ability of logs and boulders. You would like
the project to be completed during a 30-day
time period, and the contractor indicates that
they will require five days per mile of stream
to install logs, and three days per mile of
stream to install boulders. Develop the
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SPM2
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0.0833 SM1 + 0.0667 SPM2 ≤ 200 

178 SPM1 + 203 SPM2
      ≤ 500,000 

1,000
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3,0002,0001,0000
0

FIGURE B.9 Movement of the search (in graphical space) after
Iteration 2.
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detached coefficient matrix, and solve this
problem using the Simplex Method.

2. You work as a procurement forester in south
Alabama, and manage a cruising budget,
which is $2,000 per month. You would like to
cruise as many areas as possible to develop
bids for timber purchases. Based on recent
experience, you think it will cost $8 per acre
to sample with 1/10 acre fixed radius circular

plots, and $4 per acre to sample using a BAF
10 prism. You have some local help (a forest
technician), but they prefer to sample with
plots. After discussing your needs with the
technician, you determine, given the other
work available to the technician, that they can
measure 500 plots per month, and 400 points.
Develop the detached coefficient matrix, and
solve this problem using the Simplex Method.
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A P P E N D I X

C

Writing a Memorandum or Report

As a professional in your field, you will be
expected to communicate effectively with your col-
leagues, supervisors, and the public. E-mail is becom-
ing a standard method for communicating ideas,
information, and results. However, written memoran-
dums and reports are still quite commonly used in
natural resource organizations. This appendix focuses
on two other types of written communication (mem-
orandums and reports), although we would hope that
you will apply some of the same concepts described
here to your e-mail communications as well. This
appendix is designed to illustrate standard memo-
randum and report formats as well as the numerous
pitfalls students may encounter when developing
them. Upon reading this appendix, you should be
able to:

1. Understand the elements and characteristics of
a well-written memorandum.

2. Understand the elements and characteristics
of a well-written report.

3. Understand the difference between the two
reporting options.

I. MEMORANDUMS

A memorandum is a relatively brief form of writ-
ten communication typically used within office set-
tings for communicating specific information. A
basic memorandum contains five distinct structural
elements:

• The date that the memorandum was created
• The name of the person who created the memo-

randum
• The name of the person to whom the memo-

randum is addressed
• The subject of the memorandum
• The content of the memorandum

It is not imperative, but at the top of the memo, the
word Memorandum might also be placed. The most
common errors related to the date of the memo-
randum include using the incorrect year, and using
a date that is prior to the date that the memorandum
actually was written. The name of the person writing
the memorandum should be obvious (you). The name
of the person to whom the memorandum is being
addressed ideally should be represented by the name
of an actual person or group of persons, as opposed
to “Instructor,” “Lab TA,” or some other set of words.
If you find an entry for “cc:” in a memorandum tem-
plate, then you would place here the name of a per-
son to whom the memorandum was copied.

The subject line of a memorandum should ade-
quately describe the content, and use descriptive
terms such as “Sampling results from stand 35,”
rather than more vague terms such as “Lab 5.” Some
memorandum templates use “Re:” to represent the
subject line (“Re” is an abbreviation for “regarding”).
A memorandum typically refers only to one subject,
so that the results or discussion that it contains can
be filed in the most appropriate place.

The content of a memorandum needs to present
information in a logical manner, and in a manner that
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conveys results clearly, correctly, and concisely. Some
important considerations for the content of a memo-
randum include the following:

• The objective of the work
• The approach that was used to collect and

process information
• A summary

A number of items are probably not appropriate
for memoranda, such as a description of the standard
equipment that might have been used (diameter tape,
etc.), and other basic information that natural
resource management professionals should take for
granted, such as how many paces were needed to
locate sample plots. If figures or tables are referenced
within a memorandum, then they must be attached
to the memorandum. The converse holds as well:
if figures or tables are attached to a memorandum,
then they must have been referenced within the
memorandum.

To ensure that your memorandum has a pro-
fessional appearance, try to answer the following
questions:

1. Is the font size consistent throughout the
memorandum?

2. Is the font type (Times New Roman, Arial, etc.)
consistent throughout the memorandum?

3. Has your memorandum been spell-checked?
4. Are units such as ft3 appropriately super-

scripted?
5. Have you provided results in the memo-

randum?
6. Have you then interpreted the results?

To ensure that your tables are high quality, con-
sider answers to the following questions:

1. Did you place descriptive column headers over
the top of the data that they were meant to
represent?

2. Did you use a consistent precision within each
column of data (i.e., are your decimal places
consistent within a column)?

3. Does your table have a title?
4. Did you spell-check information within the

table?
5. Did you right-justify the data in a column?

Center- or left-justification of data is less
intuitive to many people.

6. Can your table stand alone so that anyone could
understand it should it become separated from
the memo?

Figures are graphs, maps, and other items that are
not considered tables of data. To ensure that your

figures are high quality, consider answers to the
following questions:

1. Did you label all of the axes of each graph?
2. Did you place a title on each figure?
3. Did you use a consistent font throughout each

figure?
4. Did you spell-check the content of each figure?
5. Can your figure stand alone so that anyone

could understand it should it become separated
from the memo?

An example of a brief memorandum is presented
in Figure C.1. Of course, Figure C.1 represents only
the text of a memorandum, and its associated figure
(Figure C.2) and table (Figure C.3) should be attached
(preferably stapled).

II. REPORTS

In general, a report is a written document that is
meant to inform other people of an idea or situation
that you have studied. The content of a report is
much different than that of a memorandum. In a
report the content is designed to be much more infor-
mative of the background, purpose, importance, and
influence of a topic or issue. In contrast, the content
of a memorandum is brief and generally to the point.
Reports generally contain the six basic structural
elements:

• A summary or abstract
• An introduction to the report
• A description of the methods employed
• A summary of the results that were found
• A discussion of the importance of the results
• The conclusions you have drawn

These sections represent the summary, introduction,
methods, results, discussion, and conclusions sections
that commonly are used in reports. The summary or
abstract can also be called the executive summary,
depending on the situation. The summary presents
the main findings or arguments that are presented
within the report. The summary also helps readers
quickly determine what may be found within the
report. The summary may be one of the most difficult
parts of a report to write, since you must describe the
content of the report in a condensed form, and since it
may be the only part of the report that is read thor-
oughly by busy managers. The summary, in effect,
is used to convince people to read further. The intro-
duction, by comparison, is a section of the report that
presents the purpose, scope, and objectives of the
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written document. The introduction can include
hypotheses as well as a brief guide to the material
that will follow. The introduction to a report can also
often include a summary of prior studies or reports
on the same (or similar) subject. This section of a
report prepares readers for what follows.

The methods section of a report provides readers
with an understanding of the types of materials and
data that were used to develop results from which
conclusions or decisions are drawn. In addition to a
description of the equipment and analytical techniques

FIGURE C.1 An example of a brief memorandum.

FIGURE C.2 An example table from a memorandum.

FIGURE C.3 An example figure from a memorandum.
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used to arrive at results, the methods section may also
include a critique of other previously used methods,
and may also include the hypotheses. If the report
concerned an experiment, then the methods section
would describe how the experiment was designed. If
the report described a survey, then themethods section
would describe the sequence of events that were
followed to effectively design and deliver a survey.
The methods should be thoroughly described so that
the reader can understand how the results were gene-
rated and whether the analysis performed on the data
collected is valid. Ultimately, the methods section
would contain enough information so that someone
else could repeat the study or analysis.

The results section of a report provides the out-
comes of the inquiry, either quantitatively or qualita-
tively. Comparisons of outcomes are also provided
here, although interpretation of the reasons for differ-
ent (or similar) outcomes is usually left for the discus-
sion section of a report. It is in the results section that
we find the highest quantity of tables and figures. As
a result, the suggestions we provided earlier regard-
ing tables and figures for memorandums also should
be heeded here. The results should be presented in a

relatively straightforward manner, and their presen-
tation should be organized in a logical manner as
well. The discussion section of a report represents
an interpretation of the results provided. As with
the presentation of results, the discussion should flow
in a logical manner: if a reader needs to understand
one specific set of information prior to considering a
broader set of information, then the discussion should
be organized accordingly. The discussion section is
where you would compare the outcomes of the cur-
rent study with those from previous studies or
reports. In addition, it is here where the hypotheses
that may have been proposed earlier are addressed
(e.g., did you reject or fail to reject the hypothesis
you proposed?).

As with the summary section, the conclusions sec-
tion needs to be brief and concise, and it needs to
present the main thoughts of the report clearly. This
section reiterates the important concepts presented
in the report, and it may also present areas for future
work, make recommendations for decisions, or raise
questions that continue to linger. The conclusions sec-
tion is your last chance to convince the reader of the
value of your work.
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Note: Page numbers followed by f indicate figures; t tables.
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applications, 170, 171, 172t, 173t, 174f, 174t
example, 169–172, 169t
principles, 169

Biological rotation age, 107, 108f

C
CACTOS, See California Conifer Timber

Output Simulator
CAI, See Current annual increment
California Climate Action Registration, 293
California Conifer Timber Output

Simulator (CACTOS), 97
Canadian Standards Association, forest

certification, 288–289
Canopy cover, evaluation, 22–23
Carbon fraction of dry wood, evaluation,

24–25
Carbon sequestration

emission trading, 292
forest management

implications, 293–294
opportunities and challenges, 291–292

Kyoto Protocol, 290–291
reporting and trading schemes, 292–293

Certification, See Forest certification
Chicago Climate Exchange, 292
Climate change, See Carbon sequestration
Climate Trust, 293
Crown cover, See Canopy cover
Current annual increment (CAI),

evaluation, 21
Curse of dimensionality, management

problems, 104

D
Desired forest structure models

irregular forest structure, 206–207, 206f,
207f

normal forest, 199–204, 200f, 201t, 202f,
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regulated forest, 204–205
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variability, 207–209
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Detached coefficient matrix, Simplex
Method, 316–317, 316f

DFSIM, 98
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diameter distribution; Tree quadratic
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117f, 117t

stand tables by age, 297t, 298t, 299t, 300t,
301t, 302t, 303t, 304t, 305t, 306t

Down woody debris
classes, 22t
models, 96
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caveats, 113
disadvantages, 113–114
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costs of evening out, 114–116, 114f, 114t
southern stand thinning, varying

rotation lengths, 108f, 118–121,
120t

western stand thinning, fixed rotation
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nodes, 112
recursive relationships, 113
stages, 112, 112f
states, 112, 112f

E
EAE, See Equal annual equivalent
Economic evaluation

benefit/cost ratio, 39–40
discount rates, 43–44
employment and income, 51
equal annual equivalent, 40
example, 29–30
future value

equation, 30, 35–38
non-terminating annual revenue or

cost, 36
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International Organization for

Standardization, 289
overview, 285–289, 287t
Programme for the Endorsement of

Forest Certification Schemes, 289
Sustainable Forestry Initiative,
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Forest management
challenges, 2–3
decision-making processes

adaptive management and planning,
9–10
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management science models, 5–6

planning overview, 80–83
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broad view, 6–8
hierarchy of planning, 8–9
information flow, 10–11, 11f
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Habplan, 179–180
MAGIS, 92–93
Spectrum, 179
Stanley, 180–181
Woodstock, 180–181

Forest rent, See Income generation
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certification, 286–287
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programming, 113
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or cost, 36
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or cost, 37
single revenue or cost, 35
terminating annual revenue or cost, 36
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G
Gap simulators, 96
Garbage can model, decision making, 5
Genetic algorithm, 177–178, 177f
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data collection
aerial photogrammetry, 59–60, 60f
field data collection, 59
map digitizing, 59
remote sensing, 59

data structures
raster data, 60–61
topology, 62
vector data, 61
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overview, 57–67
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buffering, 64–65, 65f
clipping and erasing, 64, 65f
combining and splitting, 65–66

joining, 66, 66f
mapping, 67
overlay, 66–67
proximity analysis, 65
querying, 64, 64f

Putnam Tract database, 62–63, 62f
Georgia Carbon Sequestration Registry, 293
GIS, See Geographic information system
Goal programming, 167–169, 168f
Graphical solutions, two-variable linear

problems
examples

fish habitat development, 133–134, 133f
hurricane clean-up plan, 134–136, 135f
road construction, 127–131, 128f, 129f,

131t
snag development to enhance wildlife

habitat, 131–133, 132f
production possibility frontier, 137f, 138
solutions

efficiency, 137
feasible solution, 136
infeasible solution, 136
optimal solution, 136, 137f
suboptimal solution, 136

steps for problem translation to
mathematical relationships, 125–127

Green Tag, forest certification, 288
Green-up rules, See Adjacency and

green-up restrictions
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accretion, 96
even-aged stands, 77–80, 78f, 79f, 79t
ingrowth, 76
mortality, 76
rate of growth and tree-level

optimization, 105
self-thinning, 76
simulators

California Conifer Timber Output
Simulator, 97
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Forest Vegetation Simulator, 97
gap simulators, 96
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models, 94
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models, 94
Landscape Management System, 99
model evaluation, 99–100
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outputs, 99
overview, 93–96
PTAEDA3, 98
Simulator for Intensively Managed

Stands, 99
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models, 96
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TWIGS models, 98
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98–99
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whole-stand models, 94–95
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broad-scale volume estimates, 88–90
habitat, 90–91
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stand-level volume estimates, 85–86,
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value growth rate, 109, 109f
volume table, 92, 92t

H
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accounting rows, 147–148
broad-scale volume estimates, 90–91
fish habitat development plan, graphical

solutions for two-variable linear
problems, 133–134, 133f

snag development to enhance wildlife
habitat, 131–133, 132f

spatial restrictions in forest planning and
quality considerations
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elk habitat, 243
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overview, 242–248
red-cockaded woodpecker habitat,

244–246
spotted owl habitat, 246–248, 246f

stream habitat evaluation, 48–49, 49t
wildlife habitat control, 228–229
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evaluation, 46

Habplan, forest planning software, 179–180
Hanzlik formula, volume control, 217–219,
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Harvesting

allowable cut effect, 229–231
area to harvest control, 214–215
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green-up restrictions
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Heyer method, 225
Hundeshagen formula, 223–224
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overview, 214–215
VonMantel formula, 219–221, 220f, 221f

wildlife habitat control, 228–229
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Heuristic methods

genetic algorithm, 177–178, 177f
Monte Carlo simulation, 174–175, 175f
overview, 172–179
simulated annealing, 175–176, 176f
tabu search, 176–177, 177f
threshold accepting, 176

Heyer method, volume control, 225
Hierarchical system for planning and

scheduling management activities
blended, combined and adaptive

approaches, 261–262, 262f
operational planning, 259–260
planner role and flow of information,

262–263, 263f
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tactical planning, 258–259
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processes, 260–261, 260f
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Hundeshagen formula, volume control,

223–224, 227
Hurricane clean-up plan, graphical
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problems, 134–136, 135f
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Income generation rotation age, 108, 108f
Ingrowth, 76
Integer programming, 166–167, 167f
Internal rate of return (IRR), calculation, 39
International Organization for

Standardization, forest certification, 289
IRR, See Internal rate of return
Irrational model, decision making, 5

K
Key number, Simplex Method, 317
Kyoto Protocol, 290–291

L
Land classification

overview, 67–72, 69t
Putnam Tract example, 68, 68f, 68t
spatial position-based classification, 35t,

71–72
strata-based classification, 69–71,

69t, 70t
units of land-based classification, 33t, 71

Landscape Management System (LMS), 99
Lincoln Tract

adjacency and green-up restrictions in
harvesting planning, 237–239,
239–241, 239f, 240f

geographic information system database,
63, 63f

overview of features, 258–259, 260f
spatial restrictions in forest planning

habitat quality considerations, 248f
trail development problem, 251–254,

252f, 252t, 253f
stand data, 306–309

LINDO, See Linear programming models
Linear models, See Graphical solutions,

two-variable linear problems; Linear
programming models

Linear programming models
accounting rows

habitat-related accounting rows,
147–148

land areas scheduled for treatment,
145–146

wood flow-related accounting rows,
146–147

alternative management scenario
assessment, 156–157

assumptions
additivity, 142
certainty, 142–143
divisibility, 142
proportionality, 142

case study, 157–160, 158t, 159f
constraints, 149–150

policy constraints, 149–150
habitat availability, 150
harvested areas, 149
harvested volume, 150
resource constraints, 148–149

detached coefficient matrix, 151–152, 152t
extensions

goal programming, 167–169, 168f
integer programming, 166–167, 167f
mixed integer programming,

164–165, 166f
overview, 163–169

interpretation of results
dual price, 155–156
objective function value, 154–155
problem formulation, 153
reduced costs, 154–155
slack, 155–156
variable value, 154–155

Model I problems, 152–153
Model II problems, 152–153
Model III problems, 152–153
objective functions, 143–144
Simplex Method for solving linear

equations
overview, 315–316
steps

detached coefficient matrix
development, 316–317, 316f

key number determination, 317
maximum contribution of variables,

317
nonpivot row transformation, 318
opportunity cost calculation, 317
optimality decision, 317
overview, 316–318, 316f
pivot column identification, 317
pivot row identification, 317
pivot row transformation, 318
transformation ratio calculation, 317–318

two-variable, two-constraint problem
solution, 318–321

LMS, See Landscape Management System
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MAGIS, forest planning software, 92–93
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Map digitizing, geographic information

system data collection, 59
Mean annual increment (MAI), evaluation,

20–22, 21f
Memorandum, writing guidelines, 323–324,

325f
Meyer amortization method, volume

control, 224–225, 227
Mixed integer programming, 164–165, 166f
Monte Carlo simulation, 174–175, 175f
Mortality, 76
Mushroom production, evaluation, 25–26

N
Net present value (NPV), calculation, 38–39
NGOs, See Nongovernmental organizations
Nodes, dynamic programming, 112
Nominal discount rate, calculation, 43–44
Nongovernmental organizations (NGOs),

forest certification, 282
Normal yield tables, 203
NPV, See Net present value

O
OAKSIM, 98
Objective functions, linear programming

models, 143–144
Operational planning, hierarchical system,

259–260
Opportunity cost, Simplex Method, 317
Optimization, tree- and stand-level

objectives
dynamic programming

caveats, 113
disadvantages, 113–114

examples
costs of evening out, 114–116, 114f,

114t
southern stand thinning, varying

rotation lengths, 108f, 118–121,
120t

western stand thinning, fixed rotation
length, 116–118, 117f, 117t
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stages, 112, 112f
states, 112, 112f
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stand-level optimization
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thinning schedule, 109–110
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tree-level optimization, 105
ORGANON, 97
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evaluation, 20–22, 20f, 63f

Physical rotation age, 107
Pine straw production,

evaluation, 25, 25f
Pivot column, Simplex Method, 317
Pivot row, Simplex Method, 317, 318
Present value

equations, 15–56, 35t
non-terminating annual revenue

or cost, 31
non-terminating periodic revenue

or cost, 33
single revenue or cost, 31
terminating annual revenue or cost, 32
terminating periodic revenue or cost, 34

Production, See Harvesting
Programme for the Endorsement of Forest

Certification Schemes, 289
PTAEDA3, 98
Putnam Tract

geographic information system database,
62–63, 62f

harvesting analysis
area control, 226
assumptions, 226–227
Austrian formula, 227
Hanzlik formula, 226–227
Hundeshagen formula, 227
Meyer formula, 227
Von Mantel formula, 227

overview of features, 259–260, 262f
stand data, 310–312

R
RADR, See Risk-adjusted discount rate
Raster data, geographic information system,

60–61
Rate of growth, calculation for tree-level

optimization, 105
Rational model, decision making, 5
Real discount rate, calculation, 43–44
Red-cockaded woodpecker, spatial

restrictions in forest planning and
habitat quality considerations, 244–246

Remote sensing, geographic information
system data collection, 59

Report, writing guidelines, 324–326
Risk-adjusted discount rate (RADR),

calculation, 43–44
Roads and trails

Road construction plan using graphical
solutions for two-variable linear
problems, 127–131, 128f, 129f, 131t

spatial restrictions in forest planning
road management problem, 249–251,

250f
trail development problem, 251–254,

252f, 252t, 253f
Rotation age, See Timber rotation

S
Scenic beauty index, calculation, 46–47
Self-thinning, equation, 76
SEV, See Soil expectation value
Silvicultural rotation age, 107

Simplex Method
overview, 315–316
steps

detached coefficient matrix
development, 316–317, 316f

key number determination, 317
maximum contribution of

variables, 317
nonpivot row transformation, 318
opportunity cost calculation, 317
optimality decision, 317
overview, 316–318, 316f
pivot column identification, 317
pivot row identification, 317
pivot row transformation, 318
transformation ratio calculation,

317–318
two-variable, two-constraint problem

solution, 318–321
SIMS, See Simulator for Intensively

Managed Stands
Simulated annealing, 175–176, 176f
Simulator for Intensively Managed Stands

(SIMS), 99
Site index, evaluation, 26–28, 28f
Snags

development to enhance wildlife habitat,
131–133, 132f

evaluation, 22
models, 96

Software, See Forest planning software;
Growth

Soil expectation value (SEV), calculation,
40–42

Spectrum, forest planning software, 179
Spotted owl, spatial restrictions in forest

planning and habitat quality
considerations, 246–248, 246f

Stages, dynamic programming, 112, 112f
Stanley, forest planning software, 180–181
States, dynamic programming, 112, 112f
Stocking, evaluation, 28–29, 29f
Strategic forest planning, hierarchical

system, 258
Stream habitat, evaluation, 48–49, 49t
Structural evaluation

age of stand, 23–24, 23f
basal area, 17–18
canopy cover, 22–23
carbon fraction of dry wood, 24–25
current annual increment, 21
down woody debris

classes, 22t
volume, 22

dry weight, 24–25
height average, 19, 19f
mean annual increment, 20–22, 21f
mushroom production, 25–26
periodic annual increment, 20–22, 20f, 63f
pine straw production, 25, 25f
site index, 26–28, 28f
snags, 22
stocking, 28–29, 29f
timber volume, 19–20
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tree average diameter, 16–17
tree diameter distribution, 17, 18f
tree quadratic mean diameter, 18–19
trees per unit area, 16, 16t, 17f

Supply chain
components

demand management, 269
execution, 269
knowledge collection and

reporting, 269
management, 268
overview, 268, 269f
planning and scheduling, 269

hierarchy of forest planning, 271–274
mathematical analysis, 274–277, 274t
process for forest products, 270f
variation sources, 277–278

Sustainability
concepts beyond immediate forest,

195–196
ecosystems and social values, 191–193
incorporation into forest plans, 193–195,

193f, 194f, 195f
multiple uses, 189–191
overview, 185–187
production, 187–189
sustained annual yield calculations

Austrian formula, 221–223
Hanzlik formula, 217–219
Heyer method, 225
Hundeshagen formula, 223–224
Von Mantel formula, 219–221

Sustainable Forestry Initiative, forest
certification, 285–286, 286t

T
Tabu search, 176–177, 177f
Tactical planning, hierarchical system,

258–259
TASS, See Tree and Stand Simulator

Taxation, after-tax analysis, 44–45
Technical rotation age, 107
Thinning, optimum timing, 109–110
Threshold accepting, 176
Timber rotation

optimization, 107–109, 108f, 109f
rotation age types, 107–109

Timber volume, evaluation, 19–20
Topology, geographic information system

data, 62
Trail, See Roads and trails
Transformation ratio, Simplex Method,

317–318
Tree and Stand Simulator (TASS), 98
Tree average diameter, evaluation, 16–17
Tree diameter distribution, evaluation, 17, 18f
Tree quadratic mean diameter, evaluation,

18–19
Trees per unit area, evaluation, 16, 16t, 17f
TWIGS models, 98

U
Unit restriction model (URM), 236, 239f
URM, See Unit restriction model

V
Value growth percent rotation age, 109, 109f
Variable Density Yield Prediction (VDYP),

98–99
VDYP, See Variable Density Yield

Prediction
Vector data, geographic information

system, 61
Volume table, 92, 92t
Volume to harvest, control, 214–215
Von Mantel formula, volume control,
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