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Preface

The human view of the forest and the decisions taken with regard to it have changed
throughout history. Today, our knowledge is far more comprehensive, enabling us to
take a more holistic view and to be more aware of the facets of the forest as an entity,
and of its resources and functions. Our decisions are based on a greater understand-
ing of its structure, functioning, and the results of the actions applied.

However, forestry activity continues to have an inherent need for prudence and
the long-term view, as decisions taken in a particular situation can cause enduring
consequences. Forestry management must therefore of necessity be sustainable, oth-
erwise forestry resources will be condemned to degradation and impoverishment.

Since 1713, when the concept of sustainability first appeared in a forestry
publication—specifically in Sylvicultura oeconomica: Anweisung zur wilden
Baumzucht (Hannp Carl von Carlowitz, 1713)—this concept, together with forest
management principles, has undergone far-reaching changes. In these 300 years,
there has been an evolution from a mercantilist and productive view of the forest to a
multifunctional management that integrates economic, social, and ecological aspects.

However, the problem of sustainability is not yet resolved. There are currently
many viable technical solutions available for addressing this issue, but only a few of
them have actually been applied. The starting hypothesis of this work is that univer-
sal participation in the transparent and real assessment of sustainability—identifying
its social, economic, and natural consequences—push on people’s general ability to
reduce systemic resistance to adopting new sustainable policies.

The authors, after many years of applied research in sustainable forest manage-
ment (SFM) and decision making, have pooled their knowledge and experience to
produce this work. The main objective of this book is to present the different com-
ponents involved in a public participatory process to assess sustainability in forest
management.

The book is aimed at policy makers, environmental and forest professionals,
researchers, university faculty, and postgraduate students, especially in fields related
to forest management, landscape planning, recreation, and conservation. It will also
be useful for the general public and social groups and associations interested in par-
ticipating in activities related to forest systems.

The main achievements of the book are as follows:

e It adopts a new approach to the management of sustainability that links
human and natural systems.

* It reconsiders our interdependence with the diversity of life and assumes
a posture that recognizes our role in a unique and complex system. This
approach endorses the design of complex, mature, and highly diverse for-
ests that can provide us with a panoply of services and productions.
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Another achievement is the identification of quantitative indices in forest management,
which provide a vast amount of information on soil, landscape, and ecological func-
tioning. It also highlights the importance of these indices for public information
programs on participatory processes. The application of these indices has served to
confirm new trends and paradigms in forest management, for example, the extended
coincidence between the visual and ecological landscape (personal perception ver-
sus ecological functioning).

From the methodological point of view, other results worth noting refer to inven-
tory, representation of personal and collective preferences, and design of forest plans.

The quantitative techniques for inventory explained in this book allow the identi-
fication and geographical location of habitats, structures, and single trees. The inven-
tory is made using two types of input: (1) information collected directly in the field
and (2) the more widely used method of consulting existing sources of digital infor-
mation. As occurs throughout the book, the examples refer to template areas, but the
methodology can be applied to any type of ecosystem.

A major achievement deals with the representation of the preferences of an indi-
vidual from direct comparison between pairs of alternatives. The homogeneous
representation of individual preferences makes it possible to compare forest man-
agement plans, to contrast a person’s preferences on forest management with other
evaluators, and to understand how individual preferences change as the majority of
the participants modify their overall opinion on forest management. It also facilitates
the design and evaluation of forest management alternatives and the transfer of infor-
mation between the evaluators.

Another central characteristic of the proposed methodology is that it encourages
collective decision making. Working with multiple evaluators requires aggregating
individuals’ information to generate a global solution, and this is done by taking into
account individual actions and social interactions. This is a complicated process, but
we propose a satisfactory solution that brings additional benefits such as increas-
ing outreach (in order to access people who have not traditionally been included
in participatory processes) and also facilitates self-organization, thereby enabling
interactions among evaluators (interactions produce aggregated assessments more
effectively than the mere sum of individual utilities).

The aggregation of preferences requires the incorporation of additional assump-
tions into the von Neumann—Morgenstern utility theory. The new hypotheses are
based on the notion of empathetic preferences applied to both our own ethical con-
cerns and to those of others. From an operative point of view, there are no particular
obstacles to incorporating altruistic preferences into a utility function. Furthermore,
in much social decision making, it appears that social evolution tends to favor the
survival of the most empathetic. In this context, Binmore argues that in the medium
run, equilibrium in empathetic preferences will be achieved. Thus, all evaluators
belonging to a same society will tend to share a common standard for making inter-
personal comparisons of utility.

The book provides an operating procedure to identify the degree of convergence
in the utility of multiple evaluators. The evolution in the degree of convergence of
individuals’ preferences allows decisions to be made in order to promote or conclude
the participatory process. Once the participatory process is halted, the aggregated
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value is obtained for all evaluators (through the application of procedures of aggre-
gation of individual preferences based on voting systems, other procedures existing
in the Web 2.0 and interpersonal comparisons of utility). The methodology allows
global participation through the Internet and interaction among the evaluators.

Finally, we highlight the methodology for the design of a forest management plan
that best suits a specific preference system (whether this is an individual or a col-
lective system). Given the high number of potential solutions, it is not operative to
generate all the feasible alternatives and evaluate each one in order to choose the
best (e.g., in a forest of 500,000 trees, in which up to ten different actions [prun-
ing, spraying, soil tillage, etc.] are considered in each tree over a period of time of
one year—and over a period of 100 years, the number of different actions would be
500,000'9). In consequence, we have adopted procedures based on combinatorial
optimization techniques, which dictate that the best solution will be the one that
most likely conforms to the preferences of a given observer. Usually, the algorithms
used in risk optimization are a mixture of recursive, neural, and adaptive algorithms.
Specifically, we have used a modification of the Metropolis algorithm applied in
simulated cooling processes.

The book is accompanied by a computer application that—for a given system of
preferences—allows two main issues to be addressed: (1) the assessment of the adap-
tation of any forest type to the given system of preferences (2) and the identification
of the best management plan for such a system of preferences.

The book is linearly organized into ten chapters. The first few chapters focus on
sustainable indicators and describe their importance, trends, and application. The
subsequent chapters aim to explain the techniques related to the identification and
integration of individual and group preferences and to find the best management plan
according to these preferences. To conclude the book, the last chapter describes a
computer application that integrates the techniques explained in the previous chap-
ters and that can be downloaded from the Internet.

Chapter 1 introduces the reader to the concepts of forest sustainability and public
participation and discusses the use of both sustainability indicators and quantitative
techniques to incorporate public participation into forest management. In social sys-
tems involving the human dimension, each individual component of the systems may
gain awareness of the emerging phenomenon of which they are a partial cause and
therefore react by modifying their behavior. This is the case for sustainable develop-
ment, where the public is expected to modify their behavior toward becoming aware
of the impact they produce.

Chapter 2 shows the different sources of information, from classic sampling in
the field to the use of information technologies such as GIS and remote sensing.
In particular, the chapter pays special attention to the use of LIDAR data in forest
management.

Chapter 3 focuses on two aspects: (1) the different approaches used to assess cri-
teria and indicators for SFM and (2) a case study of computing indicators at the local
level based on LIDAR data and yield tables for Pinus sylvestris.

Chapter 4 describes soil indices, how to measure them, their relationship with
other environmental variables, their role in the study of the impact of land uses, and
the conservation of ecosystems.
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Chapter 5 describes the indicators of the ecophysiological state of vegetation.
These indicators are measures of various important plant functions such as photo-
synthesis, water balance, and nutrient status, which can reveal what is occurring in
a particular ecosystem. Specifically, the chapter emphasizes vegetation indices and
models of system functionality and includes a case study on the indicators for the
ecophysiological competence of woody species for riparian ecosystem restoration.

Chapter 6 presents a number of landscape indicators that can be currently used
in SFM. The chapter starts with a review of the state of the art on landscape indica-
tors and their integration within SFM. The next section focuses on the visual and
ecological landscape and discusses examples of man-made landscapes that success-
fully integrate high biodiversity, production, and landscape beauty. Heterogeneity
and diversity are the landscape elements that are required to conserve biodiversity at
all scales. The importance of mature forest stages are shown in this context.

The chapter describes the new trends and objectives in forest management and
their ecological and visual consequences. In the last 20 years, new management
approaches have emerged, such as ecosystem management in the United States,
which is an adaptive management in time and space across all scales. Another objec-
tive for improving the conservation of biodiversity is to achieve more complex forests
and landscapes, including mature stages of the forest succession. Close-to-nature
forestry is a European approach that emerged in response to economic objectives but
is based on the use of natural processes that integrate economic benefits and complex
structures. Its practical experiences, after more than 100 years, are a starting point
for the design of complex, mature, and highly diverse forests that can provide us with
multiple services and productions.

The spatiotemporal changes in a managed forest are explored against the back-
ground of the trends in forestry in the twenty-first century, using the three principal
forest-structure models common in traditional silviculture.

Diverse forests and landscapes are also appreciated visually by people; in fact the
visual and ecological landscape can coincide. This analysis serves to identify prin-
ciples and common visual and ecological design criteria where the landscape indi-
cators will be assigned, thereby aiding in ordering the set of indicators as a whole.

The chapter ends with a technical description of the visual and ecological
landscape indicators, for which a broad common ground of visual and ecological
landscape indicators is identified.

Chapter 7 presents the procedures for preference identification. It describes the
procedures for evaluating alternatives based on pair-wise comparison and aggregation
of criteria and proposes an alternative valuation method that transforms opinions into
a sustainability assessment. It also describes the methods used to characterize the
type of rationality and coherence in the opinions of each individual, in addition to the
depth of the individual’s knowledge of the system to be evaluated. Finally, the previ-
ous methodology is applied to the assessment of forest sustainability in a case study.

Chapter 8 describes the methodologies most commonly applied to optimize the
sustainable use of forest resources, including an explanatory application of each one
to certain stages of forest management. It starts with an introduction to linear pro-
gramming applied to forest management and then provides a detailed description of
heuristic methods such as simulated annealing, genetic algorithms, and tabu search,
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including forest examples. Artificial neural networks applied to optimization prob-
lems are also included. The chapter ends with a case of application that incorporates
personal preferences to identify the best forest plan.

Chapter 9 explains the aggregation methods of individual preferences, both with
regard to the state of the art and as useful examples. It presents a methodology to
describe how sharing opinions with other evaluators allows individual opinions—
that is, personal preferences for sustainability assessment—to be modified. To do so,
a successful web-based application is described; the model is then adopted to simu-
late the interactions between evaluators. The last section presents the application of
this model to the collective assessment of forest sustainability.

Finally, in Chapter 10, the aforementioned methodologies have been integrated
into a computer application. Readers who download this application will find that
there are two types of inputs required from the users: one refers to the personal char-
acteristics to be included in a social network; the other consists of individual answers
to a set of comparisons of sustainability. Users accessing the application will be
offered a map representing their preferred forest management plan in the study zone.
They will also be given a map with the results of their corresponding community of
evaluators, along with the numerical and qualitative data for both. The system stores
a record of the visit, the visitor’s profile, and his or her responses in order to progress
toward the joint forest management plan.
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1.1 INTRODUCTION

So far, most of the efforts for a joint consideration of environmental, economic, and
social factors have failed (Moore, 2011). However, this trend might change if the
static approach to the problem is abandoned, and a decision framework nearest to
the complex reality of the integration of man and nature is adopted. From this point
of view, the combination of resistance and adaptation mechanisms (such as those
triggered in complex systems) will facilitate the evolution toward a more sustainable
society (Smith et al., 2011).

For the successful implementation of this new approach, the systemic change
resistance must be overcome by enhancing people’s general ability to detect manipu-
lative deception (Harich, 2010). Thus, the universal extension of an education that
considers sustainability indices as the key for development (instead of simply maxi-
mizing net profit), combined with universal and transparent public participation,
can reduce systemic resistance to change. These two concepts are the core of par-
ticipatory sustainable forest management (SFM).

This chapter focuses on explaining the preceding statements: first, we justify the
fact that society’s acceptance of the complex reality of humans/nature enables mea-
sures to be adopted that are conducive to sustainable development. We then describe
the current reality of public participation. Finally, we discuss the use of both sustain-
ability indicators and quantitative techniques as a means of incorporating public
participation in forest management.
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1.1.1  SuSTAINABLE DEVELOPMENT

From an ecological perspective, sustainability is the capacity of biological systems
to remain diverse and productive over time. This is an essential precondition for the
long-term maintenance of human well-being (global sustainability).

Humanity has been working for decades to solve the problem of sustainability,
and we already have a number of viable technical solutions. However, very few of
these solutions have been applied. Why have we been unable to solve the sustain-
ability problem? To simplify, two main reasons can be highlighted: the ambiguity
inherent in the concept of sustainability and the failure to consider the social aspect
of the problem.

To analyze the consequences of ambiguity (see, e.g., Moore, 2011), let us con-
sider the concept of sustainable development. The most widely accepted definition
refers to “meeting the needs of the present without compromising the ability of
future generations to meet their own needs” (Brundtland Commission*). However,
beyond the most basic biological needs, what we need cannot be separated from
what we want. As a result, different individuals may have contradictory inter-
pretations of sustainable development, and this may even evolve over time for
the same individual. This ambiguity must be removed before a consensus can be
reached as to which practices should be adopted in order to improve sustainable
development.

Nowhere is this contradiction clearer than when addressing the lack of socio-
logical contributions to the problem of sustainability, and it is for this reason that
economic analysis has been used to examine social criteria. Generally speaking,
two competing economic theories are used to analyze possible sustainable solutions
(Neumayer, 2003): weak versus strong sustainability analysis.

In weak sustainability analysis, all forms of capital (economic, the traditional
understanding of capital as goods or assets; social, covering human resources and
their networks of relationships; and natural, such as forests, clean water, minerals,
and biodiversity) are interchangeable, and an economy is sustainable if the total
stock of capital remains constant. This means that an economy is sustainable even
if it uses up all of its natural capital, as long as a portion of that income is invested
to ensure equally high income for future generations. However, for the requirements
of strong sustainability to be met, the stock of natural capital must remain constant.
This formulation ensures the environmental protection of economic development.
Obviously, both approaches cannot be adopted simultaneously: the formalism of
economics leaves no room for ambiguity here.

* Formally known as the World Commission on Environment and Development (WCED). Its president
(Gro Harlem Brundtland) was appointed in 1983 by the secretary-general of the United Nations, and
the commission was officially dissolved in December 1987. The underlying aim was to further the
understanding of the terms “environment” and “development” in relation to each other. In the paper
“Our Common Future,” the Brundtland Commission coined the term “sustainable development” to
mean the kind of development that meets the needs of the present without compromising the ability of
future generations to meet their own needs.
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Two approaches that link sustainability with sociology have emerged in connec-
tion with the earlier economic theories: the environmental reform* and the unsus-
tainable economic system.” Although they both differ widely, both are rooted in
materialism (Clark and York, 2005) and embrace a markedly political economic
analysis (Jorgenson and Clark, 2009). Either for this reason or because they are
based on the separation between human and natural systems, both approaches miss
when addressing important foci for the future (Friedman, 2008). It appears to be
necessary (see Catton and Dunlap, 1978) to reconsider our relationship with nature
and to abandon our anthropocentric views of nature by taking a position that recog-
nizes our role in a complex system. Two consequences are implicit in this change: the
rise of an ecological ethos* that recognizes our interdependence with the diversity of
life (Mackey, 2004; Miller and Westra, 2002) in order to drive individual behavior
and the adoption of an interdisciplinary approach based on the simulation of com-
plex systems (Holling, 1973; Gunderson and Holling, 2002) in order to conduct our
social decision-making.

1.1.2 PuBLIC PARTICIPATION

In knowledge management, the participatory process facilitates the collective intel-
ligence and inclusiveness of the whole community or society in decision-making, on
a par with other agents such as the administration and the private sectors.

In environmental resource management, the administration has traditionally been
responsible for supervising natural resource management and implementing envi-
ronmental protection legislation (Selin and Chavez, 1995). In democracy, it has also
played a central role in providing professional judgment on behalf of the people
through skilled technicians.

The role of the private sector is to manage environmental resources to generate
added value. In spite of their historical behavior and whether for ethical reasons
or simply to gain a strategic advantage, many private-sector organizations are cur-
rently recognizing the considerable benefits—as well as the viability—of sustain-
able practice.?

At the same time, civil society is pressing to be included in environmental deci-
sion-making through public participation. We here use the term public participation

* The environmental reform argues that change can occur within the current structures of society and
that reforms in industrialization and advances in technology will lead to the conditions necessary for
ecological sustainability (Mol and Spaargaren, 2000; Mol et al., 2009).

* The unsustainable economic system theory considers that economic criteria still remain at the heart

of decisions on the design, performance, and evaluation of production and consumption. This primacy

tends to overshadow most ecological concerns. In addition, development based only on economic
factors is unsustainable (Dietz et al., 2007; Foster, 2005; Jorgenson and Burns, 2007; Schnaiberg and

Gould, 2000; York et al., 2009).

This ecological ethos derives from a realization that life is fundamentally one, and its main implica-

tion is a sense of universal responsibility that can only be cultivated when we live “with reverence for

the mystery of being, gratitude for the gift of life and humility regarding the human place in nature”

(Brenes, 2002).

The joint report by the Boston Consulting Group and the MIT Sloan Management Review: The busi-

ness of sustainability (2009) shows both the challenges and opportunity that sustainability offers to

companies and the number of companies that is recognizing these opportunities.

o
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to refer interchangeably to both the concepts of stakeholder engagement and popu-
lar participation. In any case, public participation advances the alternative concept
of “more heads are better than one” and argues that public participation can sus-
tain productive and durable change. This has been a global movement since the Rio
Declaration of 1992 enshrined public participation in its 27 principles. Particularly,
Principle 10 states that “environmental issues are best handled with participation of
all concerned citizens, at the relevant level.”

1.1.3  SusTAINABILITY CRITERIA AND INDICATORS

The history of the sustainability problem reveals that most of environmental protec-
tion legislation appears as a reaction to a catastrophe. Thus, for example, the discovery
of the Antarctic ozone hole led to the Montreal Process and the subsequent devel-
opment of the first set of sustainability indicators. In 1991, the “Montreal Process
Working Group” agreed on a framework of criteria and indicators that provides the
member countries with a common definition of what characterizes the sustainable
management of temperate and boreal forests. Other notable initiatives in parallel to
the Montreal Process include the Ministerial Conference on the Protection of Forests
in Europe (MCPFE) and the International Tropical Timber Organization. In general,
the emergence of a consensus based on regional and international criteria and indica-
tors with regard to seven common thematic areas can be seen. This consensus was
acknowledged by the international forest community at the fourth session of the United
Nations Forum on Forests and at the 16th session of the Committee on Forestry.

An indicator is a quantitative or qualitative variable that can be measured or
described and, when observed over a period of time, can highlight trends. A cri-
terion is a category (characterized by a set of related indicators) whereby SFM can
be assessed. Sustainability criteria and indicators are tools used to conceptualize,
evaluate, and implement SFM (Prabhu et al., 1999). They are widely used, and many
countries produce national reports that assess their progress toward SFM.

The final stage in the development of indicators is to define acceptable standards
or measures of indicators that identify a forest as sustainable. It is generally accepted
that the first step in this direction was the certification of forest sustainability by
independent bodies. This ensures that the comparison of standards for the existing
certification systems (Clark and Kozar, 2011) provides relevant information.

1.1.4 TecHNIQUES FOR PARTICIPATORY FOREST MANAGEMENT

As stated by Lawrence and Stewart (2011), the involvement of stakeholders in forest
decision-making is not so much a technical challenge as a cultural one. However, not
all the technical issues have been resolved. Current developments in public participa-
tion show that

e The self-selection of representatives on decision-making panels displays
a tendency for committees to include those with real contacts and power
(Parkins, 2006, 2010; Reed and Varghese, 2007).

e There is clear evidence that different social and environmental contexts
affect stakeholders’ preferences for participation (Tuler and Webler, 2010).
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¢ The envisioning of various forest future scenarios reveals that participants
differ in their ability to “suspend disbelief” and are partly affected by their
past experiences and expertise (Frittaion et al., 2010).

e The prevailing approach to managing nature is described as failing to set
store by reflection, learning, and complexity (Allan and Curtis, 2005), and
natural resource management organizations point to an established mind-
set, which seeks to achieve optimization (e.g., of timber production) rather
than adaptation (Linkov et al., 2006).

1.2 UNDERSTANDING THE SUSTAINABILITY PROBLEM
THROUGH ANALYZING COMPLEX SYSTEMS

1.2.1 CoOMPLEX SYSTEMS

Basically, a complex system is defined as “a set of interacting elements” (Bertalanffy,
1968) whenever the interaction makes the whole to be more than the mere sum of its
parts. This is called emergent behavior of the system and comes from self-organiza-
tion of its components.

Complex systems require that

e The system is defined as a set of components that interact.

e Each component has its own rules and responsibilities.

e Some components may have more influence than others, but none com-
pletely controls the behavior of the system.

e All components contribute to a greater or lesser extent to the final result.

Additionally, complex systems are used to being adaptive: the system’s behavior
evolves over time, leading to a certain capacity to respond to changes in the environ-
ment. This means that systems react, learn from the environment, and modify their
behavior to achieve some goal.

1.2.2  SiMULATION TECHNIQUES FOR COMPLEX SYSTEMS

Until recently, not to solve mathematically, a formal model was a major disadvan-
tage, since there were no other tools to deduce the logical implications resulting
from the model. This has changed with the development of the computer. Today,
it is possible to explore and analyze formal models that cannot be solved math-
ematically. Thus, using the new technologies, we can implement and rigorously
analyze the behavior of formal models of complex systems, something not feasible
until recently.

Based in North and Macal (2007), the main features of the most widely used
computer simulation techniques are described in the following:

* Discrete event modeling. It models, with great detail, the inner workings of
a dynamic process, through programming the occurrence of discrete event
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However, the most used techniques are agent-based simulation (ABS) and system

in specific instants of time. In turn, each event causes a chain of future
events that must also be programmed as the simulation evolves in time.
Participatory simulation. It is a version of crowdsourcing to simulate the
interactions between system components and understand their behavior.
Each component is replaced by a person or a group of people who make the
decisions of the system.
Risk analysis. It is a modeling technique that evaluates the exposure of
companies to events that affect their value. It requires the following:

* Identify negative events.

e Transform these events into measurable impacts.

Statistical methods. It is a modeling approach that treats the systems or
their components as a black box and seeks to determine the system outputs
from the inputs to it, without considering the internal structure of the sys-
tem or causal processes.

Optimization methods. They are methods aimed at finding the best solution
for a well-defined problem in a very large set of possible solutions. Linear
and nonlinear programming (with or without constraints) can be applied
when the problem can be formulated mathematically by continuous func-
tions. Heuristic methods like combinatorial optimization techniques and
genetic algorithms are used for the optimization of discrete events.
Artificial intelligence methods. It is the branch of computer science devoted
to the development of nonliving rational agents. It includes logic program-
ming, artificial neural networks, and swarm intelligence.

dynamics (SD).

1.2.2.1 ABS

Agent-based methods facilitate the study and modeling of complex systems from the
attributes and behavior of their component units. The basic components of the real
system are explicitly and individually represented by agents, and the interactions
that occur between the basic components of the real system are represented by the
interactions that occur between agents (Edmonds et al., 2001). A proper application

of ABS requires the following:

L]

Systems with heterogeneous individual components, when the hypothesis of
“representative agent” cannot be successfully applied. As Ostrom et al. (1994)
have established, this happens in systems with strong externalities (e.g., the
exploitation of the environment, management of common resources).
Adaptive systems, that is, systems whose individual components are
capable of learning, modifying, and redirecting their behavior to achieve
specific goals (adaptation at the individual level) where it seems clear
that it is convenient to represent explicitly and individually each system
component.
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e Systems in which geographic space has a major influence (to more easily
represent the physical space in which agents move) and/or systems where
the social networks are remarkable in order to represent the interaction
between agents.

e Systems in which the analysis of the relationship between the attributes
and behaviors of individuals (the “microscale”) is more important than the
global properties of the group (the “macroscale”) (Gilbert and Troitzsch,
1999; Squazzoni, 2008).

ABS fits very well when emergence arises from decentralized interactions of sim-
pler individual components (Holland, 1998). What characterizes these emergent phe-
nomena is that their presence or appearance is not apparent from a description of the
system consisting of the specification of the behavior of its individual components
and the rules of interaction between them (Gilbert, 2002; Gilbert and Terna, 2000;
Squazzoni, 2008).

From an operative point of view, ABS incorporates

e Adaptive capacity to learn from the experience

e Perceptual abilities to understand the environment

¢ Internal models to project consequences of decisions

¢ Decision rules for selecting measures (both basic levels, as rules that mod-
ify the rules of basic level)

For our purpose, the more relevant applications belong to the fields of management of
natural resources and ecology (Bousquet and Le Page, 2004; Lépez and Hernandez,
2008), sociology (Conte et al., 1997; Gilbert, 2008; Gilbert and Troitzsch, 1999), and
biology (Paton et al., 2004; Walker et al., 2004a,b).

1.2.2.2 SD

SD were initially developed to solve industrial dynamic problems (Forrester, 1961),
but their applications have grown to simulate all types of dynamic problems aris-
ing in systems characterized by interdependence, mutual interaction, information
feedback, and circular causality, so it has become generalized to SD (Richardson
1991-1999).

It is a technique for the modeling of complex systems that simulates, on a general
level of detail, the inner workings of a process,* through equations that reflect the
state of its variables at any moment.

SD conceptualizes the structure of a complex system with diagrams of loops of
information feedback and circular causality (feedback loops). A feedback loop is
a diagram that enables the visualization of causal relationships among variables,
showing how the interrelated variables affect each other.! These systems use both
stock and flow variables. A stock variable is measured at one specific time and

* Exogenous disturbances are seen at most as triggers of system behavior.
© It is not enough however: the explanatory power and insightfulness of feedback understandings also
rest on the notions of active structure and loop dominance.
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represents a quantity existing at that point in time. A flow variable is measured over
an interval of time.

The emphasis is on the causal relationships that link critical system variables and
on the identification of complex causal links between them. The abstraction process
that identifies relationships is run by an expert in the system and is prior to the cre-
ation of the formal model. The relationships are expressed with a system of coupled,
nonlinear, first-order differential (or integral) equations:

d
2 X(0=fxp) (.0

where
x is a vector of variables (stocks or flow)
p is a set of parameters
f1s a nonlinear vector-valued function

Each state variable is computed from its previous value and its net rate of change x’(?):
X(H)=x(t—df) +dt - X'(t—dr). Although original work stressed a continuous approach,
modern applications contain a mix of discrete difference equations and continuous
differential or integral equations.

Simulation of such systems is easily accomplished by partitioning simulated time
into discrete intervals and then by computing the value for the variables on each
time span (or by applying more sophisticated integration schemes). However, the
main work focuses on understanding the dynamics of complex systems—including
feedback thinking, stocks and flows, the concept of feedback loop dominance, and
an endogenous point of view. These tasks are as important for the purpose of policy
analysis and design as the simulation methods used.

As SD applies on complex systems, there are solutions for social, managerial,
economic, and ecological systems. However, from our perspective, we can high-
light the use of model-based insights for organizational learning, specifically to build
models with relatively large groups of experts and stakeholders, known as group
model building (described in Richardson and Andersen (2010) and Vennix (1996)).

1.2.2.3 Joint Use of ABS and SD

The use of dynamic systems will be more convenient when the prior knowledge of
the system and of the objectives to be achieved allows us to carry out the abstraction
of the process of emergence in a solid and well-founded way. In general, the SD, by
providing a higher abstraction level of the developed agent-based models, will result
in lower-complexity models, which will facilitate its implementation, analysis, and
interpretation.

However, if the abstraction of the process of emergence cannot be carried out
in a scientifically valid priority given our objectives, then it is more appropriate
to model the process of emergence explicitly (using the ABS) to study it in detail.
The model thus constructed will be scientifically rigorous but significantly more
complex, with the drawbacks that this entails.
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1.2.3 CoNcLUSIONS ON UNDERSTANDING SUSTAINABILITY
THROUGH SIMULATION OF COMPLEX SYSTEMS

There are emergent phenomena in many different disciplines (see, e.g., Holland,
1998; Johnson, 2001; Reynolds, 1987), but it is in the social sciences where the idea
of emergence takes an additional dimension of complexity and importance. In social
systems involving human agents, it is possible that each individual component of the
system takes awareness of the emerging phenomenon of which he or she is a partial
cause and, therefore, reacts by modifying his or her behavior. This phenomenon,
known as second-order emergence (Gilbert, 2002; Squazzoni, 2008), underlies the
complexity of many social systems. This is the case for sustainable development,
where the public is expected to modify their behavior to be aware of the environ-
mental impact they produce.

In the complex systems approach, the social-ecological systems are interlinked
in never-ending adaptive cycles of growth or exploitation, conservation or accu-
mulation, collapse or release, and renewal or reorganization. As Holling (1973)
has confirmed, the longer a system is “locked in” to its growth phase, “the greater
its vulnerability and the bigger and more dramatic its collapse will be.” We can
conclude that “for public policy to be grounded in the hard-won results of climate
(natural) science, we must now turn our attention to the dynamics of social and
political change” (Sterman, 2000). Ultimately (Smith et al., 2011), the mechanisms
for building resilience and adaptation and reducing vulnerability rely upon the
capacity of understanding “true” sustainability (Freese, 1997). These mechanisms
enable the global social-ecological crisis to be explained as part of a long-term
process of change (resilience) and adaptation. It is evident that, in terms of adapta-
tion, public participation in designing forest management can push to improve sus-
tainable development. The same can be applied in terms of change (and otherwise
with respect to the resistance to change): public participation can be an accelerator
of change.

It is worth trying to promote sustainable development through public participation
because, so far, the evolution of the society is not toward this type of development:
social forces favoring the resistance have managed to counter those favoring change.
Haric (2010) has shown this fact by developing a quantitative dynamic simulation
from the critical actions taken by the agents involved in the failure to adopt sustain-
ability. His analysis has revealed that unless deception effectiveness is absurdly low,
change resistance is high enough to dramatically slow down the rate of adoption of
proper practices. Deception appears to be high enough to thwart, weaken, or delay
changes that run counter to the goal of maximizing net profit. It creates mistaken
or false beliefs/values that become premises for further beliefs and/or actions. The
more impact a belief causes and the more people who believe it, the greater the total
impact. Society is aware of the proper practices required to live sustainably and the
need to do so. But society has a strong aversion to adopting these practices.

Indeed, the main objective of the reforms carried out in relation to the environ-
ment over the last decades has been “to buy time” regarding broad-range decision-
making facing the challenge of serious problems such as climate change or ecosystem
degradation. These reforms do not lead to a sustainable model for our society. It is
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necessary, therefore, to address these problems from a new ecological theory, whose
foundations may be very close to the following (Smith et al., 2011):

* A new evolution of the capitalist system into a production model based on
multiple decision criteria (Mol and Spaargaren, 2000)

e The establishment of a new social paradigm that involves greater interde-
pendence between man and the natural environment, using an egocentric
view, with greater knowledge of the interactions between human activities
and a world of finite nature (Catton and Dunlap, 1978)

e A sense of global responsibility, based on greater humility before nature
and gratitude for our existence on Earth (Brenes, 2002)

e The acceptance that crises are an opportunity for the difficult process
of change, through better learning and incorporating social changes
(Gunderson and Holling, 2002), “panarchy theory”

¢ Finally, the understanding that small-scale experiments can have large-
scale consequences for achieving a more just and ecologically sustainable
future

Participatory processes favor the transmission of the previous foundations to the
whole society, and in this context, it seems evident that universal participation on
transparent and real assessments of sustainability—with identification of its social,
economic, and natural consequences—pushes on the general ability of people to
detect manipulative deception.

1.3 PUBLIC PARTICIPATION

Public participation is a process dealing with the incorporation of society’s views
into public decision-making concerning the common good. It includes participa-
tion in decisions on public projects or initiatives as well as in decisions by private
corporations requiring some kind of permit, concession, or authorization by a public
administration.

Environmental protection is one of the fields in which public participation is cru-
cial. The historical evolution of public participation related to the environment is
discussed in the following text. There are different levels of public participation and
stakeholders’ involvement, which are also described under this heading. Finally, the
core values of public participation are presented.

1.3.1 HistoricAL EvoLuTiON oF PuBLIC PARTICIPATION*

From the beginning of the conservation movement in the late 1800s, when the first
wildland areas were set aside for nature protection, the main goal of these actions
was to preserve the natural environment for the benefit and enjoyment of the people,
the present and the future generations. This was the objective of the law that estab-
lished Yellowstone National Park on March 1, 1872.

* The authors have identified the four stages of public participation described in this section.
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Therefore, public interest led the protected areas declaration policy. However,
even though the people were the main beneficiaries of the conservation measures,
they were not asked about the decisions involved. This stage could be described as
“Phase 1: For the people without the people,” and it is characterized by the idea that
the government knows what people need.

Later on, the government started informing the people about the decisions
made on environmental conservation and natural resource management. This pub-
lic information stage can be called “Phase 2: People have the right to know,” and
it is an extension of Phase 1. No public involvement mechanism is implemented at
this stage.

The next logical step was “Phase 3: Maybe the public has something to say about
it,” a stage in which the people with an interest in the issue at hand were given
the opportunity to express their opinion and influence the final decision. Once the
alternatives were analyzed and studied, they were presented in front of the public
and their opinion was considered in the final decision. Although this stage is a step
forward with regard to the former one, the limited number of considered alternatives
constraints the choice possibility of stakeholders.

To overcome this problem, a possible solution was that the alternatives considered
were designed taking into account input from the stakeholders. At this “Phase 4:
People know better,” the role of society along the whole decision-making process is
finally recognized. It means that people with an interest in a particular decision must
have the right to participate from the beginning of the process.

Of course, the key question on this matter is how to put in place the right mecha-
nisms and procedures to allow this participatory process to be carried out efficiently.
This book is an attempt to provide the methodology to carry this task out.

In correspondence with this chronological evolution, different levels of pub-
lic participation can be identified. Following the International Association for
Public Participation (IAP2, 2000), these levels can be classified into the following
categories:

e Information: People must be informed about the issue at hand, problems,
options, and solutions.

e Consultation: Feedback from the stakeholders must be obtained.

e Involvement: The opinion and concerns of the people must be considered
in the final decision.

* Collaboration: The people must play a role along the whole process, includ-
ing the development of alternatives and the election of the best one.

¢ Empowerment: The public is given the power to make the final decision.

Not all these levels must always be present in a stakeholder engagement process.
Most times, the process will stop at the involvement or collaboration level, and very
few times, full empowerment will be given to the public.

When addressing the historical evolution of public participation, it is important
to analyze the legal framework in which this evolution has taken place. The impor-
tance of public participation in environmental decision-making has been recognized
in the 1992 Rio Earth Summit (Principle 10 of the Rio Declaration on Environment
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and Development, Agenda 21, and Principle 2 of the Forest Principles) and has
been regulated for the first time in the Aarhus Convention* that was ratified by the
European Union (EU) in 2005 and established the right to access environmental
information, participate in environmental decision-making, and achieve justice on
environmental matters. Before the Aarhus Convention was ratified, it was imple-
mented in the EU through the Directive 2003/35/EC of the European Parliament
and of the Council, known as the Public Participation Directive, which sets mini-
mum standards for public participation in decisions related to specific projects, pro-
grams, plans, and policies.

Besides the Public Participation Directive, there are other European directives
where public participation is emphasized, such as the Water Framework Directive
(WFD), which requires consultation and stakeholders’ involvement, or the Directive
on Strategic Environmental Assessment.

1.3.1.1 EIA Participation

Environmental assessment embraces two types of operating tools: environmental
impact assessment (EIA) of projects and strategic environmental assessment (SEA)
of plans and programs. For a description of EIA and SEA, see Sadler (1996).

Environmental protection requires not only “a posteriori” actions to restore the
damage produced but precautionary measures to prevent damage from happening.
This is called “precautionary principle.” With that purpose in mind, environmen-
tal assessment has the objective of incorporating environmental constraints into the
decision-making process. According to the International Association for Impact
Assessment, one of the principles of environmental assessment is its participatory
character (André et al., 2006).

Public participation must be included in all decision-making levels, including
policy definition, plan and program elaboration, and project design and implementa-
tion. The role of public participation in the last implementation stage is limited to
controlling that the implemented actions correspond to the decisions made and the
techniques used are consistent with them and do not generate any conflict.

The EU Directive on Strategic Environmental Assessment mentioned earlier
addresses this public participation subject.

1.3.1.2 Participation in Forest and Natural Resource Management

Foresters are among the first professionals that developed the foundation principles
for the concept of sustainability. The need for sustainable forests was first expressed
in Germany by H.K. von Carlowitz in 1713 (Grober, 2007). The origin of forest
management in Europe seems to lie in the need to address localized wood shortage
since the end of the seventeenth century. However, the goal of attaining a sustained
timber production soon led to the consideration of other forest management objec-
tives, particularly those related to the protection of forests.

The appearance of new demands from society in the mid-twentieth century, and
the emergence of the concept of sustainable development in the decade of the 1980s,

* “UNECE Convention on Access to Information, Public Participation in Decision-Making and Access
to Justice in Environmental Matters” (UNECE, 1998).
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brought about the evolution of the concept of forest management toward a model that
has been called “SFM.” This concept incorporates the general idea of sustainability
based on meeting the present needs of society without compromising the rights of
future generations to use and exploit natural resources.

The need to incorporate the demands of society into forest management involves
the development of mechanisms based on public participation, which allow the
identification of such claims and the implementation of actions to meet them.
Participatory approaches have been introduced in the 1970s. Before this decade,
management decisions related to forestry and natural resources in general were top-
down oriented.

At present, in most cases, public participation is restricted to the ability to file
public comments on the plans made by the local, regional, or national governments
before they are considered for approval. According to the levels of participation
seen earlier, this situation corresponds to the level of involvement in which the
people express their opinions, and these opinions are considered in the final deci-
sion. Increased public influence would require the incorporation of the public’s
preferences along the whole decision-making process, including the development
of alternatives.

In the field of public participation in forestry and natural resource management,
Buchy and Hoverman (2000) conducted a thorough review of the methodologies
used and proposed a set of principles of good practice. Germain et al. (2001) describe
the types of public participation and the experience of the U.S. Forest Service over
the last 50 years.

Public participation in natural resource management is a growing concern.
Besides forests, other basic resources such as soil or water need to be managed in
a sustainable and participatory way. Maestu et al. (2003) carry on an analysis of
past and present public participation in river basin management in Spain to find out
that nowadays consultation and participation are explicitly considered, but public
participation is seen as an instrument and not yet as a driving force for change.
Moreover, the inception of the WFD requires the adoption of a sound participatory
approach not only in water resource planning but in water resource management as
well. The implementation of the new policies of the WFD will foster new coopera-
tive agreements among users, environmentalists, consumers’ associations, and other
stakeholders.

1.3.2  STAKEHOLDER ENGAGEMENT, INVOLVING LOCAL
PoruLATION AND POPULAR PARTICIPATION

The term stakeholder refers to any person, or group of people, who has an interest
in a particular project or could be affected by its outcomes. They can be classi-
fied into interest groups such as governments (local, regional, national), institutions
(research, academic, religious, etc.), civil society organizations (NGOs, labor unions,
other associations), or companies (industrial, commercial, etc.).

The expression “stakeholder engagement” embraces a range of policies, prin-
ciples, and techniques, which ensure that the stakeholders have the opportunity to
participate in the decision-making process regarding a particular project or plan.
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Sometimes, stakeholder engagement has been used interchangeably with public
participation.

Stakeholder identification is a critical component of the public participation
process, and it must be carried out at the very beginning of the process. The key
question at this point is: Who should take part in a public participation process? In
principle, we must assume that if somebody shows an interest in a particular proj-
ect, there must be a legitimate reason for it. On the other hand, some social groups
are more active than others and they may have a better organization and a stronger
involvement in the process. As an example, environmentalists play a very active role
in the governing bodies of protected areas, whereas local groups that have a stronger
relationship with the land itself, like farmers or livestock breeders, are not so much
involved in the process even though they are going to undergo the consequences of
the decisions made.

Of course, local actions can have a global dimension and the right to express an
opinion on the convenience of those actions is not restricted to the local population.
But still the degree of involvement of the different stakeholders in the public partici-
pation process should be proportionate to their interest and not to their size or politi-
cal influence. Once the stakeholders have been identified, their role in the different
stages of the process must be defined.

A second element to be defined is the stakeholders’ participation level. Depending
on the objectives of the process, we could be interested in just informing them, in
seeking their opinion to get some input from them, or in working with them along the
whole decision-making process (Reed, 2008). For some projects or plans affecting the
common good, the participation level is legally established, but some private initiatives
that are not legally bound by these regulations may be more flexible in this respect.
Different levels of engagement may be appropriate in different contexts depending on
the project goals. The engagement levels have been defined in Section 1.3.1.

The reasons for (and the subsequent benefits of) involving the affected commu-
nities in the decision-making process can be classified into two types:

1. Ethical and legal reasons
a. Protection of the right to participate and the right to environmental
conservation
b. Satisfaction of the demand for public participation
c. Promotion of active citizenship
d. Meeting policy requirements and regulations
2. Practical reasons
a. Better knowledge and information on which to find the decisions
b. Gaining new insight and better understanding from a broader range of
perspectives and opinions
c. Better-quality decisions and enhanced effectiveness
Acceptance by the public of the decisions made
e. Improvement of the relationships with the local communities and other
stakeholders
f. Improvement of the perception and reputation of public decision-makers
g. Cost and time savings
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The method of stakeholder engagement is also very important. There is a wide
range of methodologies/techniques that can be employed in stakeholder engage-
ment. They are not the objective of this chapter, but some of them include fact
sheets, websites, open house, public comments, focus groups, surveys, public meet-
ings, workshops, deliberative polling, citizen advisory committees, consensus
building, participatory decision-making, citizen juries, ballots, or delegated deci-
sions, among others.

1.3.3 PusLic ParTiciPATION CORE VALUES

The general ideas guiding the implementation of a public participation process can
be described along the following lines:

1. Willingness of improvement: As seen in the previous section, public partici-
pation leads to better decisions and thus better management. Therefore, all
the process must be guided by the search for improvement.

2. Democracy: In developed countries, public participation has been
accepted as a right. People have the right to get involved in the decision-
making process. Therefore, they must be guaranteed the opportunity to
be informed and express their opinion, and no discrimination must be
allowed.

3. Transparency: Public participation must be a clear and open process, which
provides the relevant information and the opportunity to debate in an open
space characterized by the receptivity to ideas and initiatives. Once the
decision is made, the public must be informed about the outcomes and how
their input influenced them.

4. Involvement—engagement: Public participation is not possible if the
local population and the people who may have an interest in a particu-
lar issue do not get involved in the process. It is crucial to put in place a
communication strategy that informs about the needs and interests of all
the parties involved in order to facilitate stakeholders’ engagement. The
design and communication of the participation procedure is a key element
at this point.

5. Commitment: The improvement of education and the development of a pub-
lic awareness on the search for sustainable development (instead of plain
economic growth) will contribute to the emergence of a collective need for
public involvement, which eventually develops into a commitment to par-
ticipate in environmental management.

6. Credibility: Public participation must be carried out in a way that all the
stakeholders can trust it. In particular, the process must ensure that the pub-
lic’s contribution will influence the final decision.

7. Effectiveness: The goal of public participation is to improve decisions, and
thus, the whole process must be outcome oriented. The results obtained
must be useful and effective.
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All the preceding lines must be guaranteed for the process to be successful. The
value and effectiveness of public participation lie in the process itself, and it is very
important to design guidelines and procedures to request, receive, process, and dis-
seminate the relevant information.

These values are consistent with the “IAP2 Core Values of Public Participation”
developed by the IAP2 (2007).

If these values hold, systemic resistance to change can be reduced significantly
(Harich, 2010).

1.4 SUSTAINABLE FOREST MANAGEMENT
STANDARDS AND INDICATORS

1.4.1 SUSTAINABILITY INDICATORS

Since the 1970s, the need to infer a change in the economic model toward what
was called, in the late 1980s (WCED, 1987), “sustainable development” triggered
a process of developing indicators of sustainability that has been maintained to
date, despite the multiple problems inherent in the very concept of sustainable
development:

* The complexity of the concept of sustainable development itself (a meta-
concept), which includes not only a change in the production model but also
very profound changes in the consumption and educational models, which
are not always assimilated by society (Duran, 2000).

* The subjectivity associated with the concepts of “social welfare” and “qual-
ity of life” and the different conceptions between regions, countries, and
individuals, as well as the “refusal” to eliminate the idea of “living stan-
dard” as the axis around which social and economic development revolves
(Falconi, 2001).

* The absence of an objective framework that determines when sustainability
has been attained or to what degree sustainability achievements are being
met. In short, there are no indicators to establish the ultimate goal, which
adds more indeterminacy to the very concept.

Regarding the lack of sustainability indicators, the work done in recent decades has
been very important, mainly in two areas: on the ecological sustainability indicators
(with corresponding plots concerning forests, water, soil, biodiversity, etc.) and the
economic sustainability indicators, where different methods have been proposed.
None of those methods has reached a global consensus so far, except the need to
abandon the traditional system of indicators based on GDP or GNP* which has
proven to be totally inadequate (Daly, 1989).

* GDP: gross domestic product, GNP: gross national product.
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Specifically indicators need to be established to ensure three key aspects of the
new model: the economic, ecological, and social sustainability:

1. Economic sustainability indicators: A new accounting model that includes
the value of externalities for greater reliability in the macroeconomic
accounts is needed. The most advanced lines of work are as follows:

* Replacement of GDP by net national product (NNP), where environmen-
tal damage is discounted to determine the real economic growth. The
idea of fixed NNP has been developed from the work of Solow (1986).

e The incorporation of satellite accounts, which take into account the
evolution of natural resources.

» Update of the Hicksian income concept, used as an indicator of weak
sustainability (Pearce and Atkinson, 1995), allowing the exchange
between different types of capital in an economy, as long as the end
result of their sum is positive (genuine savings or Hartwick’s rule,
method of El Serafy, etc.). The objective in all cases would be to calcu-
late a sustainable national income (SNI), defining an optimal consump-
tion level.

e The development of strong sustainability indicators, which reject the
idea of replaceability of natural capital and which include among them
the Index of Sustainable Economic Welfare (ISEW) and the Genuine
Progress Indicator (GPI), both closer to the idea of social indicators
than to economic indicators.

The most commonly used economic indicators of sustainability are
described in Section 1.5.2.

2. Ecological sustainability indicators: These indicators have been widely
developed in recent decades and the following can be highlighted:

e Physical indicators of sustainability: consolidated natural heritage

 Critical natural capital

e Ecological footprint (EF) or Biocapacity

* Energy indicators of sustainability

* Dematerialization indicators

* Ecosystem indicators

Chapters 3 through 6 focus on describing the most recent advances in eco-
logical indicators.

3. Social sustainability indicators: The dissociation between the concepts of
growth and development has been the cause of the creation of the social
indicators of sustainability. The basis for this type of indicators lies on the
idea of measuring the “quality of life,” which, in turn, depends on the abil-
ity of the individual to freely elect one quality or another (Sugden, 1993).
These indicators include the following:

e Human Development Index (HDI) developed by the United Nations
Development Programme (UNDP, 1992). The United Nations has devel-
oped some complementary indices such as the index of physical quality
of life, the Human Poverty Index (HPI), or the Gender Inequality Index.
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* Environmental Sustainability Index (ESI) developed by the World
Economic Forum (WEF, 2001).
The most commonly used social indicators of sustainability are
described in Section 1.5.3.

1.4.2 INTERNATIONAL SUSTAINABILITY CRITERIA

Sustainability was first used in a United Nations document in 1978. Normative
concepts, encapsulated in the term ecodevelopment, were prominent in the United
Nations publications. The roots of the term sustainability are so deeply embedded
in fundamentally different concepts, each of which has valid claims to validity,
that a search for a single definition seems futile. The existence of multiple mean-
ings is tolerable if each analyst describes clearly what he means by sustainability
(Kidd, 1992).

Since the Earth Summit in Rio de Janeiro in 1992, countries are urged to ensure
sustainable management of forests. In fact, general guidelines for the proper man-
agement of forests are set in the Declaration of Principles on Forests, as well as
in the establishment of the conventions on biodiversity, climate change, and
desertification.

So, in 1993, the “Montreal Process Working Group” agreed in a framework of
criteria and indicators that provided the member countries with a common definition
of what characterizes sustainable management of temperate and boreal forests.

At the same time, the European countries decided to work as a single geographic
region to set its criteria and indicators for SFM, giving rise to the Pan-European
Forest Process or Helsinki Process. The process is supervised by the MCPFE, which
have held periodic meetings since 1990, prior to the Montreal Process. At the Third
Ministerial Conference, held in Lisbon in 1998, the six national-level criteria identi-
fied within this process were officially adopted (Pan-European SFM criteria), and
the corresponding 27 indicators were endorsed.

Other regional groupings sharing the same goal of setting criteria and indicators
for SFM were formed in other regions of the world, giving rise to several processes,
which include the following:

* Tarapoto Proposal for the SFM of Amazonian forest, 1995
e African Timber Organization (ATO) Process

e Africa Arid Zone Process, 1995

e Near East Process, 1996

* Lepaterique Process in Central America, 1997

¢ Initiative of the Arid Zone of Asia, 1999

 International Tropical Timber Organization, 1999

The criteria and indicators developed within these processes are thoroughly
addressed in Chapter 3.

Several international meetings for the harmonization of the different crite-
ria have been held, and indeed there is a growing consensus on seven common
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thematic areas based on the international initiatives for the development of criteria
and indicators:

a. Extent of forest resources

b. Biological diversity

c. Forest health and vitality

d. Protective functions of forests

e. Productive functions of forests

f. Socioeconomic functions

g. Legal, policy, and institutional framework

This consensus has been acknowledged by the international forest community at the
fourth session of the United Nations Forum on Forests and the 16th session of the
Committee on Forestry held in Rome in 2003.

These seven major areas become the seven reference criteria to which the cor-
responding sustainability indicators are associated in each geographic area. It is
important to distinguish between the concepts of criteria and indicators (FAO, 2001):

Criteria define the essential elements against which sustainability is assessed,
with due consideration paid to the productive, protective, and social roles
of forests and forest ecosystems. Each criterion relates to a key element of
sustainability and may be described by one or more indicators.

Indicators are parameters that can be measured and correspond to a particular
criterion. They measure and help monitor the status and changes of forests
in quantitative, qualitative, and descriptive terms that reflect forest values as
seen by those who defined each criterion.

Criteria and indicators are applied at three different levels:

¢ Regional (international)
e National
* Forest management unit level

1.4.3 SuSTAINABLE FOREST MANAGEMENT STANDARDS

SFM deals with the environmentally appropriate, socially beneficial, and economi-
cally viable management of forests for present and future generations.

To assess and monitor SFM, a valid global approach is needed, which means
that the same principles must be applied worldwide. SFM is based on a set of prin-
ciples and criteria (P&C), which have been defined in different international forums
described in Section 1.4.2. Pan-European indicators for SFM (MCPFE, 2003) are a
key element to assess forest sustainability.

One of the ways to ensure that the criteria of SFM are applied is forest certifica-
tion. Forest certification emerged at the end of the 1980s to slow down deforestation
in the tropics through the implementation of a system that encouraged consumption
of products from forests managed in a sustainable way. This proposal was subse-
quently exported to the rest of the world’s forests.
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According to Bass (2004), forest certification is a voluntary process by which an
independent third party issues a written certificate guaranteeing that forest manage-
ment in a particular management unit is done according to standards considering
ecological, economic, and social aspects.

The objectives of forest certification are to improve forest management and to
facilitate market access for products from certified forests. It tries to incorporate
sustainability criteria into economic decision-making by changing consumer prefer-
ences through information and awareness (Gafo et al., 2011).

There are over 50 forest certification programs worldwide, but the two largest
international forest certification standards are the Forest Stewardship Council (FSC)
and the Programme for the Endorsement of Forest Certification (PEFC).

The two standards are based on a set of criteria that are similar to the SFM cri-
teria developed by the main international initiatives described in Section 1.4.2. The
FSC standard has developed its own P&C, which are very general and applicable
worldwide. The PEFC initiative, on the other hand, has adopted the Pan-European
criteria from the Lisbon Conference. Therefore, the criteria used by both standards
are very similar.

The P&C must be translated into regional and national indicators, which must
guide forest policy and management. Criteria at the national level help to define
the concept of SFM and the aspects that must be addressed to assess it. Each
criterion is related to an important element of sustainability, described by one or
more indicators.

Indicators are instruments for assessing and monitoring status, changes, and
trends over time. They are used to study the evolution of quantitative and qualitative
attributes that show the values encompassed in each criterion. Changes along time
will indicate if a country is moving forward toward sustainability of forest manage-
ment or moving away from it according to the established criteria.

As mentioned earlier, the two main international forest certification standards are
the FSC and the PEFC. How these programs differ is a highly contested issue. They
have common features, but they emphasize their differences.

The FSC standard is based on 10 principles and 56 criteria applicable worldwide.
The indicators are defined on a national or regional scale and are quite specific.
There is a group certification schema so that small forest landowners can have access
to certification. Certification is carried out by an independent third party, but the
FSC is the accreditation authority. Forestry professionals can be members of the
certification team, but the team leader does not have to be a forester. The evaluations
include a field inspection, as well as a thorough review of the management plan,
harvest information, maps, and other data.

The PEFC is based on the Pan-European criteria and a set of common rules on
the certification procedure. There is a regional approach to meet the needs of small
forest landowners. Both accreditation and certification are carried out by indepen-
dent third parties. Forest auditors must meet specific requirements and the leader
of the certification team must be a professional forester. National certification sys-
tems that have developed standards in line with PEFC requirements can apply for
endorsement to gain access to global recognition and market access through PEFC
International.
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In both systems, there are a logo and a trademark and the certificate is valid for a
period of 5 years, with annual inspections in the case of FSC and biannual inspec-
tions in the case of PEFC.

Clark and Kozar (2011) carried out a comparison of three certification standards:
FSC and two PEFC-endorsed certification systems in Canada, the Canadian Standards
Association—Sustainable Forest Management Standard (CSA-SFM), and the Sustainable
Forestry Initiative (SFI). A selection of 35 literature sources that met certain search cri-
teria were analyzed to determine the system that most effectively meets SFM goals.

The information in the 35 studies was analyzed according to 12 criteria: label-
ing systems, certification, stakeholder participation, public input, repeatability and
consistency, adaptability, applicability, transparency, credibility, monitoring and
research, ecological issues, and socioeconomic issues.

Since the methodology and the data of the studies were different, the qualitative
and quantitative data for each indicator had to be converted to a binary value (1 if the
system met the goal established by the indicator and 0 otherwise). A score for each
criterion was calculated as the proportion of indicators that met SFM goals.

FSC seemed to meet the SFM indicators better than the other 2 systems for 8 out of
the 12 criteria. It outscored its opponents especially in transparency, credibility, and
ecological and socioeconomic issues. On the other hand, CSA-SFM performed bet-
ter than FSC in repeatability and consistency, as well as in monitoring and research.

Regarding public participation, both FSC and CSA-SFM had a balanced repre-
sentation of all types of stakeholders, while SFI failed to have social participation
and it was biased toward economic stakeholders. All three systems encourage public
participation in the development of the standard and in judging conformance to it.

The systems have been compared on the basis of the wording of certifiers’ P&C
and on user survey analyses, but there is not empirical evidence on the performance
of the certification systems so far.

The impact of forest certification on the EU forestry sector and its contribution
to SFM in Europe have been addressed in a study by Gafo et al. (2011). The authors
carried out a two-round survey for different stakeholders by means of the Delphi
method and used the contingent valuation method in some of the questions. Some of
the results obtained are summarized along the following lines:

In general, FSC is more present in countries with a larger forest area under public
ownership, while PEFC is more important in countries where private forest property
is predominant.

Most experts estimated that certification improves the image of forest products
and a large majority of respondents considered that the changes required in forest
management to obtain certification were either very little or none at all.

From the ecological point of view, a consensus was achieved on the positive impact
of certification on biodiversity, as well as on forest area, structure, and functioning.

Regarding the economic aspects, in most cases, certified wood is sold at the same
price than noncertified wood, and forest owners would see a 7% increase in price
as a reasonable incentive to certify their forests. The same situation holds for certi-
fied and noncertified wood products, which are normally sold at the same price,
with industry experts considering that they would require a 3%—5% price increase in
order to buy certified wood.
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According to NGOs, certifiers, and certification bodies, forest certification leads
to an improvement of the conditions of workers, but there is not a consensus on this,
and in fact other groups such as owners, industry, research, and public service give
a neutral or negative response. Other social positive impact of certification is an
improvement in the information provided to society and in consumers’ education.
Despite this positive effect, the authors conclude that an improvement in the infor-
mation to both society and local people by the actors involved in forest certification
could increase the positive impact on the sector.

1.4.4 INFORMATION AND MODELS TO BuiLD SUSTAINABILITY INDICATORS

As seen in previous sections of this chapter, the main objective of public participa-
tion is to improve the quality of the decision-making process. Decisions are based on
available information, and since a participatory process is carried out, the informa-
tion is addressed not just to high-ranking officials but to all the stakeholders. It means
that the data collected must be processed to generate information, which is easily
comprehensible, and this information must be presented in a clear and accessible way.

The development of the sustainability indicators referred to in Section 1.4.1 is
a key element in this process. In particular, the assessment of ecological sustain-
ability indicators such as those related to diversity, dead wood, endangered spe-
cies, forest regeneration, wildlife habitat, and forest health requires a significant
effort in field data collection.

Field observations to characterize wildlife populations, forest stands, or rangeland
are obtained through the use of surveying and sampling techniques. These techniques
are also used to collect data to assess pollution or environmental quality in general.
A detailed description of the sampling methods is included in Chapter 2.

Most of the data collected have been obtained at a particular location (with its geo-
graphic coordinates) and can be incorporated into a geographic information system (GIS),
together with information coming from other sources. GISs are particularly powerful
when it comes to putting together different types of information and performing com-
plex analyses with them. The assessment of forest sustainability indicators is carried out
through the development and use of computer models, which include a GIS component.

Remote sensing is another technology to capture, analyze, and generate spatial
information. In particular, laser imaging detection and ranging (LIDAR) data are
becoming more and more important in forestry applications. The graphic capabilities
of GIS and remote sensing are a powerful tool to design the communication strategy
and the way the information is going to be presented in front of the stakeholder.

These information technologies, as well as the role they play in the decision sup-
port system for participatory forest management, are described in Chapter 2.

1.5 SOCIOECONOMIC INDICATORS OF SUSTAINABILITY

The intent to separate environment and society stems from the obsolete man’s dream
to control and dominate nature (Aledo et al. 2001). Ecology has contributed to other
sciences the idea of belonging to an interrelated system, called ecosystem, in such a
way that the isolated study of the component parts does not make sense.
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Therefore, the solutions proposed to solve the serious environmental problems
we are facing will be wrong if done from a reductionist perspective, that is, without
taking into account the relationship between society and nature.

The joint analysis of society and environment responds to the following causes:

a. The environment is only understandable if we include the history of the
people who live there and their environmental impacts over time.

b. Human society also depends on environmental factors that have influenced
its social dynamics.

¢. Human action modifies ecosystems, but also environmental factors deter-
mine human development in an interdependent relationship.

The subject that deals with this issue is ecological economics, which could be defined
as the science and management of sustainability (Costanza, 1991; Kates et al., 2001).
It maintains that sustainability is that relationship between economic and ecological
systems in which human life can continue indefinitely, with human activities remain-
ing within limits that do not destroy the ecological systems.

There are two approaches to the economic analysis of sustainability:

* The weak sustainability approach, which allows flexibility in the conserva-
tion of natural capital, accepting its decrease in exchange of an increase in
other types of capital

* The strong sustainability approach, which does not allow any reduction of
natural capital within its concept of sustainability

However, the essential point is not to properly define the concept of sustainable
development or sustainability but to establish the conditions necessary to achieve
it. Under what assumptions a country or an economic sector can be considered sus-
tainable? To answer this question, it is necessary to create indicators to analyze the
evolution of the development model and to evaluate its path toward sustainability as
the ultimate goal (Lavandeira et al., 2007).

1.5.1  WEAK SUSTAINABILITY VERSUS STRONG SUSTAINABILITY

Weak sustainability: The fundamental principle of this type of sustainabil-
ity is that natural capital is simply another form of capital and therefore can be
exchanged with others (Pearce and Turner, 1990). It has its conceptual basis in the
work of Hotelling (1931). Hotelling’s rule states that the optimal extraction path of
a nonrenewable natural resource is obtained by maximizing its net present value,
which leads to the following equations, excluding and including operating costs,
respectively:

P,

=0 1.2)
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where
P(#) is the price of the resource at time ¢
P'(9) is the derivative of price with respect to time
C is the operating costs
1 is the discount rate

In the long run, the relative price growth of the natural resource should be higher
than the interest rate in order to ensure its conservation; otherwise, there is overex-
ploitation of the resource. That is, Hotelling establishes an economic relationship
between the benefits of conserving or saving the use of a renewable natural resource
and the costs associated to this conservation. Hotelling’s rule leads to the conclusion
that the growth of natural resource value must exceed the rate of interest to ensure
preservation. This basic idea will be further developed in his works on sustainability
and intergenerational equity.

Later on, Solow’s work (1974) incorporates the natural capital in economic growth
models, showing how an economy can grow indefinitely in the presence of limited
natural resources.

Hartwick in 1977, building on Solow’s work, established the so-called rule of con-
stant capital considering consumption as the interests generated by a capital sum in
each time period. From this premise, the rules of weak sustainability are established.

In 1992, Pearce and Atkinson stated that an economy is sustainable if savings are
greater than capital depreciation (both man-made and natural capital), that is, K> 0.

The problem with this approach is that, according to it, the global economy as a
whole has been in recent decades in a state of sustainability in the weak sense, as it
has fulfilled the preceding condition.

1.5.1.1 Intergenerational Equity

One of the most important implications of sustainable development is the concern
for the legacy to future generations. The problem is how to incorporate into a welfare
function the value of natural resources for coming generations. The subject has not
been solved at all and intergenerational equity is only considered taking into account
the effects of the discount rate.

According to Jevons’ equimarginality principle, the higher the interest or dis-
count rate, the greater the preference for the present and the lower the willingness to
forgo current for future well-being. The equation which determines the equilibrium
arising from Hotelling’s principle is

_C),

_ 14
T (14)

C being the present or future consumption level and i the discount rate.
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The function determining well-being is a function of present and future
consumption:

W=f(Cy,C, ..., Cy) (1.5)

where
W is the welfare function
C, is the consumption at time i

In order to maximize welfare, the following function should be maximized subject
to the constraints imposed by the available technology (Lavandeira et al., 2007):

J.U(C)e""dti (1.6)
0

where U(C) is the utility of consumption and ¢ is time.
The result of this expression leads to consumption patterns, which may or may
not be sustainable:

it is>C0
C(1)

thesituationiwillinotbefsustainable

If is% thesituationiwillbesustainable

Some authors argue that the solution to this problem lies in the demonstration of the
existence of the environmental Kuznets’ curve (Figure 1.1), which has an inverted
U shape. According to this curve, when a high income level is reached, the demand
for natural resources decreases.

Environmental degradation

Per capita income

FIGURE 1.1 Environmental Kuznets’ curve.
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Weak sustainability models are based on perfect substitutability between natu-
ral and man-made capital in such a way that the elasticity of substitution is always
greater than one. But there are many cases in which this elasticity of substitution is
less than unity, namely,

a. Life-support functions: atmosphere, water, carbon, etc.

b. Ignorance of the interrelationships among the components of various
ecosystems

c. Irreversible loss of environmental assets

Strong sustainability considers that natural capital is not fully replaceable by artifi-
cial capital, forcing the maintenance of the natural capital stock. The constant natu-
ral capital rule implies that

oK
ot

>0 (1.7)

where
K, is the natural capital
Which in turn can be expressed as Ky=Kyyc+Kyc
Kyyc 1s the noncritical capital, with limited substitution capacity
K is the critical capital, atmosphere, ozone, climate, biodiversity, etc.

The critical natural capital represents the minimum level of security. Its objective is
to set the maximum limit to which an ecosystem can deteriorate.
The conditions of strong sustainability are the following:

1. Decreased use of nonrenewable natural resources

2. Replacement of fossil fuels by renewable energy sources
3. Biodiversity conservation

4. Sustainable use of renewable natural resources

1.5.2 EcoNoMmic INDICATORS

These indices are included in the concept of weak sustainability and their objective
is to achieve a sustainable product or SNI.

1.5.2.1 Indices Based on National Accounting Systems

The basis of these indicators is the NNP, which is considered a sustainable income
over time, as it is calculated as the sum of net added value plus capital gains or
losses, that is,

NNP = GDP -6 K, (1.8)
where

GDP is the gross domestic product
0,/K,, is the depreciation of man-made (artificial) capital
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On the other hand, another indicator that has been developed is green NNP (gNNP).
It allows a more rigorous approach to the concept of sustainable development and is
defined as NNP minus depreciation of natural capital, that is,

gNNP = NNP -3, Ky (1.9
Weitzman (1976) showed that NNP equals the linearized Hamiltonian, namely,

H=pC +\K (1.10)

where
p is the price
C is the consumption
A is the multiplier and shadow price
K is the capital

In this optimal control problem, the optimal path is obtained by maximizing the
Hamiltonian; thus, maximizing NNP is the best strategy to follow an economy’s
ideal path.

Later on, Weitzman (2001) starts working on consumer surplus:

H=U(C,ERR))+AK + LE(R) (L.11)

where
p is the price
C is the consumption
U(C, E(R)) is the utility
A, W are the Hamiltonian multipliers and shadow prices
K is the capital
E(R) is the income surplus

Therefore, the NNP would be obtained by solving the first-order conditions of the
Hamiltonian, with the solution being given by the following expression:

NNP = pC+(§é}E(R)+RK+PWE(R) (1.12)

where
p is the price
C is the consumption
dUIdE is the derivative of utility with respect to income surplus
P, is the capital cost
K is the capital
P, is the surplus cost
E(R) is the income surplus
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Other prominent indicators based on the measurement of NNP are the following:
Adjusted net national product (aNNP): 1t is calculated as

aNNP = NNP —Defense expenses — Depletion of natural capital

This indicator is very similar to gNNP, but it presents a disadvantage when it comes
to measuring the depletion of natural capital. For this reason, which is common to
other indicators, many variations trying to address this problem have been developed.

Net savings: It equals national savings minus depreciation of capital (consump-
tion of physical and human capital).

Moreover, according to a broader consideration, it responds to the concept of
adjusted savings, which can be corrected by means of an economic or social adjust-
ment, for example, using the HDI, or through an ecological adjustment, for example,
using the EF (Bolt et al., 2002).

Hartwick’s rule (1977) shows that in order to keep utility constant over time in
countries with economies highly dependent on their use of natural resources (espe-
cially nonrenewable, e.g., oil), an amount equal to the income generated by natural
resources extracted in each moment of time must be invested.

However, in practice, there is a low capital accumulation rate in oil-produc-
ing countries, while the capital investment rate in countries without such natural
resources is very high.

Therefore, Hartwick’s rule states that total capital value must be maintained in
order to achieve sustainable consumption:

oK
o (1.13)

Genuine savings is obtained as total savings minus depreciation of artificial (man-
made) capital and natural capital.* The terms of the formula are defined as follows:

Genuine savings = Total savings —8,,Ky —OyKy (1.14)

where
0,,K,, is the depreciation of man-made (artificial) capital
0,K ), is the depreciation of natural capital

The World Bank (2001) calculates genuine savings as follows:
Genuine savings =Total savings — Consumption of fixed capital + Education

Expenditure — Resource Exploitation — Exploitation of forests — Damage due
to CO, emissions

* Genuine savings is an economic concept that measures the true savings rate of a country taking into
account natural resource degradation and pollution problems, which are quantified and deducted by
means of the term SNKN.
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Sustainability implies that genuine savings should be greater than zero, meaning that
total savings would offset the depreciation of the physical and natural capital.

Genuine savings rule: An application of the Hartwick’s rule developed by
Hamilton (2000). The general idea is that, according to Hartwick’s rule, consump-
tion can only be understood as the interest earned on the investment of available
capital. Therefore, for consumption to remain constant over time, capital stock
should not vary. This way, consumption becomes a Hicksian income as it would be
permanent in time.

Therefore, for each generation to pass the next generation a capital at least equal
to that received, the following condition must be met:

dK _dKy , dKy  dKy

(1.15)
dt dt dt dt
where
K is the total capital
tis the time
K, is the man-made capital
K, is the natural capital
K, is the human capital
dK
Ontheiotherhand, ~ - = S(r)-8k(t)=0 (1.16)

If the depreciation of human capital is not considered and all the terms of the whole
expression are divided by ¥, the genuine savings rule is obtained:

S _duKy _SyKy

>0 1.18
Y Y Y (118)

where
S is the national savings
4 is the capital depreciation rate
Y is the national income (GDP)

An economy is sustainable if its savings rate is greater than the sum of the deprecia-
tion rates of its natural and artificial capital.

This sustainability indicator does not reveal whether the economy would be sus-
tainable with a growing population. Hamilton (2000) introduced another indicator
to solve this problem:

Per capita wealth: It takes into account the growth of population and resources
and can be calculated as
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Per capita wealth = % (1.19)

where
W is resource stock (wealth)
P is population

Writing this expression in terms of variation rates, we would get

oW _W(ow _opP (1.20)
oP P\ W P

Moreover, wealth (W) is defined as the present value of current and future consump-

tion of goods, that is,

B c(d+r)
W= 27(1 ey # 1.21)

where
¢ is consumption
r is consumption growth rate
i is discount or interest rate

Environmental golden rule: It is obtained by reformulating Hicks’ income to maxi-
mize human welfare through obtaining the highest consumption level that can be
maintained indefinitely subject to given environmental constraints and assuming
that population level remains constant.

The highest consumption level that can be maintained indefinitely, under envi-
ronmental constraints, is determined by using the following dynamic optimization
procedures:

aK/az_i
P

(1.22)

where
K is the total capital
i is the discount rate

The earlier expression is obtained by maximizing capital consumption; hence, the
optimal savings rate is one that maximizes consumption level.

1.5.2.2 Indices Based on Savings Incentives: Concept of Hicksian Income

Progress in the development of environmental accounting systems or indicators
has occurred along two axes: on the one hand, the concept of Hicksian income and
welfare economics and, on the other hand, the efforts carried out by supranational
institutions.
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Hicks (1939) established the concept of Hicksian income as the income that can
be maintained indefinitely through time.

Probably the weak sustainability indicator that best fits the concept of Hicksian
income and has had further development, applied in all countries with strong eco-
nomic dependence on the extraction of nonrenewable natural resources (e.g., oil), has
been the so-called El Serafy method and its calculation of user cost or opportunity
cost for a sustainable consumption level.

El Serafy method (1989) or user cost approach: It is necessary to invest a por-
tion of the profits R generated by leveraging a natural resource to maintain a steady
income flow X. The portion of revenue to be invested is called user cost and is cal-
culated as R — X:

R R R X X X
.1+ .2+"'+ N .1+ .2+"'+ oo
a1+ (A+90) 1+19) a+iy A+i0) 1+

1 (1.23)

Perfect substitution between different forms of capital is assumed.

1.5.2.3 New Methods of National Accounting

The idea of substitutability between natural capital and physical or material capital
has led to the development of environmentally adjusted national accounting macro-
economic indicators, such as the following:
SNI developed by Pearce and Warford (1993) states that national income is sus-
tainable when total capital (natural and material) remains constant through time.
Sustainable net national product (SNNP) developed by Daly (1989) is defined as

SNNP = NNP —GD — 8Ky (1.24)

where
NNP is the net national product
GD is the environmental protection expenditure
OyK ), is the natural capital depreciation

From the decade of the 1990s, a new approach to establishing sustainability indica-
tors began to spread. This approach was based on the idea of conceiving the prob-
lem in a sequential way, using vector-type information and not based exclusively
on statistical data as other previously mentioned indicators had been established
(Caparro’s Gass, 2009). The idea is to take a systemic approach with three dimen-
sions: economic—social-environmental.

The ecosystem approach will prevail over purely ecological criteria for its holistic
nature that is able to incorporate the three components that underpin sustainable
development and with the main objective of obtaining models for the sustainable
management of natural resources on which human beings depend upon.

This way, other indicators developed from different institutional settings are
as follows:

Pressure—state—response model (PSR): It measures the pressure of human activ-
ity on the environment, state defines measurable characteristics of the environment
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under pressure, and response measures the environmental changes generated to
solve the environmental problems created by human pressure (Mortensen, 1997).

Driving force—state—response model (DSR) developed by the Organisation for
Economic Co-operation and Development (OECD): It replaces the idea of “pressure”
by the idea of “driving force” and implies the existence of social and economic pres-
sures (e.g., population growth, consumption level increase). The components of the
model are different human activities that have an impact on the natural environment.

It allows the comparison between countries according to their degree of envi-
ronmental impact but leaves the developing countries out of the model. This is a
shortcoming of the model since most of the raw materials used by OECD countries
are produced in developing countries.

Pressure—state—impact—response (PSIR) model: It adds to the previous models
the concept of impact to measure the effect of pressure on the system.

Driving force—pressure—state—impact—response (DPSIR) model of the European
Environment Agency, including underlying forces, pressures, state trends, impacts,
and responses from society (Figure 1.2).

The World Bank genuine savings model includes not only environmental aspects
but also aspects related to human capital acquired through education.

It is a systemic indicator designed to generate a single value, which shows if a
system is experiencing difficulties. It measures the balance between an increase in
physical and human capital and a decrease in natural capital.

Classification of environmental protection activities (CEPA) model stems from
the Convention on Biological Diversity (CBD) and has been developed by Eurostat
in collaboration with the OECD and the United Nations. The activities considered in
the model are limited to those that cause environmental degradation including not
only the private sector but also the public sector and households.

Industry Recycling

T
< Force /‘—@

Pressure Impact
Emis;ns_/\ /—\/i;damage
State
v
Air quality

FIGURE 1.2 Diagram of the DPSIR model developed by the European Environment
Agency, 1999.
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The model classifies environmental protection activities in nine groups and pres-
ents the evolution over time of economic investment in each group so that, together
with the results obtained in each one of them, the adequacy of such protection invest-
ments can be assessed.

The global environmental change currently going on is the result of human activ-
ity on the ecosystem, and the answer must be a change in the development model to
find solutions to the problem created. This paradigm shift, following the institutional
approach previously developed, is based on the participation of various forces of
change. It requires a global response in which all stakeholders are involved to rethink
the relationship between humans and the ecosystem.

The combination of communication, education, participation, and environmental
action causes change. The objective is to achieve a greater public support in environ-
mental management spreading the socioeconomic impact of conservation through
the use of opportunities such as tourism or environmental education and awareness
(Figure 1.3).

The goal must be to attain a change in cultural, social, political, and economic
values and their relationship with the environment, which will lead to an improved
quality of life. The implementation of the agreements embodied in Agenda 21 at
Rio de Janeiro in 1992 and the subsequent agreements of the 2002 World Summit
on Sustainable Development in Johannesburg can be the first step towards this final
objective.

Apart from these environmental accounting models, there is an increasing use of
additional accounting instruments such as the following:

Education

Communication Participation

Action

FIGURE 1.3 Diagram showing the relationship between forces and change produced by
them. (Own elaboration.)
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Natural resource accounts: They measure inflows, initial stock, and resource
use, telling apart natural resources (renewable and nonrenewable) from
environmental resources, that is, nontradable environmental services.

Satellite accounts: The National Accounting Matrix including Environmental
Accounts (NAMEA) model provides financial and economic information.

Integrated accounting systems: Basically two types have been developed:
System of Integrated Environmental and Economic Accounting (SEEA;
United Nations, 1993, revised in 2002) and European System of Accounts
1995 (ESA 95; European Union).

As for the environmental accounting models relating to forestry, the Manual on
Economic Accounts for Agriculture and Forestry called EAA/EAF 97 (within the
ESA 95) must be mentioned. The value of forest production is calculated as

TP = FPS + FPE + Infrastructure (1.25)

where
TP is the total forest production
FPS is the final production of silviculture (wood and nonwood products)
FPE is the final production of environmental services

1.5.3 SociAL INDICATORS

Social indicators alone do not allow proper measurement of the sustainable develop-
ment level, but they need to rely on other indicators, economic and ecological, to
establish results in this direction. The main purpose of these is to measure the con-
cept of quality of life, based on four pillars: health, education, equity (poverty and
gender), and human settlements (population, security, and living conditions).

1.5.3.1 Indicators Based on Life Quality versus Income Level

These indicators are included within the social indicators and have experienced a
considerable boom in recent years. However, there are some difficulties for its practi-
cal application since they incorporate both objective and subjective elements. These
indicators include the following:

HDI: 1t is a social indicator developed by the UNDP in 1992 and allows a broader
measure of development when compared to economic growth measured by GDP or
NNP. It consists of a combination of indicators of income (GDP), health and educa-
tion, which can detect inequalities, especially in developing countries.

Other indicators developed similar to the HDI are

e Index of physical quality of life, built on indicators such as life expectancy,
calorie supply, education, and adult literacy

e HPI(Sen, 1987), in which longevity, knowledge (literacy), quality of life (pov-
erty), and social exclusion (long-time unemployment) are used as indicators

e Gender Inequality Index that measures the disparity between sexes



36 Quantitative Techniques in Participatory Forest Management

However, these indicators are criticized because they do not measure the internal
distribution of development within a country.

ESI, developed by WEF (2001): It measures pressures and environmental risks,
social and institutional capacity, and international cooperation on global issues.

The ESI combines 22 environmental indicators for each country, broken down
into 67 specific subjects. It measures five essential characteristics:

e State of ecosystems

e Success in the decrease of environmental problems

e Progress related to protection of citizens in environmental matters
e Capacity for action against environmental problems

¢ Qualification of the public administration in each country

There is a strong correlation between ESI/ and GCI (Global Competitiveness
Index).

Physical sustainability indices: They use natural heritage accounts associated to
GDP, such as

 Critical natural capital: It sets thresholds for the use of natural resources.
*  Minimum safety standard: Capital stocks must be maintained as long as the
social costs associated to their use are too high.

Pearce and Atkinson index: Natural capital stock cannot decrease through time,
that is,

Ky >0 (1.26)
Y

The ISEW, based on aNNP, is a correction of NNP, which takes into account envi-
ronmental damage. It is calculated as

ISEW=C+P+G+W-D-E-N (1.27)

with GDP=C+P+G

where
C is the consumption
P is the nondefense-related public expenditure
G is the capital growth
W is the contribution of externalities
D is the defense expenditure
E is the environmental degradation costs
N is the natural capital depreciation

ISEW (Daly and Cobb, 1989) is an economic indicator aiming at replacing GDP in
the long term.
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GPI: 1t is based on ISEW but excludes expenditure on education and health and
includes the loss of leisure time and the loss of forest cover.
Moreover, it presents some changes with respect to GDP, which are the following:

e Unpaid activities such as domestic work or volunteer and family care are
considered.

» Natural resource environmental degradation is included as a cost.

» Income inequality is considered as a cost that increases when the poor lose
income.

» External debt (estimated by increasing or decreasing reserves) and crime
(measured by prison costs) are also included as costs.

While GDP shows growth from 1950, GPI shows stagnation since 1970.

1.5.3.2 Indicators of Human Impact on Biosphere

These indicators are based on a combination of economic, ecological, and social
aspects with the purpose of establishing an ecosystem approach to the measurement
of sustainability but keeping statistical data rather than institutional indicators as the
information basis.

1.5.3.3 Biodiversity
Biodiversity indicators include the following:

» Extent and type of forests (FAO). Certification and SFM (FAO)

e Marine habitats (WCMC-UNEP, FAO)

* Genetic diversity (FAO). Vegetation and wildlife genetic resources

* Extension of agricultural ecosystems under sustainable management (FAO)

* Nutritional status of biodiversity (FA =international biodiversity): analyzes
food consumption through sustainable use of species and ecosystems

The UNESCO Chair for Sustainable Development has produced a comprehensive
guide of ecological indicators, based on the indicators previously established by the
Commission on Sustainable Development (CSD) of the United Nations, 2001, shown
in Table 1.1.

Carrying capacity and EF: The concept of carrying capacity, developed by
Meadows in 1992, sets the maximum population of a species that a habitat can
support indefinitely. It can be calculated according to a basic model developed by
Ehlrich and Holdren in 1971, which is given by the following expression:

[=P-AT (1.28)

where
I is the environmental impact
P is the population
A is the per capita income
T is the technology, waste quantity per unit of production
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TABLE 1.1

Ecological Indicators of Sustainable Development

Chapter

18. Water resource
protection

17. Sea and ocean
protection

10. Land use planning

12. Desertification and
drought

13. Management of
mountain areas

14. Sustainable agriculture
11. Deforestation

15. Biodiversity
conservation

16. Sustainable technology
management

9. Protection of the
atmosphere

21. Waste management

19. Management of toxic
chemicals

20. Dangerous waste
management

22. Nuclear waste
management

Source: United Nations, Indicators of Sustainable Development: Guidelines

New York, 2007.

Impulse Indicator

Water consumption
Protection of coastal
areas and pollution level

Land use change

Population evolution
in arid zones

Population evolution
in mountain areas
Pesticides, fertilizers,

energy, and irrigation

Forest harvesting level

Pollutant emissions

Waste generation

Waste generation

Waste generation

State Indicator

Water reserve and
water quality
Fish catches

Changes in land
condition

Evolution of rainfall
and area affected
by desertification

Natural resource
sustainable use

Arable land and
salty areas

Change in forest
area

Number of
endangered species

Concentration of
pollutants in the air
Recycling level

Number of
intoxications
Contaminated area

Reaction Indicator

Water treatment and
available networks

Natural resource
management

Agricultural
education

Forest area under a
management plan

Protected areas

Research
expenditures
‘Waste management
expenditures
Waste management
expenditures
Number of
forbidden products
Treatment
expenditures

and Methodologies,

The rate of technological change must equal the sum of the growth rates of popula-
tion and per capita income to attain a sustainable economic growth.

In 1996, FAO calculated a carrying capacity based on food production by means
of the following expression:

cc=2
M

(1.29)
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where
CC is the maximum sustainable population for each country
Q is the potential food production
M is the minimum calories per person

The EF determines the corresponding area of productive land and aquatic ecosys-
tems required to maintain a given level of output (Wackernagel and Rees, 1996):

of =Ya, =3 (1.30)
Di

and

EF =N-ef (1.31)

where
ef is the ecological footprint per person (ha/person)
EF is the total ecological footprint (ha)
¢, is the average annual consumption (kg/person)
p; 1s the average annual productivity (kg/ha)
N is the population (number of people)

Other indicators have been developed from the concept of EF, such as “water foot-
print” that sets the annual volume of water required to sustain a population for a
given living standard.

1.5.3.4 Energy

Energy indices: There are about 1800 million people in the world who do not have
access to electricity, and their energy supply is coming from animal or vegetal
sources. There are many other people who cannot afford fossil fuels despite their
availability. These people are those with a lower level of socioeconomic develop-
ment, and this circumstance highlights the uneven distribution of energy consump-
tion in the world.

Moreover, the access of all people, present and future, to the use of energy makes
the system unsustainable. For this reason, energy sustainability indicators are so
important.

The United Nations CSD has defined 30 indicators classified into three dimensions:

e Social: Energy availability is an element of direct impact on poverty,
employment, education, demography, and health. It is essential to ensure
social equity.

* Economic: Based on industrialization, it is essential to know the energy
intensity for each industry.

* Environmental: Gas emissions, waste, water changes, and landscape.
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The following energy sustainability indicators can be highlighted:

e Index of renewability of the energy used oo=RE/TE

e Index of consumed energy cleanness =1 — damage caused/maximum
potential damage

e Energy self-sufficiency index y=own energy/total energy

e Energy efficiency index y=output power/input power

e Energy Sustainability Index EgSI=f(a., B, Y, V)

This index integrates the other four indices earlier and can be calculated as

EgSI =a,-a+a, B+as-y+a, ¥ (1.32)

where
a,=Ca,/Total cost
Ca, being the energy cost associated to each a;

Consumption measurement through the use of energy indices has the advantage
of avoiding the problem of the scarcity of environmental statistics in monetary
terms:

Rc=Rp (1+9) (1.33)

where
Rc is the energy resource consumption rate
Rp is the restocking fee
A is the sustainability indicator
8<0 for the economy to be sustainable

1.5.3.5 Materials

Dematerialization indices: They measure the growth of the economy in terms of its
reliance on the use of physical materials, both those manufactured in the country
and those resulting of the balance of foreign trade. The following two indices can be
highlighted:

Material flow index: which measures the amount of materials consumed per per-
son per year. It shows the relationship between natural resource consumption of a
product and the services it generates.

Human appropriation of net primary production (HANPP): It is measured by the
ratio of the production appropriated by humans for consumption and total biomass
production potential:

HANPP

-100 1.34
NPP f (134)

HANPP (%) =
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where
HANPP(%) measures the impact of the economic and social activity and assesses
the economic and ecological sustainability of industrial societies
HANPP is the human appropriation of net primary production, obtained as the
sum of agricultural activities, energy consumption, and material consumption
NPP is the net primary production
NPP =Solar energy (photosynthesis) — respiration

It comes from the annual photosynthetic capacity of the planet and generates renew-
able natural resources, enabling the maintenance of all organisms including humans.
Nowadays, HANPP is around 20%—40%.

1.6 PARTICIPATORY TECHNIQUES FOR THE
SUSTAINABLE USE OF NATURAL RESOURCES

1.6.1 QUANTITATIVE TECHNIQUES TO SUPPORT THE
SusTAINABLE USE OF NATURAL RESOURCES

Natural resource management is a complex decision-making process involving a high
number of stakeholders, each one of them having different objectives and imposing
his or her own constraints, thus leading to a high number of conflicting alternatives.

According to Myllyviita et al. (2011), the techniques used to support the sus-
tainable use of natural resources can be classified into four different groups: opti-
mization, cost—benefit analysis (CBA) and monetary valuation methods (MVM),
multicriteria decision analysis (MCDA), and other approaches.

Optimization deals with the election of the optimal alternative from a feasible set
of options with respect to the considered objectives. Optimization methods include
linear programming, goal programming, mixed integer programming, and heuristic
optimization.

CBA and MVM are used to estimate the social net surplus (or the private profit-
ability) of a decision. If the benefits of a decision are greater than its costs, the deci-
sion should be made, while it should not otherwise. The terms benefits and costs
include not only direct financial benefits and costs (returns and expenses) but also
social and environmental benefits and costs. CBA has to cope with the problem
of selecting the appropriate discount rate, which reflects the time preference of the
decision-maker. When environmental services and/or costs are included in the anal-
ysis, MVM such as choice experiment or contingent valuation are used to estimate
values of nonmarket products and services. The necessary data are obtained through
a survey in which the respondents are asked about their willingness to pay for a posi-
tive environmental change or the willingness to accept compensation for a negative
one. There are many studies on the incentives to give a biased answer and the way to
design the questionnaires to avoid that problem (Johnston and Swallow, 1999).

MCDA is based on the measurement of people’s stated preferences. These pref-
erences can then be transformed into single utility values to allow for comparison
between alternatives. Multiattribute utility theory and multiattribute value theory are
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two methods within this group, the difference between them being that multiattrib-
ute value functions exclude decision-makers’ risk preferences, while multiattribute
utility functions include them.

Besides the three groups of methods mentioned earlier, some other techniques
and tools have been used to support decision-making. Sometimes, more than one
method is used giving rise to the so-called hybrid methods. They can be classified
as follows:

e Soft operations research: It provides tools for problem structuring and
includes several methods such as the soft systems methodology (SSM),
strategic choice approach (SCA), and strategic options development and
analysis (SODA).

e Cognitive mapping: It provides visualization of the problem in the form of
loops, links, and relationships between the concepts, thus facilitating the
understanding of the process by the participants.

e Strengths, weaknesses, opportunities, and threats (SWOT): The name of the
method includes the aspects of the problem that are revealed and analyzed.

e Interviews and voting are two ways of obtaining feedback from the par-
ticipants. Interviewing requires considerable time and effort, and the infor-
mation obtained is useful for qualitative analysis and decision modeling,
whereas voting provides quantitative data but can undervalue the opinion
of minorities and is easier to manipulate.

1.6.2 PuBLIC PARTICIPATION IN THE METHODS TO SUPPORT
THE SUSTAINABLE USE OF NATURAL RESOURCES

Most of the current methods for the sustainable use of natural resources allow differ-
ent levels of public participation. The results of the study of Myllyviita et al. (2011),
where the authors compared the level of public participation in 35 case studies apply-
ing the methods referred to in the previous section, are described in the following.

Regarding public participation, the information analyzed in the previously men-
tioned paper was the type of public involved (experts and/or stakeholders, or the
general public) and the kind of participation (active or passive). Passive participa-
tion included stating preferences, filling out questionnaires, or answering ques-
tions, while active participation allowed participants to influence and actually
modify the process.

The main results are highlighted in the following:

e Opver half the study cases (54%) included some kind of public participation.
In most of them (52.6%), the participants were experts and/or stakeholders,
and in 31.6% of them, the feedback came from the general public, while the
remaining 15.8% were studies with participants belonging to both groups.

e Regarding the decision support methods, only 11% of the optimization
studies incorporated public participation, while 67% of the studies using
CBA and MVM, 55% of the papers using the MCDA, and 87% of those
using other hybrid approaches included some kind of public involvement.
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e As for the type of participants, 59% of the papers using the MCDA and
other methods included participation of experts and/or stakeholders for
only 22% of the CBA/MVM case studies. On the contrary, 56% of these
latter studies included participation of the general public for only 17.6% of
the MCDA and other methods.

* The kind of participation of the general public was mainly passive, while
experts and/or stakeholders seem to have a more active role in the participa-
tion process.

Other conclusions refer to the very few case studies using CBA and MVM that
included indicators to assess the social aspects of sustainability. On the contrary, in
the studies using MCDA and other hybrid methods, social sustainability indicators
were considered.

The following consequences of the current situation can be deduced from the
analysis of the levels of public participation:

» Since the social aspects of sustainability are given less attention than the
economic and ecological ones, it seems that there is a need for regionally
defined social indicators with stakeholders’ participation. New insight
to social indicators could be provided by increasing public participation
through group decision support systems.

* The need to use both quantitative and qualitative data makes MCDA a
powerful tool to assess social sustainability, probably in conjunction with
other methods such as cognitive mapping and SWOT to help in the problem
structuring phase.

¢ Whatever method is used, it is important that the feedback along the deci-
sion process is properly addressed and the effect of different decisions on
the stakeholders and the general public is correctly communicated.

1.6.3 SurtABILITY OF THE TOOLS FOR PARTICIPATORY DECISION-MAKING

SFM is an increasingly complex process, which must combine the conventional for-
estry background with the quantitative techniques described in Section 1.6.1 and the
participation of new stakeholders. Sometimes there are social aspects that influence
forest management and that are difficult to incorporate into a quantitative model. In
such cases, a qualitative model may be more appropriate. In summary, both kinds of
models are used, sometimes in combination.

An important part of any modeling effort is user needs assessment. In participa-
tory decision-making, the users are not only foresters but a wide range of stake-
holders, and usability is the key concept regarding the tools to be used, which must
comply with a series of requirements.

According to Lawrence and Stewart (2011), usability is enhanced when the tool is
easy to use, considers the needs of the intended users, and has been developed and
tested in collaboration with them.

A good design is basic since the tools must be accessible to all users, allow for
iterative integration of experience, and have a self-explanatory user interface. User
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needs must be understood and taken into account by forest planners and decision-
makers. Both users and planners must work together in the development of forest
management tools, for example, by participating in the selection of the indicators
that are included in decision support systems. Stakeholders’ involvement during the
development process ensures that the resulting tools are adapted to local conditions
and produce credible outcomes. As stated in Section 1.3.2, when stakeholders have
the opportunity to express their opinions and criticize model assumptions from the
beginning of the process, they perceive the model as theirs and tend to accept the
results obtained.

Once the model has been developed, the next step is testing it with the users.
Testing is usually carried out as a pilot study, which allows observing how users
get familiar with the tools and the problems they encounter and assesses the effec-
tiveness of the designed tools. The testing process provides some useful feedback
to improve the tools. Lawrence and Stewart (2011) mention the testing of two
models based on MCDA in Canada. One of them taught the developers that they
could simplify the process because users did not need to be trained to use the tool
properly.

Voting methods have been extensively tested in Finland. They have a series of
advantages, that is, many people can participate, it is a usually transparent and famil-
iar process, it is easy to understand, and its results are easy to interpret. However,
depending on the voting method, different results may be obtained leading to dif-
ferent decisions. In addition, voting can be manipulated if some people’s votes have
a greater impact than others. This problem is not exclusive of this method, but it is
typical of any analysis where group preferences are assembled.

The goal of this participatory process is to make better forest management deci-
sions. A better decision may be a decision with a higher acceptance degree, a deci-
sion that avoids conflict, or a decision that takes into account more information from
local sources leading to a more efficient outcome.

The way to assess the impact of public participation on the quality of a manage-
ment decision is to carry out a testing process of the methodology used by looking at
the effect that the model has on the outcome. There is a lack of practical case studies
that examine whether these participatory tools have actually led to better manage-
ment decisions.

1.6.4 HIGHLIGHTS OF THE PROPOSED METHODOLOGY

In view of the current techniques to incorporate public participation in forest man-
agement (Sections 1.6.1 through 1.6.3) and their main deficiencies (Section 1.1.4),
the methodology we propose has two main features to recommend it. First, it is
open to participation by all interested parties. Second, the choice is based on direct
comparison of representative sustainability scenarios through a process of pair-wise
comparison. Both these characteristics determine the type of quantitative technique
that we propose to apply.

The first of these features is achieved by adopting a web-based collective decision-
making system (Watkins and Rodriguez, 2008). On the one hand, web-based
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decision-making provides two potential benefits. One, new knowledge is generated
statistically by merging independent and individual judgments and is freely acces-
sible to numerous potential users. Two, the final solution obtains benefits from exper-
tise.* On the other hand, by using the term “collective decision,” we emphasize the
need to get away from the concept of group decision support systems—as the deci-
sions we seek are not necessarily collaborative in nature (DeSanctis and Gallupe,
1987)—and to move closer to social software.

To fulfill the second characteristic, rather than using the participatory pro-
cess to choose between different forest management alternatives (which in any
case must represent every possible management scenario), we ask each individ-
ual directly for their sustainability preferences from pairs of representative real
scenarios. The answer to these questions produces a representation of individual
preferences. Now, the application of algorithms to arrive at a numerical represen-
tation of preferences gives a sustainability assessment, which is consistent with
each individual system of preferences. This procedure allows the classic process
of multicriteria analysis (MCA) to be reversed and permits a statistical model to be
fitted in order to calculate the overall assessment of sustainability from the mea-
sures of as many criteria as possible. It is therefore possible to determine how each
evaluator combines sustainability indicators to achieve his or her own assessment
of sustainability.

The reverse use of MCA reduces the importance of structuring objectives and
therefore makes the application of quantitative techniques’ a less critical part of
the assessment process. However, these techniques still play a role in defining the
way the public is informed about the complexity of the system, although other con-
cepts derived from applying quantitative techniques are even more important in
designing the information: the type of rationality or coherence in the opinions of
each individual and the extent of the individual’s knowledge of the system to be
evaluated.

Hence, each individual’s assessment is compared to the sustainability assessment
derived from the preferences of other evaluators, and the relative location of each
individual assessment can also be seen on a scale of null-maximum sustainability
(obtained from a structured model of sustainability for the study area). Both com-
parisons make it easy for each individual either to modify his or her preferences or
to reinforce his or her opinions.

* Condorcet’s jury theorem (Condorcet, 1785) states that if each individual in a collective is more likely
to be correct than not to be, then as the size of the group scales, the probability of the collective deci-
sion being correct moves toward certainty. If the participation of those who are more likely not to be
correct is discouraged, then the probability of making a right decision increases.

© Like cognitive or causal mapping (CM), a visual approach to thinking where ideas are shown as
nodes and where the links between nodes represent causality or influence, or SODA, which builds
on cognitive mapping, is used to aid understanding and structuring subjective concerns and compet-
ing objectives through workshops, interviews, and analysis (Tikkanen et al, 2006). The main use
of these techniques is to provide tools for problem structuring and defining criteria and decision
alternatives.
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Collective decision-making tools can also be applied further down the line. In
general, public participation involves weighting stakeholders, whose relative level of
influence can be aggregated into scores by applying quantitative MCA. Alternatively,
voting models using social choice theory can be used (Kangas et al., 2006; Laukkanen
et al., 2002) to transform these individual preferences into a collective choice. This
requires the voting model, the voting procedure, and the voting method to be outlined.

Finally, specific techniques make it possible to design the forest management alter-
native that maximizes the individual or collective concept of sustainability. Here,
Martins and Borges (2007) suggest that heuristic approaches may be more appropriate
to deal with the complexity of multiobjective and multiowner scenarios, although linear
and goal programming is used to characterize the best forest management alternative.

Transparency, rigor, and robustness are key requirements throughout the whole
process. Transparency is crucial for the social acceptance of the decision-making
tools, methods, and their ultimate outcomes (Martins and Borges, 2007). And in
order to predict the assessment of sustainability for each system of preferences, mod-
eling must accommodate the scope and complexity of natural resource management
(Mendoza and Prabhu, 2006).
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2.1 INTRODUCTION

The participatory approach allows the representation of a broad range of interests
and enables participants to be fully involved in the whole planning process from
its inception to the implementation of the decision and the monitoring process.
All participants acquire and share information, and this becomes a key feature
of the process (Moote et al., 1997). Within the scope of sustainable forest man-
agement, traditional methods such as surveying and sampling (plots, trees) are
supplemented by spatial information (mapping). Sampling techniques, geographic
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information systems (GISs), and remote sensing are thus essential tools for col-
lecting, generating, and integrating personal perceptions and the environmental,
economic, and social data required in the planning and decision-making process
(Pfeiffer et al., 2008).

This approach, integrating geospatial tools and methods designed to represent
people’s spatial knowledge using physical or virtual media to help in the learning,
discussion, and exchange of information, is known as “public participation GIS”
(PPGIS) in the analysis and decision-making process (Bernard et al., 2011).

2.1.1 CHAPTER CONTENT

This chapter is divided into four main sections. Section 2.2 describes the classic
techniques for sampling static populations (i.e., sampling by means of surveys,
plots, or trees). Sections 2.3, 2.4 and 2.5 discuss information technologies (IT) such
as GIS and remote sensing. Specifically, Section 2.3 examines the main algorithms
for spatial interpolation of data. Section 2.4 reviews the concept of PPGIS, and
Section 2.5 explores the foundations of remote sensing and its potentialities for
capturing and generating spatial information. This section pays special attention
to object-based image classifications and light detection and ranging (LiDAR) data
and their applications in forest management. Finally, Section 2.6 presents and dis-
cusses three applications of these geospatial tools, namely, (i) object-oriented clas-
sification approach for mapping habitats, (ii) forest structure characterization maps
using LiDAR data and expert opinion, and (iii) current issues in the LiDAR area-
based approach (ABA): co-registration error, accuracy of predictions, and modeling
diametric distributions.

2.2 CLASSIC SAMPLING TECHNIQUES IN STATIC POPULATIONS

Forest inventory may be defined as the technique of collection, analysis, presenta-
tion, and interpretation of forest data. Since the size of the populations is very high,
data are obtained through different sampling techniques. Sampling can be defined
as the procedure used to choose a representative subset of individuals from a popula-
tion. This information enables the population and the decision-making process to be
characterized. There are three main types of sampling:

Probabilistic sampling is when the probability of every element to be chosen is
previously known.

Intentional non-probabilistic sampling (or purposive sampling) is a type of non-
probability sampling in which the researcher consciously selects specific elements
or subjects for inclusion in a study. The objective of this method is to ensure that the
elements will have certain characteristics that are relevant to the study.

Finally, accidental sampling is a type of non-probability sampling in which the
population selected is easily accessible to the researcher; available subjects are sim-
ply entered into the study without any attempt at randomization.

In forestry, the sampling elements are usually trees or plots of different shapes
and sizes. It is frequently necessary to carry out a prior pilot sampling to determine
the variability of the data in order to select the best plot size.
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The most commonly estimated population parameters are population mean, pop-
ulation total, proportion of population elements that possess a certain qualitative
characteristic, and sample variance.

There are various types of sampling methods according to the characteristics of the
population and the information available on the variables that have a wide application
in forestry. The sampling error and the size of the sample will depend on the method
chosen. These methods differ if the probability of choosing the elements of a popula-
tion is the same or not and if the sampling involves the replacement of the elements.
These most commonly applied methods are the following:

e Simple random sampling: Every element of the population has the same
probability of being chosen. Therefore, all the samples of size n that can be
chosen in a population have the same probability of being selected.

» Stratified random sampling: This method is applied when the population
can be split into various subpopulations or strata that are more homoge-
neous than the population as a whole. Each stratum is sampled.

e Ratio and regression sampling.

e Double sampling, also known as double sampling with regression or ratio
estimator, is a type of forest sampling in which the auxiliary variable is the
same as the primary variable measured in a previous period.

¢ Probability sampling methods. In forest inventories, it is common to apply a
method in which the probability of choosing each element of the population
changes. This probability assigned to each element is often proportional to
the size of some characteristic of the element. This is the reason they are
known as probability proportional to size (PPS).

2.2.1  SimprLE RANDOM SAMPLING

In this method, the sampling elements are selected as an independent random sample
from the population. Each element of the population has the same probability of
being selected. Likewise, each combination of n sampling elements has the same
probability of being eventually selected.

The advantages of this type of sampling are its simple design and its clearly
known estimators.

The main disadvantages are the difficulties in allocating the sampling elements in
the field; if the populations are heterogeneous, the sampling errors are high, and the
whole population may not be represented in the sample.

Some drawbacks can be avoided by applying systematic sampling methods; these
are applied when the elements of the population can be ordered in a list or on the
terrain, and the variable is uniformly distributed throughout the whole population.

In this case, the first element of the sample is drawn from among the first k
elements of the population when they are listed. The next elements of the sample are
chosen from every k elements.

The advantage of this type of sampling is that the selection process is very easy;
the drawback is that all the possible samples need to be known in order to calculate
the errors of the estimators, which is often impossible.
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TABLE 2.1
Population Parameters and Estimators in Simple Random Sampling
Parameter Population Value Sample-Based Estimator
N
DI
Mean p="=1=
N 2
SD o=1=" bw)
- N

Standard error (without replacement _[N-n o _[N-n s,

or from a finite population) Ox= N—-1 ﬁ Sz= N-1 Jn
Standard error (with replacement or _o St

. . . xT Sz =
from an infinite population) n \/Z

where
N is the population size
n is the sample size
X, is the observed value of the ith sampling element

They are used in forest inventories when the sampling elements are plots
distributed like a grid or in equidistant strips in the field.
The main estimators of simple random sampling method are shown in Table 2.1.

2.2.1.1 Estimation of the Population Total

The total amount of a population total (T) can be useful in forestry, for example, when
values such as the total volume of the timber in the forest have to be estimated.
This estimator is obtained from the sampling mean:

A=Nx Q.1

The expressions of the standard error and deviation are the same as for the mean but
multiplied by N.

2.2.1.2 Estimator of the Population Proportion

When estimating the proportion of individuals or elements in a population that have
a specific characteristic, the best estimator of the population parameter is

fi=x=p=" 2.2)
n

where a is the number of elements in the sample with the target characteristic.

The standard error is
rq n
G,=,|—|1-— 2.3
r \/ n( N) @3)
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2.2.1.3 Sampling Error

The sampling error, e, shows the accuracy of the estimator. It is computed from the
probability:

P[IT-81<e]=1-a (2.4)

where
T is any sampling estimator
6 the population parameter to be estimated

According to Chebyshev’s theorem, this probability depends on the variance of the
estimator and on its probability distribution.

If the estimator follows the normal distribution or is unbiased and the size of the
sample is greater than 30, the confidence interval of the population parameter will be

0+ 2,24/ V(0) 2.5)

The estimation error (¢) cannot usually be calculated with the previous expression as
the population variance is unknown.
Applying the estimator of the variance, the approximate value of the error is

€=Zon2y ‘A/(é) 2.6)

When the estimator does not have a normal distribution, it is computed from Markov’s
inequality that the limit error of the sampling with a confidence level of 1-0.% is

e=(1/0)V(8) 27

So its general expression is

e=dyV(0) (2.8)

where d has a different value depending on the probability distribution of the estima-
tor or if it is unknown.
The expression of the relative error can be also obtained from this expression as

e, =100 2.9)
X

2.2.1.4 Size of the Sample

The size of the sample will depend on the value of the error e and on the cost of the
sampling.
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Size of the sample for the estimation of the population mean
The estimation of the size of the sample can be obtained from the expression
of the standard error of the mean:

_ 2
F=a? N5 2.10)
N n
So, without a replacement sampling, we obtain
2
_ (ds/ez) _ M @.11)
1+(dsle) (UN) 1+no/N
where
2
Ny = (ds) (2.12)
e

The value of d is initially chosen as 1.96=2 (value of the normal
distribution for a confidence of 95%). If in case the sample value is less
than 30, it must be recalculated, obtaining d from the t-Student distribu-
tion with n” — 1 degrees of freedom, where n” is the sample size obtained
from expression (2.11).

Another way to calculate this size is using the relative error:

o~ 2
o =(Cv(x)dJ 2.13)

ér
where
a)(x)=%100 (2.14)
Size of the sample for the estimation of the population total

The process is the same as explained earlier:

e NW=n) (2.15)
n

From the previous expression, the value of n is

N2n0
n=
1+n0N

2.16)
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* Size of the sample for the estimation of the population proportion
In this case, the expression of the size of the sample is

Ny
S E— 2.17
"1 (m-1)/N @17
where n,, is
2
d
no:(g) Pq (2.18)

2.2.2  STRATIFIED SAMPLING

Stratified sampling is a procedure applied when the population is subdivided into
separate and more homogeneous subpopulations. The total sample is formed by the
stratum subsamples. These subsamples are obtained by independent sampling stud-
ies in each stratum. Stratified sampling is efficient especially in those cases where
the variability inside the strata is low and the difference of means between the strata
is large (Akca, 2001).

These strata must fulfill the condition of nonoverlapping strata (de Vries, 1986),
and each one of the strata must have sufficient observations. The main advantages of
this method are that subpopulations can be studied separately and the estimations of
the population parameters are more accurate.

The criteria used to choose the strata, their number, and the type of sampling
inside each one all depend on the specific objectives of the study. In general, simple
random sampling is the method most usually applied in the strata, although the sys-
tematic method is also widely used in environmental and forest studies.

The stratification criteria can be related to geographic criteria such as ecozones,
forest structure, and topographical conditions or to other criteria associated to forest
management such as tree sociological classes, age classes, and species. The main
population parameters and their estimators are shown in Table 2.2.

The variance of this estimator for a simple random sampling inside every stratum is

L L
~ ~ N, — 2
V% |= ZWhZV(Tch)= ZW;? (”"h)s’ (2.20)
N, ny,
h=1 h=1
The estimator of the population total is

%est = N)T:est (221)
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TABLE 2.2
Population Parameters and Estimators in Stratified Sampling
Parameter Population Value Sample-Based Estimator
N nh
Stratum mean w, == X, ==
Ny

Nj 2
. 2 (Xih —Ha )
Stratum variance  O;, = —_—

L L
h ]Nhuh 2 i IN/@: L
Mean == Xpy = m—— = ZW X
H N Xest N X
h=1
L L 2 L L _ 2
) 2 N,o} 2 Ny (s —p) NSy Z N, (%, - %)
Varlaﬂce 62 - h=1 + h=1 S2 = h=1 + h=1
N N N N

where
N is the size of the population

L
N= zN” 2.19)
h=1

L is the total number of strata in the population

N, the population size of the Ath stratum

X;, is the value of the variable for the ith element in strata /

n is the size of the sample and n,, the size of the sample in stratum &
W, is N,/N

whose variance, for independent samples, is
V[t =NV [0 ]+ NV %]+ + NV [, ] (2.22)

The estimation of a population proportion is
n 1 N
Pe= D Nib 223

where p, is the proportion in stratum k.
For independent samples, the variance of the estimator is

L
V [pea]= D WiV (i) (224)
h=1
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This expression, when the sampling method in every stratum is the simple random
method, is

Pudhn
» E /2% E W2 2.25
P r h h ( N, -1 J n, ( )

If the proportions are unknown, their estimators should be used in the previous
expression.

2.2.2.1 Error of Estimates

The standard errors are the typical deviations of the estimators.

With regard to the sampling errors for this type of sampling, the central limit
theorem can be applied only if in every stratum n, > 30, then d=z,, or d’=1/u;
Markov’s theorem must be applied in all other cases.

The sampling error for the mean is

e=d\V[%.] (2.26)

The sampling error for the population proportion is

e=d\V [ Pe] (2.27)

The sampling error for the population total is

e=d, /\7[%65,] (2.28)

2.2.2.2 Size of the Sample

In this type of sampling, the variances of the estimators depend on the size of the
sample in the stratum, so it is necessary to establish a relationship between stratum
size and total size of the sample, n.

If n,=w,n, for h=1,2,...,L, n can be related to error, e, as

2
—nwy Sp
Xy |=d W 2.29
EME \/ > W, ( anh (2.29)
but w, must be previously allocated, so

Z ’ (ng /Wh ) Si%
_ h=1 .
(Ne/d)2 + Zh:lNhs,f

(2.30)
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For the population total, the sample size is

3 (N

n= ) 7 (2.31)
(e/d) + N,s}

h=1

Finally, for the population proportion,

Z: (Nh/wh)phq11

N€/d z NhPhCIn

(2.32)

The total size of the sample must be assigned to the different strata. This process is
the allocation of the sample. We can distinguish the following:
Uniform allocation: In this case, the expression of the parameter w,, is

1 n
Wy=— > n=— 2.33
W= = (2.33)
Proportional allocation:
whzﬂﬁnhzn& (2.34)
N N

Optimum allocation: In this case, either the variance or the sampling costs are mini-
mized. When the cost is previously fixed, the total size of the sample is

(C—CO)ZL NS, NG,

ne 2.35)

Nhsh@

h=

Considering that the cost function is

L
C=cy+ Zc,,n,, (2.36)

where
C, is the fixed costs



64 Quantitative Techniques in Participatory Forest Management

C, the sampling costs in stratum #, then the size of the sample in each stratum is

o NSw/NCh S/ Cu (2.37)

n,=n I
2h=lNhSh/\/C7h

When the sampling error is previously fixed, the expression of the size of the sample
in each stratum is the same as in the case when the costs are fixed. The expression
of the size of the sample is

L L
L Nh 2
V+2hzlﬁs”/N

(2.38)

n=

2.2.3 RaT1IO ESTIMATORS

Indirect methods of estimation may allow better results than the methods explained
earlier when the value of the target variable is known (or suspected) to be highly cor-
related to another variable (called co-variable). The sampling error and the cost may
decrease applying these methods.

The co-variable may be

* Information from the same population at different dates. In this case, the
co-variable is the target variable measured before.
* Ahighly correlated variable that is easier to measure than the target variable.

The ratio estimator does not introduce a new sampling technique, but it incorporates
new elements: two variables have to be measured now, and the ratio estimator inte-
grates the co-variable into the estimator.

2.2.3.1 Estimators

The ratio R is the relation between the target variable and the co-variable, for exam-
ple, number of trees per hectare. From this, the total of the target variable can be
estimated.

The population ratio is

r=Hr (2.39)
Ux

where
Uy is the population mean of the target variable
Ly is the population mean of the co-variable
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The estimator of the ratio is

r=2 (2.40)
x
And the estimated variance of the estimated ratio r is
yl l
var(r)= N-nll z 2.41)

N nui

2.2.4 REGRESSION ESTIMATOR

The regression estimator explicitly establishes a simple linear regression between
target variable and co-variable. The mean of the target variable from the sample can
be estimated as

yrl = y + bO (ux - f) (242)

where
b, is the estimated regression coefficient
U, is the population mean of the co-variable that must be known

The estimated variance of the estimated mean is (Cochran, 1977)

V()= %%(5& 25,8, +biS?) (2.43)

where b, =S, / S} is the population regression coefficient.
When the population parameters are unknown, they must be estimated using the
sampling data.

2.2.5 DOUBLE SAMPLING

The aim of this sampling method is to determine as precisely as possible the popu-
lation parameters of the co-variable X necessary for the ratio and the regression
estimators.

The data collect is in two phases:

In the first phase, a sample of size n” is taken to estimate the mean or total of the
co-variable X. The sample taken is usually large because measurement of X is cheap,
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fast, and easy. This sample provides accurate estimators of |, with simple random

estimators:
I izl (2.44)

n
D, i=x
=t (2.45)
. o
—,)_si N=n 2.46
v(x == (2.46)

In the second phase, a sample is selected on which both the target variable and co-
variable are observed. Now the size of the sample n is much smaller than in the first
phase. The estimators are

i
y=2=ti=L_ 2.47)
n
n n 2
-]
s2= = = (2.48)
’ n—1
P
x= i=l (2.49)
n
n n 2
Y (X
2= = (2.50)
n—1
S o (S ()
5. = i=1 i=1 i=1 (251)
v n—1
For the ratio estimator, the mean of the target variable is estimated as
Rop=2 2.52)
x

Vop=Ry_px’ (2.53)
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with an estimated variance of the estimated mean of

S%H _ s)z, + IAQZZ_Psﬁ - 21%2_Psxy N —IA€22_PS§ +,21A€2_,)s),_v _si, 2.54)
n n N
Finally, for the regression estimators,
sX
b=—"7 (2.55)
S)C
ooy =y—b(x—?) (2.56)

B 22 /2 2
S5 =(” 1)(S>' S*y/s*](1+1—1,)+(b”",] (2.57)
v n—-2 n n n n

2.2.6  SAMPLING WITH UNEQUAL SELECTION PROBABILITIES

We would like to highlight from among these methods the sampling method with a
selection PPS and the 3P sampling method.

2.2.6.1 PPS Sampling

The requirements of this method are that the selection probabilities must be defined
for each and every element of the population before sampling and none of the popu-
lation elements must have a selection probability of 0.

Various sampling strategies of importance for forest inventory are based on the
principle of unequal selection probabilities, such as Bitterlich sampling developed by
Walter Bitterlich (1948). The main idea is to assign a higher probability of selection
to the larger trees, of which there are usually fewer in a stand.

In the Bitterlich sampling method, from a selected sample point, the neighboring
trees are selected strictly proportional to their basal area. It is necessary to have a
device that produces a defined opening angle, such as a relascope. While standing
at the sample point and aiming the relascope at the DBHs of the surrounding trees,
and sweeping around 360° all the trees that appear larger than the angle are counted.
See Figure 2.1.

Clearly the larger trees have a greater probability of being chosen as a sample
tree. From this count alone, an estimate of basal area per hectare is obtained.

The only additional information required is the “calibration factor” of the mea-
surement device, as obviously the number of trees counted depends on the opening
angle produced by the instrument.

If S is the area, the probability of selection of a tree 7, with a basal area of g,, mea-
sured with a device with a specific constant C, is

1

pog L 258
89500C2s (2.58)



68 Quantitative Techniques in Participatory Forest Management

Tree in the sample

Tree in the sample

Tree outside the sample

FIGURE 2.1 Bitterlich sampling method.

2.2.6.2 3P Sampling

The operation of this method is as follows (see Rondeux (2010) for more information):
First, the size of the sample is selected:

(2.59)

where
e, is the relative error
t is the value of the t-Student distribution
CV is the coefficient of variation
N is the total number of trees in the set

Second, an a priori estimation is made of the total volume V, of the trees in the set.
Third, the parameter Z is calculated such that the minimum number of trees n is
obtained from

2
n+2[n—n]zve (2.60)
N| z

Fourth, for every tree in the set, its volume x; is estimated, and a number between
0 and Z is randomly obtained. If the number obtained is less than or equal to x;, the
volume of the tree is more accurately measured, y,.
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Therefore, the number of trees selected, in terms of probability, is

N
P, =L ¢ 2.61
- z (26

i

As a result, the estimated value of the total volume of the N trees in a lot, when the
size of the sample is 7, is

A~z (2.62)

N
Vi =ixl- Zi:};Yi/Xi

i=1

2.3 ESTIMATION OF SPATIAL DATA IN GIS

According to Burrough and McDonnell (1998), GISs comprise a powerful set of
tools for collecting, storing, retrieving at will, transforming, and displaying spatial
data from the real world.

The most common approaches used to represent the location of geographic objects
are raster (grid cell) and vector (polygon) formats. In raster format, the location is
defined by the row and column position of the cells the object occupies. The value
stored for each cell indicates the type of object or condition that is found at that loca-
tion over the entire cell. In the vector format, the feature boundaries of the objects
are converted to straight-sided polygons that approximate the original regions. These
polygons are encoded by determining the coordinates of their vertices, called nodes,
which can be connected to form arcs (Lillesand et al., 2008).

A common question when using GIS arises when the user needs spatially con-
tinuous information on one variable, but there is only a limited set of measurements
available for it, for example, to generate a digital elevation model (DEM) from GPS
measurements, traverse surveys, or LIDAR data. This is also the problem we encoun-
ter when we need to create weather forecast maps or maps of climatic variables.
Another common situation occurs when a map indicating the concentration of a
pollutant in a specific area is needed. It is impossible to measure the concentration
of this substance at every point in the area of interest, and only a limited number
of measurements are taken. It is then necessary to create a map from these mea-
surements. The aforementioned are three typical examples, but this same problem
appears whenever a set of measurements are collected on the variables of interest
over a discrete set of points, and the gaps between these points must be “filled”
with the estimated values of the variable of interest, and no auxiliary information
is available for the whole study area. If only the measurements and their positions
are known, then there are a wide variety of methods for estimating or interpolating
a variable at a point in the space where no measurement exists. We shall illustrate
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the interpolation problem with the following example (this is an artificial example
generated simply to illustrate the interpolation).

Mean annual temperatures were measured at 200 randomly selected locations
of a forest area. First, it is necessary to obtain a map of mean annual temperatures
in the area of interest. This map should provide the mean temperature for any point
in the study area; however, as these measurements are discrete, it is necessary to
estimate the mean annual temperature in the gaps between the measured points. To
estimate the temperature in the gaps, we need to use an algorithm. To illustrate this
problem, we will use the simplest algorithm for interpolation. The estimated tem-
perature at a gap point will be the temperature of the closest measured point. This
interpolation is known as nearest neighbor (NN) interpolation, Voronoi or Thiessen
polygon map. This method was very popular in the past, when computing power was
limited and the cartography was managed in paper format. In Figure 2.2a, we can
observe the temperatures measured. In Figure 2.2b, every point in the area of interest
was assigned the temperature of the closest measured point.

Each point can be characterized by three variables; two describe its position
(x- and y-coordinates), and one is the variable of interest (v). At those points for
which we have measurements, we know the values of these three variables. For other
points in the space, we can only know their x- and y-coordinates and the value of v
must be estimated. The method for estimating v will need the coordinates x, y and
the value v of the variable at the measured points as input data. These methods are
usually classified based on two alternative criteria.

If it is based on the estimated value at the measured points

* Exact methods: A method is exact if the estimated value at a point where a
measurement exists equals the measured value.

e Non-exact methods: A method is non-exact if the estimated value at a point
where a measurement exists may be different from the measured value.
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FIGURE 2.2 (See color insert.) Voronoi or Thiessen interpolation algorithm. (a) Measured

temperatures; (b) Voronoi cells.
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TABLE 2.3
Classification of Interpolation Algorithms

Estimated Value at the Measurement Points

Equals the Measured Different to the Measured
Value (Exact Methods)  Value (Non-Exact Methods)

For each point ~ Only one value of the TIN, splines, IDW, NN, Polynomial interpolation
of the space, variable of interest or Voronoi cells
we have... (deterministic)
A random variable Kriging —
(stochastic)

This terminology can be misleading. The terms exact and non-exact do not refer to
the accuracy of the resulting estimates; they only indicate whether or not the area
created by a particular method has to contain the measurement points.

Another important classification is commonly used. This alternative classification
groups the interpolation methods based on how the variable of interest is interpreted.

* Deterministic methods: Deterministic methods are those in which one and
only one value of the variable of interest is linked to every point in the
space.

e Stochastic methods: Stochastic methods are those in which a random vari-
able is linked to each point. The values observed are realizations of these
random variables. These methods are based on a study of the spatial cor-
relation. The spatial correlation is modeled, and then the model is used to
generate predictions. The prediction at one point is the most likely value
for the corresponding location, once we know the realized values at the
measured points.

These two classifications are complementary. We will use this second classification
as the main criteria to organize this section. Table 2.3 shows how different methods
are classified according to these criteria.

2.3.1  DETERMINISTIC METHODS TO ESTIMATE SPATIAL DATA

Deterministic methods are those in which the variable of interest takes only one
value at every point. The variable is not conceived as random. In this category, we
find the following methods.

2.3.1.1 Thiessen Polygons or Voronoi Cells

As explained, this is probably the oldest interpolation method. It consists of deter-
mining the area of influence of each measured point and assigning to each area the
value of the corresponding measurement. Each cell or area of influence groups the
points in the space that are closer to it than to any other measured point. The method
is exact and the area generated is discontinuous. Discontinuities are at the edges of
the cells.
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2.3.1.2 Triangulations

If we define triangles by linking the centers of three adjacent Voronoi cells, we
obtain a Delaunay triangulated irregular network (TIN) (Figure 2.3). In a Delaunay
TIN, each triangle defines the area in which any point is closer to one of the three tri-
angle vertices than to any other measured point. This is not the only way of defining
a network of triangles from the measured points, but it is optimal in the sense that
three points for which we know x, y, and v define a plane in a 3D space X, Y, V. The
vertices in a TIN are the measured points, but there are multiple combinations to
link the points and create a network of triangles. When using TINs to estimate the
value of v at a query point, we first locate the triangle that contains this point, then
the estimated value is the height of the point on the 3D triangle. This method is exact
and the surface produced is continuous, but not smooth. The slope changes at the
edges of the triangles. This method is commonly used to interpolate digital terrain
models (DTM).

2.3.1.3 Polynomial Interpolation

The estimated value at a new point is a polynomial function of grade n of the
coordinates x and y. The polynomial function is the same for the whole area of
interest. We obtain a smooth surface and the estimate at a point is the height of this
surface. The coefficients of the polynomial are obtained by least squares. The order

Mean annual Mean annual
temperature (°C) \ 4 temperature (°C)

2
7-1322
3-13.8
| 9-15.3
y T 1

FIGURE 2.3 (See color insert.) Delaunay TIN. (a) Algorithm and (b) triangles obtained
after interpolation.
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FIGURE 2.4 Polynomial interpolation.

of the polynomial controls the curvature of the surface. This interpolation technique
is used to obtain general geographic patterns of change in a variable, so it is not
advisable to use a large polynomial order—higher than 2 or 3—otherwise general
patterns can be hidden. This is a non-exact method, and the surface generated is con-
tinuous and smooth. In Figure 2.4, we can see a hot area in the south. In general, the
temperature decreases when moving away from this area. The temperature change is
stronger when we move east or west than when we move north.

2.3.1.4 Inverse Distance Weighted

The estimated value at a query point is the weighted average of the measured points
that are relatively close to the query location. The number of neighboring points
that are considered to compute the weighted average is determined by establishing
either a maximum number of measures to be averaged, a maximum distance in
which to search for measures, or a combination of both conditions. The estimated
value for a query point is the weighted average of the selected neighbors. The
weighting factor w; , attached to a neighbor j decreases when the distance from this
point to the query point g d; , increases. The function f that controls the weight is a
negative power of d, ;:

fd;g)=K*(d;y) 2.63)

The exponent a is called power parameter and K is a normalizing constant.

If power parameter a is smaller than 2, the interpolated surface is dominated
by the influence of distant points. The larger the power parameter, the stronger the
influence of the closest point in the interpolated value. If the power parameter takes
a very high value, the interpolated surface becomes similar to the Voronoi cells. The
method is exact and the interpolated surface is smooth. Figure 2.5 shows how the
importance of the neighboring points increases for larger power parameters.
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FIGURE 2.5 (See color insert.) Inverse distance weighted (IDW) algorithm with increasing
values for power parameter a.

2.3.2  StOoCHASTIC METHODS TO ESTIMATE SPATIAL DATA

Stochastic methods differ from the previous methods with regard to how the vari-
able of interest is understood. In these methods, a random variable is linked to
every point in the space. The phenomenon studied is seen as a stochastic process
or random field. A stochastic process is a set of indexed random variables.
In geographic applications, each variable is indexed by its coordinates. These vari-
ables are called regionalized variables. Each random variable has a probability
distribution. The variables linked to a set of n points have a joint n-dimensional
probability distribution.

A key concept when dealing with these methods is that the random variables of
different points in the space can be correlated. This correlation can be expected to
be strong for points that are close and weak for points separated by a great distance.
Stochastic methods involve studying this spatial correlation and how it changes.
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It is also important to keep in mind that the variable of interest is treated as a ran-
dom variable. When generating predictions for one point, we predict an outcome
for this variable, and some uncertainty will remain. If we look at two points, we
will have two random variables. These two random variables will have a joint
probability distribution. Let us imagine that we are interested in two points. We
observe the outcome of the variable at one of both points and then guess what the
outcome of the variable would be at the other point. If the points are “close,” both
variables will be strongly correlated, and if we know the outcome of the variable at
one point, the uncertainty as to the outcome of the other variable will be reduced.
If both points are not “close,” the correlation between the variables of interest
will be weak or even null. Then the knowledge of the outcome of the variable at
one point provides no information about the possible outcome of the other vari-
able. This example illustrates the role of spatial correlation when we use stochastic
methods. Our predictions for locations for which the variable of interest has not
been measured will be based on the outcome of the variable of interest that has
been measured and on the correlation between the variables at the point of interest
and at the query point.

Example 2.1

Let us imagine that we are in the center of a room. The temperature in this room
remains approximately constant at 18°C, except for a small variation at each point.
We guess what the temperature would be at three points (Figure 2.6), a (left point),
b (middle point), and c (right point), located at a distance of 4, 2, and 6 m, respec-
tively, from the center. For now we only know that for every point in the room, the
marginal distribution of the temperature follows a normal distribution with a mean
of 18°C and a standard deviation (SD) of 1°C.

Room temperatures Marginal distribution of temperature
6 22 A
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20
= b
g/ 2 Q. 8
2 2
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=} -
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; C
-6 1 i 14 4
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-6 -4 -2 0 2 4 6 0 1 2 3 4 5 6 7
(a) X coordinate (m) (b) Distance

FIGURE 2.6 (a) Points at different temperature inside a room (center, a, b, and c).
(b) Marginal distribution of temperature of the points in a room (center, a, b, and c).
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We also know how the spatial correlation changes. The joint probability distri-
bution of the temperature at two points (p1 and p2) follows a bivariate normal with
means (18.18), and the variance—covariance matrix is

¥yt pro2€) (2.64)
Gzpz PL (d ) 1

1—g if d<é6
where 6%, (d)=06%21(d)= 6 being d the distance between

0 othemw ise

p1 and p2 (Figure 2.7)

Based on this, we can find the joint distribution of the temperature in the center
and at point a, the center and point b, and the center and point c. However, if we
do not know the outcome of the temperature in the room center, we can only
base our guess as to the temperature at a, b, or ¢ on their marginal distributions
(Figure 2.8).

However, once we have observed that the actual temperature in the center of the
room is 20°C, we can estimate the temperatures at a, b, and c using their conditional
distributions p(t,lt..,.,=20), p(t,lt......=20), and p(z.lt,,,..=20).

As we can see (Figure 2.9), the conditional distributions p(tlz,,,,,=20),
p(lt....,=20) are different from the marginal distributions that we would have
used to make our guesses if we had not observed the temperature in the center.
The expected values are different, and the variances of these distributions are also
smaller than the variances of the marginals. This occurs because the temperatures of
points separated by 2 or 4 m are correlated. The correlation becomes smaller as the
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FIGURE 2.7 Covariance function for the temperature in the room.
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FIGURE 2.8 Joint probability distribution of the temperature at the room center and point
a (left), point b (middle), and point ¢ (right). Marginal distribution of the temperature in the
room center (left border) and at points a, b, and ¢ (lower border).

distance increases, and this is why the variance of p(,lt,,,,.,=20) is larger than the
variance of p(t,|t =20). When the distance is 6 m, the correlation becomes 0 and
that is why p(tI?.,,,..=20) equals the marginal p(z,). This means that if we measure
the temperature at one point, we obtain no information about the temperature at
points located at distances of equal or greater than 6 m (Figure 2.9).

Although this example is not a real case, it illustrates the basics of stochastic
interpolation methods. When using these methods, we based our inferences of the
value at a given point on both the observed values at the measurement points and

the spatial correlation. Another property of these methods is that they provide a

center
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FIGURE 2.9 Solid lines: joint and marginal probability distributions of the temperature in
the room center and a (left), room center and b (middle), and room center and c (right). Dashed
lines: conditional probability distributions of the temperatures at a, b, and c if the temperature
at the plot center is 20°C.

measure of reliability of the predictions. In real applications, we know neither the
shape of the distributions nor how the correlation changes, and we need to model
them from our measurements.

2.3.2.1 Characterization of the Stochastic Process

Example 2.1 described the basic stochastic interpolation with an artificial example
in which the mean and spatial correlations were known beforehand. This is not the
case in real applications, and for this reason, the stochastic process must be analyzed
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and modeled prior to estimation using the observations. Further predictions at query
points will be based on the model fitted. As predictions are based on a model, an
incorrect specification of this model will result in invalid predictions. Certain prop-
erties of a stochastic process are interesting from the modeling perspective: these
properties are stationarity and isotropy. When a process is stationary and isotropous,
it is easier to model.

2.3.2.2 Stationarity

A stochastic process is called stationary if for any set of points (x;,x,,...x,) being
n >= 1, the joint probability distribution function, or the probability distribution
function if n=1, is invariant under translations.

This means that at every point in the area of interest, the distribution of the stud-
ied variable is always the same; that is, the joint distribution of the variables linked to
a set of points f(Z(x,), Z(x,),... Z(x,)) is equal to the joint distribution of the variables
at f(Z(x,+h), Z(x,+h),... Z(x,+h)), where h is any displacement vector. This is a very
restrictive property and can be relaxed. Best linear unbiased predictors (BLUPs) are
only based on means and covariances. Stationarity can be required only for these
properties. Stochastic processes in which mean and covariance are stationary are
known as second-order stationary processes.

A stochastic process is called second-order stationary if

1. E(Z(x))= m exists and does not depend on the location x.
2. Cov(Z(x,), Z(x,))= Cov(Z(x,+h), Z(x,+h))

Covariance is invariant under translations, which implies that it is the only function
of the vector v=x; — x;. The function C(v) provides the covariance for points sepa-
rated by a vector v. C(0) is the variance.

An important relation in stationary processes is that

C(xa —x,,)=Cov(Z(xa),Z(xb))

:E((Z(xa)— m)(Z(x,,) - m)):E(Z()CQ)Z()C,,))—m2 (2.65)

E(Z(x,)Z(x,)) is invariant under translations because both m? and Cov(Z(x,),Z(x,)) are
stationary. This relation will be used in the derivation of the kriging equations.

Second-order stationarity only requires the mean and the covariance to remain
invariant. Only these moments need to be constant, not the whole probability distri-
bution function. We will limit this section to second-order stationary processes (see
Bivand et al. (2008) for an extended review of geostatistical methods and practical
examples with R).

Another function closely related to the covariance function in second-order
stationary processes and used to describe a stochastic process is the semivariogram.
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This function provides the expectation of the square of the difference in the variable
for two points divided by 2:

y(xu—x,,)z%E((Z(xa)—Z(xh))z) (2.66)

The semivariogram does not depend on the mean m of the variable. This is an
important issue because in practical applications, the mean m of the stochastic
process is unknown.

For second-order stationary processes, the variogram can be expressed in terms
of the covariance function:

2.3.2.3 Isotropy

Another important property of a stochastic process is isotropy. A process is isotro-
pous if it is uniform in all directions. A process that changes depending on the direc-
tion is called anisotropous.

For second-order stationary processes, we are interested in changes in the cova-
riance function (v). If the process is isotropous, changes in C(v) will not depend on
the direction of the vector v. Only the modulus of v, which represents the distance
between points, will be important for C(v)=C(Ivl). This property also holds for the
semivariogram y(v) =y(Ivl).

2.3.2.4 Kriging

Kriging is an estimation procedure in which the value of a variable of interest at a point
x is estimated using a weighted average of the observed values. The weight attached
to each observation depends on the spatial correlation. Estimates are linear combina-
tions of the observations, so this method provides linear estimators. Kriging provides
BLUPs. Nonlinear estimators may be better than those provided by kriging, but if the
variables are normally distributed, kriging provides the best possible predictors.

This section deals with only second-order stationary processes. The equations
derived are only valid for these processes. Several alternatives exist to obtain
estimators in other types of stochastic processes (see Bivand et al. (2008) for further
information).

2.3.2.5 Best Linear Unbiased Predictor Derivation

The objective is to predict the value of the variable of interest in x, using a linear
combination of the values observed.
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The prediction Z Z A Z should be unbiased, and the expectation

of the squared estlmatlon error ehould be minimized. If the estimator is unbiased,
the expectation of the squared estimation error is the variance of the error. Assuming
a second-order stationary process in which the spatial correlation is known, we can
obtain the weights A,. The problem can be seen as a constrained minimization of the
error variance. We will seek the weights that minimize the error variance subject to
the condition of providing unbiased predictions.

Then

E(Z(x,))=m=E(Z"(x,)) 2.68)

If the process is stationary for the mean E(Z(x,)) =m for every i,

xq))T:E(lan‘k,-Z( ] ZKE me mZx (2.69)

This reduces the unbiasedness condition to
E(Z(x,))=m=E(z mZx (2.70)

Canceling m from the previous equations yields

i=1

The objective now turns into finding the linear combination Z Z A Z )

such that E(Z((x,)-Z"(x,)?) is minimum subject to the zero- blas constralnt
7\.1':1

i=1
If the covariance function is known, E((Z(x,) — Z'(x,))*) can be expressed as
follows:

E((2(x)-2 (x)) |- E(2(x) )+ 5 (2 (5] )26 (2 (x,)2(x,)

E((20)-2 () (20 )+ Y 30 (2(0)2(5)

i=1 j=1

Y hE(2(5) (%)
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E((Z(xq)_z* (xq))2)=c(o)+zn{zn(x,.xjc(xi —xj)—227\.iC(xi -x,)

i=1 j=1

i=1

i=1 j=1

E((Z(xq)—z* (xq))z)zc(o)—Ziiliij(xi —xj)ﬂik,-C(xi—xq)

i=1 j=1 i=

Minimizing Equation 2.1 subject to Zn A; =1yields the following system of linear
i=1

equations where the last equation and the parameter [l are introduced in the minimi-
zation of E((Z(x,) — Z'(x,))?) using Lagrange multipliers:

i C(O) C(xl—xz) C(xl—x,,) 1] C(xl—xq)
C(xz—xl) C(O) C(xz—xn) 1| A C(xz—xq)

E E 5 v = : (2.72)
C(x,—x) C(x,—x) ... c(0) L[2 | | Ce(x-x,)
1 1 1 ol n | |

In second-order stationary processes, equations can be expressed in terms of a semi-
variogram instead of using the covariance function:

E((Z(xq)_z* (xq))j:zc(o)-ziik,.xjc(xi —x;)+ iXiC(xi -x,)-C(0)

i=1 j=1

E((z(x)-7 (xq))2)=—227»ii7»jy(x,-—xj)+ii7»,-y(x,-—xq) 27

Solving for (A;,A,,... A,) subject to Zn A; using Lagrange multipliers yields the
i=1

following system of equations:

[ 0 Y(xl_XQ) Y(xl_xn) lﬁ—llﬂ Y(xl_xq)
Y(xz—x1) 0 y(xz—x,,) 1| A Y(xz—xq)
: : : o= : (2.74)
V(v -x) v(n-x) .. 0 ] (2 -x,)
L 1 1 1 0‘_“‘_‘ 1




Inventory Techniques in Participatory Forest Management 83

For second-order stationary processes, the optimal weights can be obtained
using either the covariance function or the semivariogram. Once the

N 2
weights are obtained, the variance of the error E (Z (xq)—Z (xq )) ):
n n
C(O)—Z 7»,~C(x,< —xq)+u:z AY (xi —xq)+p.. This measure of reliability of
i=1 i=1
the estimators is an interesting property of stochastic interpolator methods.

Kriging equations are based on the covariance function or the semivariogram,
although both functions are unknown and must be modeled. The semivariogram
does not depend on the mean—which may be unknown—and this is why it is used
in more applications. Due to this equivalence, we will explain the following steps

in kriging interpolation in terms of semivariograms. Hypotheses of stationarity and
isotropy should also be tested.

2.3.2.6 Empirical Semivariogram
An approximation to y(v) based on the observations is the empirical semivariogram

N(®)

Y (v)= ) (Z(x)-Z(x+v)) 2.75)

i=1

where N(v) is the number of pairs of observations Z(x,), Z(x;) such that x;=x;+v.
It is important to note that the empirical semivariogram depends on the orientation
of v and that we will only have a finite number of observations. A very small—or
even null—number of pairs of observations will be separated by a specific vector
v. For these reasons, the range of modulus and orientations of v is discretized,
and tolerances for both are defined. Then, y(v) is a discontinuous representa-
tion of y(v) and it is constructed using pairs of observations Z(x,), Z(x; such that
X;=x;+vxtolerance.

2.3.2.7 Isotropy Testing

If we restrict the orientation of v, we obtain directional semivariograms. These semi-
variograms provide ¥ for every distance when moving in the considered direction.
For isotropous processes, Y only depends on the modulus of v and not on its orienta-
tion y="y(Ivl). Therefore, directional semivariograms do not change. If the empirical
semivariogram is computed for different directions, its shape should be constant for
isotropous processes. If we hypothesize that a process is isotropous and the shape
of ¥"(v) changes depending on the direction, we should reject our hypothesis. If no
changes are observed, we can assume isotropy. Under this assumption, only ¥ is only
a function of the distance, and then calculate y*(Ivl) using observations separated a
distance vl +tolerance.

2.3.2.8 Semivariogram Modeling

A previous step to perform when using kriging to interpolate the values of a variable
is to obtain a model for the semivariogram from the observations. We will use y*(v)
to obtain an approximation to y(v) and then search for a function that provides a good
representation of the variations observed in y*(v). The following example illustrates
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this process. This is an example in which we know beforehand that the process is
isotropous. For this reason, only y*(Ivl) will be calculated and the model will be fit-
ted for y(Ivl).

Example 2.2

The mean annual temperature has been measured in 200 random locations of
a forest area. We need to obtain a map of this variable and we decide to use
kriging to create the map. Figure 2.10 represents the observations in the area of
interest. Symbols are proportional to the mean annual temperature. Small and
large circles appear everywhere. Small circles are usually surrounded by small
circles and large circles are surrounded by large circles. This is due to the spatial
correlation.

Assuming isotropy and using the field measurements, we computed the empiri-
cal semivariogram. The empirical semivariogram increases until the distance is
close to 0.5 km, when it appears to remain stable (Figure 2.11). If we use kriging to
predict the value of the mean annual temperature in a new location, we need to
know the elements of Equation 2.74. Distances between observations and query
points can take any value, and for this reason, we need a function (a model) that
provides y(|v|) for any distance.

For modeling the pattern observed in ¥'(

v|), we chose the following function:

(2.76)
0 othemw ise

v(v)= {c(l—l.%*{v Y05\ hF) £ M=o

Then, we search for the parameters (c,¢) that best fit ¥'(|v|). Once ¢ and ¢ are
determined, we obtain a model for (|v|). This model (Figure 2.12) is then used to
fill the matrix and the right-hand side vector of Equation 2.74.
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FIGURE 2.10 Mean annual temperature in 200 random locations. Symbols are proportional
to the temperature.
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FIGURE 2.11 Empirical semivariogram for the mean annual temperatures.
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FIGURE 2.12 Semivariogram model. Model fit to the empirical semivariogram for the
mean annual temperatures.

In Example 2.2, we obtained a model that provided an analytical expression for
Y(Ivl). The model used in this example is called a spherical semivariogram model.
This is one of the most commonly used models, but not the only one; there are a
wide variety of semivariogram models. Table 2.4 shows the expression for the most
widely used models.

Interesting properties of a stochastic process can be derived from the semivario-
gram. For second-order stationary processes, Y(Ivl)=C(0)—C(Ivl). An expected prop-
erty for the stochastic process is that C(Ivl) will decrease when Ivl increases. If this
happens, the semivariogram should present an asymptotic increase. The value of
this asymptote is called the Sill (Figure 2.13). The range is the distance at which the
semivariogram reaches the Sill. If the Sill equals C(0), then the range is the distance
Ivl from which C(lvl)=0. In these cases, the observation of the variable of interest at
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TABLE 2.4

Theoretical Semivariogram Models

Pure nugget effect (‘ D { if M:
6 otherwise

Spherical semivariogram model

y(i)= o 15*{ ] 05[@] it V2o

G otherwise

Exponential semivariogram model  y(Ivl)=c(1 — e 3h/p))
Gaussian semivariogram model (‘ ‘) (1 S /‘p>z)
v —e

Combination of models

Nugget effect and spherical 0 if M -0

semivariogram model 5
y(M): 6,+(c-0,) 1.5*[VJ—0.5(V) it 0<pyz¢
¢ ¢

G otherwise

Nugget effect and exponential if M -0
semivariogram model 00 ]
G,+(c—-0, ) ) otherwise
Nugget effect and Gaussian if M -0
semivariogram model )
6,+(c-0, ) 3W “’).) otherwise

Sill

Semivariogram

: :)Nugget effect\ .
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Distance

FIGURE 2.13 Semivariogram properties.
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one point would provide no information about the possible outcome at another point
separated by a distance greater than Ivl.

The semivariogram must be 0 for IvI=0. When the empirical semivariogram is
significantly different from O for small distances, we see an effect called the nugget
effect. If two points were very close, the covariance would tend to equal C(0). This
would mean that knowing the outcome of one would determine the outcome of the
other without any uncertainty. There may be a limitation on the uncertainty reduc-
tion for very close measurements, and this limitation is considered by the nugget
effect. On the other hand, in a stochastic process with the following pure nugget-
effect semivariogram

0 if =0
_ 2.
Y(M) {G =C(0) otherwise e

the observation of the variable of interest at one point does not provide any informa-
tion about the possible outcome at any other point. This is a special case of a process
without spatial correlation.

2.4 PUBLIC PARTICIPATION GIS

PPGIS was conceived in 1996 at the meeting of the National Center for Geographic
Information and Analysis (NCGIA). However, the formal definition of PPGIS
remains nebulous (Tulloch, 2007), and in literature, the terms PPGIS and “participa-
tion GIS” (PGIS) are often used interchangeably, although significant differences
can be found between them.

According to Brown and Weber (2011), the term PPGIS emerged in developed
countries as an intersection of public participatory planning and information tech-
nologies, while PGIS is often used to describe the result of a spontaneous merger of
participatory development (i.e., participatory learning and action (PLA) methods)
with geographic information technologies.

PPGIS combines the practice of GIS and mapping at local levels to produce
knowledge of place; it is therefore conceived as a tool that allows the merger of
geospatial and socioeconomic data. In short, it is a way of communicating findings
between different stakeholders, initiates learning processes, and identifies key areas
of interventions.

In contrast, PGIS is often used to describe participatory planning/development
approaches in rural areas of developing countries (Brown and Weber, 2011). PGIS
originated in mental maps that give insights into locally constructed positive or
negative connotations of space, important landmarks, or the perceived size of the
geographic areas covered. The use of participatory mental maps began in the late
1980s in order to elicit indigenous knowledge at a time when interaction between
communities and policy makers was scarce. This changed in the 1990s with the
introduction of GIS.

Based on the specific case studies in Brown and Weber (2011) and Bernard et al.
(2011), we propose and describe the main phases for the implementation of PPGIS
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FIGURE 2.14 Phases in a PGIS project.

and PGIS projects. In the case of a PGIS system process (Figure 2.14), the main
phases can be summarized as follows:

Phase 1: In this stage, local people are invited to attend the mapping activities in
the villages.

Phase 2: The population is trained in the basic concepts of the project, cartogra-
phy and remote sensing.

Phase 3: Location of reference points such as rivers, isolated houses, plantations,
communities, and hunting areas. In this phase, the local people show the project
managers the reference points in the field for their location in the cartography
information.

Phase 4: Characterization of the reference points. Qualitative information is
also gathered on the reference points, such as economic, descriptive, or social
information.

Phase 5: Validation of the mapping process. The reference points are visited again
to test whether or not they are correctly located on the maps.

Phase 6: GIS development. The information gathered in the previous phases is
dumped and organized in a PGIS.

The implementation of a PPGIS project involves the performance of five different
phases (Figure 2.15):

Phase 1: Formulation and description of the problem to be solved. The main
objectives are defined, followed by a hierarchical structuring of the objectives. This
structure determines the main variables or attributes to measure. For example, in a
participatory study about the landscape value of a specific territory, variables such
as aesthetics, recreation, biodiversity, and economics are considered in the process.

Phase 2: Data collection. Different data collection methods can be found: mail
surveys with a mapping exercise (e.g., Brown, 2005); structured interviews, panels
of experts, and workshops (e.g., Donovan et al., 2009; Raymond et al., 2009); or the
currently most widely used GIS or Internet-based applications (e.g., Beverly et al.,
2008; Brown and Reed, 2009; Simao et al., 2009; Brown and Weber, 2011; Clement
and Cheng, 2011; Pocewicz et al., 2012).
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FIGURE 2.15 Phases in a PPGIS project.

The development of GIS on the Internet includes the modules:

1. Information about the application itself, including the time needed to com-
plete it, and technical requirements such as operating system, memory
space, and registration process.

2. Explanation of the study. The objectives of the study must be explained,
together with any technical information on the problem that may be
required by any individual in the participatory process. All these explana-
tions are given in everyday language.

3. Demonstration module. This module can show the user how the program
works.

4. Presentation of iterative maps. The user can interact with these maps to
introduce the required information in the survey. This capacity of the pro-
gram enables the user to draw polygons, lines, and points, as well as to
introduce categorical and multimedia information.

5. Survey information. This information includes all the users’ interfaces with
the questionnaire, interactive maps, and project-specific explanations.

Phase 3: Exploitation of the website. Depending on the aim of the survey, various
mechanisms are developed and triggered to invite people to participate. These mech-
anisms may be asking people to participate after an activity related to the area under
study, e-mailing people of interest, or via the social networks (i.e., if the issue involves
the use of a protected area, visitors may be asked to participate after their visit).

Phase 4: Analysis of the information. The information gathered from the users is
statistically analyzed, indicators are developed and georeferenced, and groups of opin-
ions are formed according to their personal characteristics such as gender, age, level of
formal education, livelihood, income, association with the area or issue under study,
and considering the problem-specific information provided through the application.

Phase 5: Integration in the decision-making process. The results of Phase 4 are
integrated in the decision-making process.
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An overview of the literature focused on environmental and natural resource
management and planning indicates that research using PPGIS has been conducted
to identify the location of highway corridor values (Brown, 2003), to identify prefer-
ences for tourism and residential development (Brown, 2006), to manage recreation
resources on public lands (Mclntyre et al., 2008), to formulate natural area plans
(Brown and Weber, 2011; Gil et al., 2011b), for municipal transport planning (sus-
tainable mobility plans) (Gil et al., 2011a), etc.

2.5 REMOTE SENSING

Remote sensing is the science and technique of acquiring information about the
Earth’s surface without actually being in contact with it. It therefore comprises
both (i) the use of satellite-borne sensors to observe, measure, and record the
electromagnetic radiation reflected or emitted by the Earth and (ii) the subsequent
processing, analysis, and extraction of information (Chuvieco, 2008; Lillesand
et al., 2008).

Any remote sensing process involves having an energy source (generally the
sun) that provides electromagnetic energy to the surface of interest (i.e., the forest,
the sea) (Figure 2.16(A)). When this electromagnetic energy reaches the surface
of interest (target), it interacts with it, and depending on the characteristics of
the target, the radiation will be partially absorbed (Figure 2.16) (Ab), transmit-
ted (Tr), and/or reflected (Rf). A sensor on board a satellite collects and records
the reflected radiation (B), which is finally transmitted in electronic form to a
receiving and processing station (C). The receiver station converts the data into
digital images (D). The incoming (A) and reflected radiation (Rf) travels through
the atmosphere (E). Particles and gases in the atmosphere partially absorb and
scatter the radiation. These effects have to be partially corrected in the preprocess-
ing stage of the digital images.

Digital image

FIGURE 2.16 Elements of the remote sensing process for extraction of information.
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According to wave theory, electromagnetic radiation consists of two perpendicu-
lar fields (electric and magnetic) that travel at the speed of light. Electromagnetic
waves can be described in terms of their

e Wavelength (A): the length of one wave cycle (nanometers (nm) or microm-
eters (ULm))

e Frequency (v): the number of cycles of a wave passing a fixed point per unit
of time (hertz)

Wavelength and frequency are related by the speed of light (c):
c=A-v (2.78)

The electromagnetic spectrum ranges from the shorter wavelengths (gamma rays)
to the longer wavelengths (radio waves). However, the regions or bands of the
electromagnetic spectrum of practical interest in remote sensing are (Chuvieco,
2008) visible (blue, green, and red) (0.4—0.7 um), near infrared (NIR) (0.7-1.3 pum),
short-wave infrared (SWIR) (1.3-2.5 wm), thermal infrared (or the radiation emitted
from the Earth’s surface (8—14 um)), and microwaves (over 1 mm).

Electromagnetic reflected radiation is collected by the sensor and transmitted in
electronic form to a receiving and processing station. There, the electronic signal is
converted to a matrix of numerical values, that is, a digital image. Digital images are
integrated by small cells or pixels. The value stored for each cell, that is, the digital
number (DN), is the reflected energy encoded into 8-bit, 11-bit, etc. A digital image
consists of multiple layers corresponding to the different bands of the electromag-
netic spectrum registered by the sensor (Figure 2.17)

B3-NIR

B2-visible (G)

Y-coordinate

Bl-visible (R)

e
X-coordinate

FIGURE 2.17 Digital image is a multilayer stack of grid cells (multiband dataset). Each
band contains information from a specific region of the electromagnetic spectrum. Reflected
energy is encoded into a DN.
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2.5.1 SENSORS AND PLATFORMS

2.5.1.1 Resolution of a Sensor

Sensors on board satellite or airborne platforms have different features that con-
figure the characteristics of the image they provide. The resolution of the sensor
can be set as the ability to discriminate information in detail (Estes and Simonett,
1975). Sensor resolution is one of the main criteria used for selection. This resolution
involves (Chuvieco, 2008)

1. Spatial resolution: This is the smallest object that can be distinguished on
an image; pixel size is the most common reference.

2. Spectral resolution: This indicates the number and width of the regions or
bands of the electromagnetic spectrum that can be discriminated on the
Sensor.

3. Radiometric resolution: This refers to the sensitivity of the sensor to detect the
variations of spectral radiance received. Typically this resolution is expressed
in the number of bits required for each picture element to be stored.

4. Temporal resolution: This is the frequency coverage provided by the sensor.

These four aspects of the resolution are closely related. A higher spatial resolution
can decrease the time needed to reduce the spectral resolution. Therefore, each
detection system offers particular features and may be chosen or not depending on
the goal to be attained.

2.5.1.2 Overview of Different Sensors and Platforms

Sensors can be classified as passive or active sensors. The former records the elec-
tromagnetic radiation reflected or emitted by the Earth’s surfaces. In contrast, active
sensors are able to emit a specific wavelength of electromagnetic radiation that is
collected by the same sensor, after it has been reflected over the surface of interest
(Chuvieco, 2008). Currently, the main active sensors are radar and LiDAR. LiDAR
technology is discussed later in this chapter.

An overview of the currently available passive sensors based on Labrador Garcia
et al. (2012) is summarized in Table 2.5 and described as follows.

Disaster Monitoring Constellation (DMC) is a remote sensing satellite constella-
tion owned by multiple nationalities, initially designed to monitor natural disasters
and covering more than one daily visit to any point on the globe.

The Earth Observation (EO-1), an experimental satellite of NASA of the so-
called “New Millennium Program” (NMP) was released on November 21, 2000.
It has been tested and validated to apply new technologies in future LANDSAT
programs, to reduce the high costs of current ones. In order to compare the images
obtained spatially and temporally, the orbit of EO-1 is designed to pass 1 or 2 min
after the LANDSAT-7.

Earth Resources Observation Satellite (EROS) is a series of Israeli commercial
satellites designed by Israel Aircraft Industries. The satellites are operated by the
company ImageSat International. The sensors of these satellites are panchromatic
cameras with a lateral vision capability of up to 45° to the vertical, resulting in a cor-
ridor potential for the imaging of about 960 km.
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TABLE 2.5

Overview of Main Remote Sensing Sensor and Satellites

Satellite
DCM (several)

EO-1

EROS-A-B

FORMOSAT-2
GeoEye-1

IKONOS

KOMPSAT-2
Landsat-7

NOAA

QuickBird

RapidEye
Resourcesat-2

SPOT-5

Terra

THEOS
WorldView-2

Spatial
Resolution Band Temporal
Sensor Year Country (m) Number Resolution
SLIM-6 2002-2009  Great 32m 3 <1 day
SLIM-6-22 Britain 22 m 3 <1 day
ALI 2000 United 9m 9 16 days
Hyperion States 220 m 220 16 days
EROS-A 2000 Israel 1,8 m 1 4 days
EROS-B 2006 0,7m 1 4 days
FORMOSAT-2 2004 Taiwan 8 m 4 1 day
GeoEye-1 2008 United 2m 4 3 days
States
IKONOS 1999 United 4m 4 3-5 days
States
KOMPSAT-2 2006 Korea 4m 4 3 days
ETM + 1999 United 30 m 8 16 days
States
AVHRR United 1100 m 5 12h
States
QuickBird 2001 United 244 m 4 2-4 days
States
RapidEye 2008 Germany 6.5m 5 1 day
LISS-IV 2011 India 5.8m 3 5 days
LISS-1II 23.5m 4 24 days
HRG 2002 France 10 4 2.4-3.7
days
HRS PNA: 10 1 26 days
ASTER 1999 United 15-90 m 14 16 days
States/
Japan/
Canada
MODIS 1999 United 250-1000 m 36 1-2 days
States
THEOS 2008 Thailand 15m 4 1-5 days
WorldView-2 2009 United 2m 8 1-3 days

States
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FORMOSAT-2, initially called ROCSAT-2, is one of the few satellites
that combine good spatial resolution with a daily revisit period, although this
feature—based on geosynchronous orbit—is assumed not to be able to cover the
entire surface.

GeoEye-1 is one of the commercial satellites that provides the highest spatial
resolution today. The main investor and customer of this satellite is the National
Geospatial Intelligence Agency (NGA), and its second most famous investor and cli-
ent is Google, which has direct access to the images that it uses to update its Google
Earth mapping.

IKONOS was the first commercial satellite to provide satellite images of very
high spatial resolution (VHSR) (1 m in the panchromatic channel and 4 m in the
multispectral) and was an important milestone in the history of Earth observation
from space. The current owner of this satellite is the company GeoEye.

Landsat-7, launched into space on April 15, 1999, is the latest satellite so far in
the series, which began with the launch of LANDSAT-1 in 1972. The satellites that
followed this first release yielded the largest series to date of existing commercial
satellite images of Earth observation and are able to track the major changes occur-
ring on the surface of our planet.

NOAA-6 was launched in 1979 to acquire meteorological and small-scale Earth
observation data with high temporal resolution (12 h).

The U.S. commercial satellite of very high-resolution, QuickBird, operated by the
company DigitalGlobe, and satellites WorldView-1 and WorldView-2, which also
belong to DigitalGlobe, and form a constellation with very high resolution and a high
revisit frequency.

RapidEye is a constellation of five satellites with the trademark of RapidEye AG,
a German company providing geospatial information. The constellation is character-
ized by the small size of the satellites (about 1 m?).

The Resourcesat-2 satellite, launched on April 20, 2011, is the 18th Indian
Remote Sensing (IRS) series national satellite. Resourcesat-2 improves and con-
tinues the work of the IRS-P6 (Resourcesat-1), launched into orbit in 2003 and still
operating.

The French program Systeme d’Observation Probatoire de la Terre (SPOT),
approved in 1978 and developed by the Centre National d’Etudes Spatiales (CNES)
in collaboration with Belgium and Sweden, has spawned a total of five satellites for
civilian use until the present day.

Terra is a scientific satellite sent into orbit by NASA on December 18, 1999, with
the participation of the space agencies of the United States, Japan, and Canada. The
main objective of this satellite is the study of carbon and energy cycles, to contribute
to analyzing the “health” of the Earth as a whole.

Thailand Earth Observation Satellite (THEOS) is the first Thai national satellite
for the observation of the Earth’s surface, launched into space on October 1, 2008.

The WorldView-2 commercial satellite is a very high-resolution U.S. satellite
operated by the company DigitalGlobe. It was launched on October 8, 2009, and
was the first commercial satellite capable of capturing eight spectral bands with a
resolution of 2 m/pixel.
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2.5.2 DicitaL IMAGE PROCESSING

The ultimate aim of remote sensing technology is to extract meaningful informa-
tion from the imagery. This objective can be addressed by combining the visual
interpretation (i.e., human interpretation of the image) and the digital analysis of the
image. The most common image processing functions for the digital analysis and
extraction of information are

e Preprocessing

* Image enhancement
e Image transformation
* Image classification

2.5.2.1 Preprocessing

These functions involve all the operations that are normally required prior to the
main data analysis and extraction of information. According to Chuvieco (2008),
any image acquired by a remote sensor presents a series of radiometric and geomet-
ric alterations due to several factors. Therefore, the final image captured does not
exactly match the tone, position, shape, and size of the objects it includes. The most
common image alterations are distortions caused by the platform or the sensor and
as a consequence of the absorption and scattering of energy when passing through
the atmosphere.

Some of these problems are routinely solved by the receiver stations. However,
others persist, leading to a need for preprocessing techniques and particularly when
seeking to

* Compare images from different sensors and/or dates.
e Perform environmental, ecological, or geophysical analyses.
* Improve classification results.

Preprocessing functions are generally grouped as radiometric or geometric
corrections:

1. Radiometric corrections seek to modify the original DN values of the
image to bring them as close as possible to the DN values the image would
have in the case of ideal data reception (without distortions or atmosphere
effects) (Chuvieco, 2008). These corrections also include the calibration of
the reflected energy into DN.

2. Geometric corrections (co-registration) include any change in the posi-
tion of the pixels in the image. Contrary to radiometric corrections, the co-
registration process does not aim to modify the DN values of the pixels but
their position. Often the geometric correction consists of transforming the
geometric coordinates (longitude—latitude) to Cartesian plane coordinates.
The final aim is to allow multiple source data integration in a GIS platform
or the overlapping of two or more images (Chuvieco, 2008).
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The co-registration of a digital image is based on regression functions:
F(&)=file,r); fx, ) 279
F)= 1, r); fx,y) (2.80)

Thus, column (¢”) and row (") of the corrected image are a function of the coordi-
nates’ column and row (c, r) of the original image or a function of the projected map
coordinates (x, y) to which the image will be overlapped (Chuvieco, 2008).

2.5.2.2 Image Enhancement

Enhancement functions improve the appearance of the imagery to assist in visual
interpretation and analysis. The most useful techniques include contrast stretching to
increase the tonal distinction between various features in a scene and spatial filtering
to enhance (or suppress) specific spatial patterns in an image (CCRS, 2000).

2.5.2.3 Image Transformation

This group typically involves multiple transformations designed to extract informa-
tion and features from satellite imagery. Arithmetic operations are performed to
combine and transform the original bands into “new” images that better display or
highlight certain features in the scene (CCRS, 2000). We will focus on three main
groups of transformations: (i) vegetation indices (VIs), (ii) principal components
analysis (PCA), and (iii) multitemporal analysis.

2.5.2.3.1 Vegetation Indices

Vs are ratios of two or more bands of the image, designed to enhance the contribu-
tion of vegetation properties (Huete et al., 2002). VIs have been highly successful
in assessing vegetation condition, foliage, cover, phenology, and processes such as
evapotranspiration and primary productivity (Glenn et al., 2008).

Normalized difference vegetation index (NDVI), a normalized ratio of the NIR
and red (visible) bands of the image (Huete et al., 2002), is the VI most widely used:

NDVI = PNk —Pred. 2.81)
PR T PRed

where
Pnir 18 the reflected energy in the NIR band of the electromagnetic spectrum
Prep 18 the reflected energy in the red (visible) band of the electromagnetic
spectrum

Vegetated areas have a relatively high reflection in the NIR and a low reflection in
the visible range of the spectrum. Clouds, water, and soil reflect more or similar
energy in the visible region than in the NIR. Therefore, densely vegetated areas have
high NDVI values, while cloud, soil, or water present low or negative NDVI values.
Thus, NDVI improves the discrimination of vegetation from the Earth’s other sur-
face coverings.
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Specifically, NDVIs have been widely applied to show high correlations with many
vegetation parameters such as chlorophyll content, water foliage content, net pri-
mary productivity, leaf area index (LAI), and evapotranspiration (Chuvieco, 2008).

2.5.2.3.2  Principal Components Analysis
PCA is a statistical analysis that transforms a number of possibly correlated variables
into a smaller number of uncorrelated variables.

Different bands of digital images are often highly correlated and thus contain simi-
lar information. Therefore, PCA transformation is often applied to multiband images
to reduce the dimensionality (i.e., the number of bands) in the data and compress
much of the information in the n-original bands into fewer bands. The “new” bands
that result from this statistical procedure are called principal components and are
obtained as a linear combination of the n-original bands. This process aims to maxi-
mize the amount of information (or variance) from the original data into the least
number of new components (CCRS, 2000).

2.5.2.3.3  Multitemporal Analysis

Sensors are able to capture repetitive information from the same area over time,
making digital images a valuable source of information for monitoring the dynamic
processes of the Earth’s cover.

The subtraction of DN or NDVI from two images from two different dates to
form a new image is a particularly simple transformation for assessing changes in the
territory. Applying a PCA transformation over a multiple dataset (multiband image)
from the two dates is also a useful technique for detecting change. Multitemporal
analysis usually requires the images to be accurately co-registered and radiomet-
rically corrected in order not to consider misregistration or different atmospheric
effects as changes when in fact they are errors.

2.5.2.4 Image Classification

Image classification has so far been considered one of the main remote sensing appli-
cations. The final output of the classification is a thematic map of categorical pix-
els or polygons. In the classification process, the multiple dataset becomes another
single-band image of the same size and characteristics as the original. However, in
the classified image, the pixel values are not related to reflected energy in different
electromagnetic spectrum bands, but are a categorical value that represents a cat-
egory (i.e., type of vegetation, land use) (Chuvieco, 2008) (Figure 2.18).

2.5.2.4.1 Pixel-Based versus Object-Based Image Classification

In the past, most digital image classifications were based on processing the entire
scene, in a process known as pixel by pixel. This is commonly referred to as a pixel-
based classification. The recent availability and accessibility of VHSR images at
a reasonable price has increasingly opened up the applications for these images.
Higher spatial resolution has allowed the improvement of the field classifications
made up to the present day. However, new problems have emerged in the pixel-based
classifications of VHSR images. The high spatial resolution also increases the
spectral variability, in contrast to the integration effect of earlier sensors; pixel-based
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FIGURE 2.18 (See color insert.) Classification of digital image process.

classification methods have shown their inability to process this additional spectral
variability, generating too many or poorly defined classes (Arroyo, 2006), thus
decreasing the accuracy of the classification.

In addition, pixels do not make use of spatial concepts or take into account contex-
tual information (Benz et al., 2004). Nevertheless, much information is contained in the
relationship between adjacent pixels—including information on texture and shape—
that allows identification of individual objects as opposed to single pixels (Laliberte
et al., 2004). Finally, the domain of remote sensing always assumes a certain scale based
on pixel resolution, although the objects of interest often have their own inherent scale.

These issues highlighted the fact that the new classification approaches need
to overcome the difficulties of traditional pixel-based classification methods and
take advantage of the potentialities of VHSR images. The challenge was to pro-
duce proven man—machine methods that externalized and improved on human
interpretation skills. Some of the most promising results came from the adoption of
image segmentation algorithms and the development of the so-called object-based
classification methodologies (Blaschke et al., 2006).

2.5.2.4.2 Object-Based Image Classification

Object-based image analysis (OBIA) technology examines pixels, not as individual
cells but in a group context. It works by imitating the human mind, using a combina-
tion of pixel color, shape, texture, and size. Therefore, in OBIA classifications, pixels
are aggregated before and not after classification (Arroyo et al., 2006).

When human beings make use of their eyes, they are performing a complex men-
tal procedure. This procedure is called image understanding. When we survey a
region with our eyes, we register that certain areas have a particular size, form, and
color. Thus, in our vision, it becomes an object. For example, we see a triangle area
and we classify it as triangle, object. The same thing happens with the round object
and the rectangle object (Figure 2.19).

If we immediately combine all these figures and relate them to each other in a
fourth big rectangular object, we can recognize a tree in a landscape (Figure 2.20).
These objects are meaningful. This cognition process compares our view of the
object and its relationships with the knowledge existing in our memory.
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FIGURE 2.19 Different objects.
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FIGURE 2.20 Landscape image.

Similar to human vision, the concept of image understanding is based on a cor-
rect segmentation of the visual image content of interest, against other visual image
content. Segmentation is performed in zoned partial areas of different characteris-
tics, and the segments are called image objects. From these image objects, we can
produce a classification according to particular criteria (Definiens, 2010).

OBIA allows the analyst to decompose the images into many relatively homo-
geneous objects (referred to as patches or segments) using a multi-resolution image
segmentation process. The various statistical characteristics of these homogeneous
image objects are then subjected to traditional statistical or fuzzy logic classification.
Therefore, OBIA classification methods consist of two basic steps: (1) a segmenta-
tion of pixels into objects and (2) a fuzzy classification of these objects using their
spectral and contextual information.

OBIA has provided positive results when applied to VHSR imagery for mapping
biotopes, fuels, trees, riparian zones, rangelands or wildland—urban interface areas,
forest vegetation, and forest stands, among other examples (Laliberte et al., 2007,
Mallinis, 2008; Tiede et al., 2008; Arroyo et al., 2010; De Chant et al., 2010; Petr
et al., 2010; Tiede et al., 2010).

Both pixel- and object-based classifications can be classified using the following
listed methods and the algorithms described in the next sections.

2.5.2.4.3 Classification Methods
There are two main methods to classify pixels or objects:

1. Unsupervised classification: The computer or algorithm automatically
groups pixels with similar spectral characteristics (means, SDs, covariance
matrices, correlation matrices, etc.) into unique clusters according to some
statistically determined criteria. The analyst then relabels and combines the
spectral clusters into information classes.
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2. Supervised classification: Identification of units like training sites known
a priori through a combination of fieldwork, map analysis, and personal
experience; the spectral characteristics of these sites are used to train the
classification algorithm for eventual land-cover mapping of the remainder
of the image. Each pixel, both inside and outside the training sites, is then
evaluated and assigned to the class of which it has the highest likelihood of
being a member.

2.5.2.4.4  Algorithms

The most common types of algorithms used for pixels or object classifications are
(D) NN, (2) membership functions, and (3) user-controlled threshold:

1. The NN uses the values of a series of samples of different classes and
assigns membership values (MVs). For this process, it is first necessary
to train the system with the samples that define each class. Thus, the NN
classifier returns an MV between zero and one, based on similarity to the
samples given for that class (Figure 2.21). The result of the classification
process is presented in two ways: as a fuzzy classification and as a clas-
sical classification (rigid). In the first, an allocation is provided to each of
the categories for each object. In the second, each object is assigned to a
single category, in which one class has the highest probability of assign-
ment (Schowengerdt, 1983).

2. The membership functions transform the values of the variable consid-
ered in assigning grades. The type assignment is blurred (fuzzy); that is,
each object takes a degree of assignment, from O (zero allocation) to 1
(maximum allocation). Figure 2.22 shows the value of the variable 100 is
set to 0, and as this value is approached, the variable will take values of
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FIGURE 2.21 MYV based on NN. (From Definiens, Definiens eCognition Developer 8.0.1.
Reference book, Definiens AG, Munich, Bavaria, Germany.)
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FIGURE 2.22 (See color insert.) Types of membership functions.

greater than 1000—1. We can choose different types of functions as shown
in the same figure.

3. Thresholds are set using one or more conditions. If the object fulfills them,
itis assigned the value 1 and is classified; if it does not comply, it is assigned
the value 0 and is not classified. Thresholds are typically used when classes
can be clearly separated by a variable.

2.5.3 LIDAR Data

Laser altimetry, or LiDAR, is an active remote sensing technology, analogous to
radar, but using laser light (electromagnetic energy in the optical range). These sys-
tems measure the distance between a sensor and a target surface (range) based on
the time between the emission of a pulse and the detection of a reflected return.
Therefore, laser systems provide 3D coordinates of target surfaces (Figure 2.23).
In addition, some physical properties of the target object can be derived from the
interaction of the radiation with the target. LIDAR has many scientific applications,
for example, detection of pollutants and chemical agents in atmosphere or water,
3D mapping of topography, bathymetry, and forest structure (Baltsavias, 1999;
Chuvieco, 2008). LiDAR sensors have been supported on terrestrial, airborne, and
satellite platforms.

LiDAR systems are classified as either discrete-return or full-waveform record-
ing. Full-waveform recording LiDAR systems digitize the entire reflected energy
from a return, resulting in complete submeter vertical vegetation profiles. In contrast,
discrete-return systems record single or multiple returns from a given laser pulse.
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FIGURE 2.23 (See color insert.) LiDAR systems provide the distance between a sensor
and a target surface based on the time between the emission of a pulse and the detection of
a reflected return. D=distance of target surface; S=speed of light; r=time recorded by the
lidar sensor. GNSS receivers and INSs allow the source of the return signal to be located in
three dimensions.

Thus, within a forest environment, full-waveform systems record the entire waveform
for analysis, while discrete-return systems record clouds of points representing inter-
cepted features (Figure 2.24) (Dubayah and Drake, 2000; Lefsky et al., 2002; Wulder
et al., 2012). LiDAR footprint is the diameter of a laser pulse’s circle of illumination
on the ground (Figure 2.24). According to this, LiDAR sensors may be small footprint
(typically 0.1-2 m) or large footprint (typically 10-100 m) (Wulder et al., 2008a). Most
often, discrete-return systems are usually small footprint, while waveform sensors
provide large footprint data. Currently, airborne small-footprint discrete-return sen-
sors are used for virtually all operational applications (Nasset, 2004b; Wulder et al.,
2008a, 2012) and will be discussed at greater length in this chapter.

Airborne LiDAR systems (either discrete-return or waveform sampling sensors)
are typically used in combination with two complementary technologies for locat-
ing the source of the return signal in three dimensions. These are global navigation
satellite system (GNSS) receivers to record the position of the platform and inertial
navigation systems (INSs) to measure the attitude (roll, pitch, and yaw) of the LiDAR
sensor. Combining this information with accurate time referencing of each source of
data yields the absolute position of the reflecting surface for each laser pulse (Lefsky
et al., 2002; Wulder et al., 2012).

2.5.3.1 LiDAR Preprocessing: LIDAR Models

Small-footprint laser scanning provides 3D coordinates (x—y—z) of any intercepted
surface (i.e., terrain topography, vegetation, or buildings). For useful applications in
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FIGURE 2.24 (See color insert.) Differences between waveform recording and discrete-
return lidar devices. At the left is the intersection of the laser illumination area (footprint).
In the center, the hypothetical return signal of a waveform recording sensor. To the right, the
signal recorded by discrete-return lidar sensors. (From Ferndndez-Diaz, J.C., Imag. Notes,
26(2), 31, 2011.)

forest environments, this 3D point cloud is processed into different elaborated mod-
els such as DEM to represent the Earth’s surface and digital surface models (DSMs)
to represent any protruding object or surface (vegetation, buildings, etc.).

The first step to process a LiDAR-derived DEM is to filter or extract bare-earth
(ground) returns from the point clouds. Different algorithms have been developed for
this purpose (see Sithole and Vosselman (2004) for a comparison). Then, interpola-
tion algorithms (such as those previously reviewed in Section 2.3.1) are applied over
LiDAR points previously classified as ground returns, to provide a continuous earth
surface. The quality of DEMs is influenced by data characteristics (e.g., point den-
sity, flight height, or scan angle). The selection of an interpolation algorithm and the
spatial resolution of the models may also influence the accuracy of DEM generation
(Bater and Coops, 2009). Finally, external factors, such as canopy cover, land use,
and slope, also involve significant differences in the vertical accuracy of LiDAR-
derived DEMs (Hyyppa et al., 2008; Gonzélez-Ferreiro, 2012).

Extracting forest attributes from small-footprint discrete-return LiDAR data usu-
ally involves generating the DSM. The DSM is obtained by means of the interpola-
tion of first LiIDAR returns. The subtraction of the LiDAR-derived DEM from the
corresponding DSM provides the continuous surface of the height of vegetation,
often referred to as the digital canopy model (DCM). When working with point
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clouds, the processing of the point cloud data into canopy heights or normalized
heights is simply calculated as the difference between the elevation values of laser
hits and the estimated terrain elevation values (DEM) at the corresponding location
(Hyppa et al., 2008; Gonzalez-Ferreiro et al., 2012). Therefore, when processing
LiDAR data for vegetation height estimation, DEM and DSM errors may be propa-
gated to vegetation height estimation.

2.5.3.2 Forest Inventory Using LiDAR Data

There are two main types of approaches for estimating forest attributes from LiDAR
data (Hyyppa et al., 2008): (i) methods based on statistical canopy height distribution
(i.e., empirical regression methods also known as the ABA) and (ii) methods focus-
ing on individual tree detection (i.e., physical methods).

This latter approach consists of segmenting individual tree crowns from the DCM
or normalized tree heights to derive biophysical parameters and measures such
as crown size, individual tree height, and location of individual trees. Allometric
equations allow the estimation of individual tree parameters such as volume and
normal section. Finally, forest stand attributes are obtained by simply aggregating
individual parameters of the segmented trees within a stand (Hyyppa et al., 2008).
Identification of individual trees from LiDAR data requires a high point density
during the data acquisition process (at least 4-5 point/m?) (Wulder et al., 2008a;
Reutebuch et al., 2005).

ABA approaches consist of deriving several metrics from LiDAR cloud points
within established field plots (i.e., percentiles, density, or variability metrics).
Additionally, field forest attributes (i.e., mean tree height, dominant height, basal
area, volume) are measured in the same field plots as in traditional forest inventory.
Finally, stand- or plot-level forest attributes are estimated by regression analysis,
where field biophysical parameters and LiDAR-derived metrics are dependent and
independent variables, respectively. Multiple forest biophysical parameters have
been estimated by applying this empirical approach (Table 2.6).

The accuracy of tree detection approaches from LiDAR data is more influenced
by forest structure than by tree detection algorithms. Thus, many tree-segmentation
algorithms fail to identify understory and suppressed trees or to delineate trees under
certain canopy conditions such as dense forests and grouped trees (Goodwin et al.,
2006; Zhao et al., 2009; Vaukonen et al., 2012).

ABA or empirical regression approaches (i.e., regressing LiDAR-derived vari-
ables with field data) are effective methods for estimating forest structure attributes,
although there is a large set of assumptions and site-specific considerations that
must be made for each study (Gleason and Im, 2012). Most of the study areas are
located in boreal forest, and thus, additional studies should be conducted in order
to assess the potential of this approach in other areas (Gonzalez-Ferrero, 2012).
According to Zhao et al. (2009), regression models are also scale dependent; that
is, models are built to estimate forest attributes for a specific plot size, and chang-
ing this plot size may affect the accuracy of the results. To reduce all these effects,
new approaches based on machine learning techniques offer promising estimation
approaches for the near future (Breidenbach et al., 2010; Vauhkonen et al., 2010;
Gleason and Im, 2012).
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TABLE 2.6

Main Attributes Estimated Using LiDAR Data and the ABA.

Forest Attribute References

Mean height Neasset (1997a, 2002, 2004a,b); Magnussen et al. (1999); Nasset and
Bjerknes (2001); Holmgren et al. (2003); Hall et al. (2005); Stephens
et al. (2007); Heurich and Thoma (2008); Treitz et al. (2010); Gonzalez-
Ferreiro et al. (2012); Mauro et al. (2012)

Mean diameter Neasset (2002, 2004b)

Quadratic mean diameter  Treitz et al. (2010); Mauro et al. (2012)

Basal area Means et al. (2000); Nasset (2002, 2004a,b); Hall et al. (2005); Stephens

et al. (2007); Heurich and Thoma (2008); Treitz et al. (2010); Gonzalez-
Ferreiro et al. (2012); Mauro et al. (2012)

Volume Nasset (1997b, 2002, 2004a,b); Means et al. (2000); Holmgren et al. (2003);
Hollaus et al. (2007); Heurich and Thoma (2008); Rombouts et al. (2008);
Treitz et al. (2010); Gonzélez-Ferreiro et al. (2012); Mauro et al. (2012)

Dominant height Nasset (2002, 2004b); Lovell et al. (2005); Stephens et al. (2007); Heurich
and Thoma (2008); Rombouts et al. (2008); Treitz et al. (2010);
Gonzdlez-Ferreiro et al. (2012); Mauro et al. (2012)

Stem number Nesset (2002, 2004b); Hall et al. (2005); Heurich and Thoma (2008);
Treitz et al. (2010); Mauro et al. (2012)

2.6  APPLICATIONS OF IT TO FOREST MANAGEMENT
2.6.1 MarpING NATURA 2000 Hasitats Using OBIA

Habitats mapping is necessary to ensure the good conservation status required in
the Natura 2000 network. VHSR satellite images and OBIA are operational tools for
this purpose. We proposed a “methodology for habitats mapping” using QuickBird
images and eCognition network language (Hernando et al., 2012).

2.6.1.1 Introduction

The lack of consistent information on type, location, size, and quality of habitats
has been identified as a major constraint for the implementation of the Natura 2000
network (Weiers et al., 2004). This network has the primary goal of guaranteeing
the favorable conservation status of natural habitats and species in order to ensure
European biodiversity (Hernando et al., 2010). OBIA has emerged as an alternative
to pixel-based classification that largely neglects shape and context aspects of the
image information—among the main clues for the human interpreter (Baatz et al.,
2008; Lang, 2008a; Blaschke, 2010)—and also to optimize the current “VHSR” sat-
ellite images. Additional expert knowledge for the object-building process or the
inclusion of auxiliary datasets has been proved to enrich not only the classification
but also the entire information extraction workflow (Bock et al., 2005; Tiede et al.,
2010). Multi-scale segmentation was introduced (Benz et al., 2004) and implemented
in the software package eCognition (Blaschke, 2010).
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With the aim of developing a methodology for creating detailed habitats mapping,
we propose using high spatial resolution—QuickBird image—and OBIA using
Definiens Developer software.

2.6.1.2 Study Area and Data

The study was carried out in a Natura 2000 site in Avila, region of Castile—Leodn, in
central Spain. This forest territory is included in the Mediterranean biogeographic
region designated Special Protection Area ES0000186: “Pinares del bajo Alberche”
for the existence of nine habitats listed in the first annex of the Habitats Directive
(92/43/EEC).

These habitats are H. 4090 (Genista), endemic oro-Mediterranean heaths with
gorse; H. 5120 (Cytisus purgans), Mountain Cytisus purgans formations; H. 5210
(J. oxycedrus), arborescent shrubland with Juniperus spp.; H. 6220 (Thero-Brachyp.),
pseudo-steppe with grasses and annuals of Thero-Brachypodietea; H. 8220 (Rocks),
siliceous rocky slopes with chasmophytic vegetation; H. 9340 (Q. ilex), Quercus ilex
and Quercus rotundifolia forests; H. 6230 (Nardus), species-rich Nardus grasslands
on siliceous substrates in mountains; H. 9230 (Q. pyrenaica), Galicio-Portuguese
oak woods with Quercus pyrenaica; and H. 9540 (P. pinaster), Mediterranean pine
forests with endemic Mesogean pines.

For the present investigation, a QuickBird scene was acquired on August 5, 2005.
Data include three visible and one infrared spectral channel with a resolution of
2.44 m. The scene covers 17,283 ha and has an 11-bit radiometric resolution. The
DTM-(1 m resolution) and the thematic data (Avila forest map (AVFM), urban and
river areas) were supplied by the Forestry Department of the government of Castile—
Ledén. AVFEM provides forest species mapping within a 1:5000 scale and is very
accurate in the species location, although coarse in the delineation. NDVI was com-
puted with the original red and infrared bands. Orthorectification was carried out
using a 1 m DTM with bilinear interpolation implemented in ENVI®.

2.6.1.3 Methods

The methodology for habitats mapping aims to delineate the habitats listed for this
study area. Five consistent levels were created in eCognition to provide thematic
preknowledge, classify objects, and finally extract the target classes (Hernando et al.,
2012). OBIA offers a methodological framework for machine-based interpretation of
complex classes, defined by spectral, textural, spatial, and hierarchical object prop-
erties (Benz et al., 2004; Lang, 2008b). This new approach, OBIA, interlinks two
main phases: (1) segmentation, which creates objects considering a scale parameter
and one or more criteria of homogeneity, and (2) classification, encoding, and relat-
ing the relevant intrinsic spectral and spatial properties in the image (Tiede et al.,
2010). These were created according to the following strategies for the purpose of the
final classification of habitats:

e Level 5 “thematic layers” was generated to delineate similar objects to
the thematic layers provided for further classification. The 5700 objects
were classified into eight categories: A. Juniperus oxycedrus, A. Pinus
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FIGURE 2.25 (See color insert.) Segmentation levels (left) and their corresponding clas-
sifications (right).

nigra, A. Pinus pinaster, A. Pinus sylvestris, A. Q. ilex, A. Q. pyrena-
ica, A. river, and A. urban (Figure 2.25). It was necessary to introduce
this information as the four QuickBird bands are not able to distinguish
species and the river.

e Level 4 “arable” was created to extract arable areas that can easily be con-
fused with H.6220 (Thero-Brachypodietea), due to their spectral features.
We extracted arable from the 19,529 segmented objects, taking into
account certain features such as brightness (>490), merging potential areas,
and refining them with area size (<13,000 pixels), DTM (<1000 m), and
rectangular fit (>0.65) for the study area.

e Level I “vegetation” was segmented to distinguish the land cover in greater
detail; 735,630 objects were created. Seven categories (c. tree, c. transition,
c. pasture, c. shrubs, c. pasture-shrub, c. rocks, c. road) were classified
using NDVI thresholds that were set up visually using the visualization and
information tools provided by eCognition.

e Level 2 “species” was segmented with exactly the same parameters as level 1
and was classified using the upper and lower levels described previously.
The objective of this scale was to achieve the species. For this purpose,
we established class-related features between the super- and subobjects
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previously created. For example, for tree species, an object in level 2 would
be classified as s. Q. pyrenaica if this object had a lower object c. tree
and an upper object A. Q. pyrenaica. After classification, we obtained the
following 17 categories with a highly detailed resolution: 5. Q. pyrenaica,
s. Q. ilex, s. P. nigra, s. P. pinaster, s. P. sylvestris, s. Juniperus, s. shrub
Genista, s. shrub C. purgans, s. shrub-rocks, s. pasture, s. mountain pas-
ture, s. arable, s. oak shrub, s. river, s. urban, s. transition, and s. rock.

 Finally, level 3 “habitats” was created for the target classification. The level
was segmented into 37,158 objects favoring medium-size polygons, which
were classified into the nine targeted habitats considering the relative area
of the subobject of level 2 with fuzzy membership functions.

2.6.1.4 Results and Discussion

Level 3 was created for the final classification, which was habitats. After seg-
mentation, 57.99% of the 37,158 created objects belonged to the unclassified cat-
egory, and the rest were classified in the target habitats. Considering the whole
area—17,291.28 ha—the habitats with the largest percentage of relative area were
H. 6220 (Thero-Brachyp.) (10.46%) and H. 9340 (Q. ilex) (9.04%), covering 1,808.7
ha and 1,562.85 ha, respectively. They were followed by H. 9230 (Q. pyrenaica)
(4.51%), H. 8220 (Rocks) (4.10%), and H. 9540 (P. pinaster) (3.21%). Some habitats
cover less than 2.5% of the whole area, such as H. 6230 (Nardus) (2.25%) and
H. 5210 (J. oxycedrus) (1.85%). In the last place, H. 4090 (Genista) covers 0.21%
of the total area. Integration via fuzzy logic is useful for habitats mapping as there
is not always a clear threshold, and the class with the highest probability will be
assigned to the object. For the five segmentation scales used in this study, the
fine scales (level 1 and level 2) define smaller objects, while the medium scales
(level 3) define the target habitats. In any case, all scales may be useful for forest
management and monitoring.

To support image interpretation and mapping, extensive field references were
collected after classification. Field validation of randomly classified potential
habitats—30 samples for each of the nine categories and the unclassified category
(Hawth’s tools ArcGIS® 9.3)—was conducted in July and August 2009. The study
area is quite large and difficult to access, and for this reason, 300 samples were con-
firmed in the field (no. of plots inside the three public lands) and visually (no. of plots
outside the three public lands) with the PNOA orthophotos.

The classification accuracy of the habitats mapping was assessed by means of a
confusion matrix. The overall accuracy was 86.3%, and the overall kappa statistic
was 0.84.

Pasture producer’s accuracy (PA), H. 6220 (Thero-Brachyp.) and H. 6230
(Nardus), had values of over 90%, as did some forest habitats—H. 9540 (P. pinaster)
and H. 9230 (Q. pyrenaica) (Table 2.7).

However, some forest habitats, H. 5210 (J. oxycedrus) (82.4%) and specially
H. 9340 (Q. ilex) (60%), had lower PA values. H. 5210 (J. oxycedrus) was misclassi-
fied with H. 6220 (Thero-Brachyp.), as Juniperus has a small crown and is sometimes
not segmented separately but mixed with pasture, leading to its misclassification.
Otherwise, H. 4090 (Genista) is the understory of H. 9340 (Q. ilex), and if covered
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TABLE 2.7

Accuracy Assessments

Classes PA (%) UA (%) MV St
H. 5210—J. oxycedrus 82.4 93.3 094 0.82
H. 6220—Thero-Brachyp. 92.3 80 0.68  0.67
H. 6230—Nardus 96.6 93.3 095 0.95
H. 9540—P. pinaster 100 100 099 0.85
H. 9340—Q. ilex 60 90 092 0.79
H. 9230—Q. pyrenaica 96.7 96.7 0.94 0.94
H. 8220—Rocks 92.9 86.7 095 0.94
H. 5120—Cytisus purgans 80.6 83.3 0.30 0.30
H. 4090—Genista 89.5 56.7 0.48 0.40

PA, producer’s accuracy; UA, user’s accuracy; MV, membership
value; St, classification stability.

by tree crowns, satellite images are unable to detect whether it actually exists.
Regarding shrub habitats, H. 5120 (Cytisus purgans) and H. 4090 (Genista) had val-
ues of between 80% and 90% PA and also the lowest user’s accuracy (UA) 83.3% and
56.7%. We had no previous thematic layers to support the shrub species; therefore,
the results for H. 5120 (Cytisus purgans) can be considered good, taking into account
that it only relies on spectral features from NDVI and DTM data. The results for
H. 4090 (Genista) were not very successful (very fragmented habitats), but at least
we were able to map them due to their class-related features. The problem is that both
habitats—H. 4090 (Genista) and H. 9340 (Q. ilex)—are mixed, and one of them is
the understory that is finally neglected. Other inaccuracies come from the coarse
delineation of the AVFM layer, but we considered its inclusion necessary in order
to distinguish the species; we could simply separate coniferous and broad leaves,
but we need more specific species information for habitats mapping. The confusion
matrix and its derived statistics provide information about the quality of the thematic
maps, but the precision of the delineated boundaries still remains, which could be a
subjective task.

Furthermore, due to the use of fuzzy membership functions for habitats mapping,
another approach to accuracy assessment is also reported by the software eCogni-
tion. The image object is assigned to the class with the highest MV, from 0 to 1 for
the best classification results. The best classification value for most of the objects is
high (>0.9) and significantly lower (0.68) in the case of H. 6220 (Thero-Brachyp.)
(Table 2.7). There are a couple of classes—H. 5120 (Cytisus purgans) and H. 4090
(Genista)—with a low assignment value (0.3 and 0.48). A high MV to a certain class
does not necessarily indicate definite membership in this class. If there is only a low
difference between the best and the second best MV, the classification result is rela-
tively unclear. This fact occurs in the habitats mentioned with 0.48 and 0.4 classifica-
tion stabilities, as well as lower UA. This correspondence shows a relation between
both accuracy assessment approaches.
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2.6.1.5 Conclusions

The monitoring and forest management of Natura 2000 sites for assuring a good
conservation status requires cost-efficient and time-consistent practices. As VHSR
satellite images become more easily available, they can be used for this objective.
OBIA with multi-scale levels, ancillary data, and class-related features performs
well for this purpose. Therefore, forest managers are provided not only with habitats
maps but also with very accurate species maps for taking decisions to assure biodi-
versity as required in the Habitats Directive. The proposed methodology for habitats
mapping combines all the new operational tools for forestry improvements.

2.6.2 ArrLicaTION OF LIDAR DATA TO FOREST STRUCTURE
CHARACTERIZATION MAPPING IN FOREST INVENTORY

2.6.2.1 Introduction

In Spain, forest inventories follow a traditional procedure, consisting of three basic
stages: First (1) stands (i.e., contiguous group of trees sufficiently uniform in species
composition, arrangement of age classes, site quality, and condition to be a distinguish-
able unit (Smith et al. 1997)) are delineated over the whole forest area; (2) a systematic
sampling design of field plots is extended over all the study area (for each plot, basic
tree attributes—diameter at breast height (DBH), height, crown size, etc.—are mea-
sured); (3) stand-level mean values of biophysical variables such as dominant height,
basal area, stem number, volume, and growth are calculated as average field plot mea-
surements. For management purposes, the stands are grouped in broader forest struc-
ture types according to their stand-level attributes, to be treated as homogeneous areas.

Remote sensing via image segmentation, and to a lesser extent LiDAR data, has
been used to assist in the aforementioned stage (1) In addition, LiDAR data have
been widely applied for (2) and (3) forest inventory stages. The statistical approaches
based on LiDAR-derived metrics provide information about LiDAR height distribu-
tions in homogeneous areas. However, this classification may present certain limi-
tations within a forest management approach. Thus, the automated algorithm can
provide a solution for homogeneous units based on statistical results, although the
opinion of experts in forest management may modify this automated delineation
according to their personal experience, knowledge of ecological interactions, and/or
based on specific forest management criteria (i.e., species conservation, recreational
use, or wood production).

Pascual et al. (2008; 2013) implemented various approaches for the forest struc-
ture characterization of heterogeneous P. sylvestris, L stands, ranging from null to
high incorporation of expert opinion. The aim of the current work is twofold: to map
homogeneous forest areas for forest management purposes in the mountain area of
the Madrid region using LiDAR data and to evaluate the role of forest expert opinion
in this mapping process.

2.6.2.2 Study Site and LiDAR Data

The study site is located in the municipality of Cercedilla, in the Guadarrama
mountains, about 50 km north of the city of Madrid, Spain (40° 45" N, 4° 5" W),
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and has an area of 127 ha. The predominant forest is Scots pine (P. sylvestris, L.)
with abundant shrubs of Cytisus scoparius (L.) Link., Cytisus oromediterraneus
(Rivas Mart. et al.), and Genista florida (L.). There are also small pastures and an
extensive rocky area in the north of the study site. Elevations range from 1310 to
1790 m above sea level, with slopes of between 20% and 45%. The average aspect of
the study site is east.

An airborne laser scanning (ALS) survey was conducted over the study area in
August 2002 using a Falcon sensor (http:/www.toposys.com). First and last returns
were recorded with a nominal height above ground of 1000 m, leading to an average
point density of 4.5 points m=2.

The raw data delivered by the sensor (x-, y-, and z-coordinates) were processed
into two 1 m pixel digital models by the data provider. The DSM was processed
using the first pulse reflections, and the DTM was constructed using the last returns
and filtering algorithms. To obtain a digital canopy height model (DCHM), the DTM
was subtracted from the DSM. Both the DTM and DCHM were validated before use
by land surveying and ground-based tree-height measurements.

2.6.2.2.1 Forest Structure Types in the Study Area

The main forest attributes of the five forest structure types of the spatially heteroge-
neous P. sylvestris L. forest were described in the study area (Table 2.8). DBH and
height of all the trees were collected from ten plots in the study site to describe the
five forest structure types.

Forest type 1: Uneven-aged forest (multilayered canopy) with very high crown
cover. These forest stands are located in the lowest part of the study area. This for-
est type corresponds to a multilayered, uneven-aged Scots pine formation. Crown
cover ranges between 75% and 85%. This forest type includes the tallest trees in the
study area.

Forest type 2: Multi-diameter forest with high crown cover. These stands are dis-
tributed between 1310 and 1600 m in the southern part of the study area with some
discontinuous polygons in the north sector. This forest type can be described as hav-
ing a multi-diameter distribution and a two-story vertical distribution. Canopy cover
is over 65%—70%. Trees included in this forest type have a slightly lower height and
diameter than in the previous one (Table 2.8).

TABLE 2.8
Forest Stand Attributes for the Five Forest Structure Types in the Study Area
Mean SD of Lorey’s Basal Area

Forest Type Height (m) Height (m) Height (m) (m2/ha) Density (Tree/ha)
1 9.9 6.2 17.4 39.9 850

2 14.7 4.6 17.3 40.7 640

3 11.4 54 15.4 35.3 378

4 11.4 4.1 13.1 26.2 175

5 8.7 35 9.7 6.6 76
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Forest type 3: Multi-diameter forest with medium crown cover. This type occurs
discontinuously across the elevation gradient of the study area (1310-1790 m). Crown
cover is over 55%. This type of forest has a multi-diameter distribution but is less
dense than type 2 earlier. In some polygons, the pines form clumps of trees.

Forest type 4: Even-aged forest (single story) with low crown cover. These stands
are distributed throughout the higher elevations of the study area (1500-1790 m),
which has a predominantly eastern orientation. The distribution of diameter classes
is close to an even-aged formation, and the height distribution represents a single-
story condition. This forest type includes mature trees of greater diameter but with
a slightly lower height and larger crown diameters than other types. Crown cover is
relatively low and is generally less than 40%.

Forest type 5: Zones with scarce tree coverage (Table 2.8). This type consists of
dense coverage of shrubs under isolated pine trees. Crown cover is between 10% and
15%. These stands are located at the highest elevations (1550-1750 m), with a mean
slope of up to 40% and a predominantly northern or eastern aspect.

2.6.2.3 Mapping Forest Structure

We implemented four approaches for forest structure characterization, ranging
from null to high incorporation of expert opinion and from fully automated to fully
manual approaches that we designated Aut-I, SAut-II, SAut-I, and M-I, respectively.
These approaches consisted of three basic stages: (1) forest stand identification, (2)
forest stand classification into forest structure classes, and (3) validation. The meth-
odological steps in the three stages for all the approaches (Table 2.9) are briefly
described as follows:

2.6.2.3.1 Definition of Height Classes by Forestry
Experts and Statistical Validation

Local forest managers were asked to define up to 10 height classes according to their
expert knowledge and based on the ecological factors of the study site. The expert opin-
ion height classes were validated using an analysis of variance (ANOVA) test of the
trees” DBH with height class as a factor. An ANOVA test was carried out for 1600 trees
from 10 plots located throughout the study area and surroundings. The expert opinion
height classes were used for the SAut-I, SAut-II, and M-I approaches (Table 2.9).

2.6.2.3.2 Binning LiDAR-Derived DCHM into Expert Opinion Height Classes

The DCHM cells were binned into one of the height classes defined by the forestry
experts, thereby transforming the continuous LiDAR-derived DCHM into a categori-
cal canopy height model. This process was carried out for the SAut-I, SAut-II, and
M-I approaches only (Table 2.9). This binned DCHM image provided information
on forest canopy height, gaps, and forest cover, which are commonly used param-
eters in forest structure photo interpretation (Franklin, 2001).

2.6.2.3.3 Manual Delineation of Binned DCHM

For the SAut-I and M-I approaches (Table 2.9), polygons corresponding to forest
stands were manually digitized on-screen from the binned DCHM. The forest man-
agers established the perimeter of the polygons based on their experience, according
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TABLE 2.9
Synopsis of the Four Approaches to Forest Structure Characterization
Compared in this Study

Increasing Level of Expert Opinion and Manual Tasks

Automated Manually Manually
Automated Segmentation Delineated Delineated
Segmentation of Binned Binned Binned
of LiDAR- LiDAR-Derived LiDAR-Derived LiDAR-Derived
Derived DCHM DCHM and DCHM and DCHM and
and Statistical Statistical Statistical Manual
Classification Classification Classification Classification
Stage (Aut-I) (SAut-I1) (SAut-I) (M-D)
1. Forest stand Definition of height classes by forestry experts and
identification statistical validation

Binning the LiDAR-derived DCHM into expert opinion
height classes

Object Object Manual delineation of binned DCHM
segmentation segmentation of
of LIDAR binned DCHM
DCHM
2. Forest stand Cluster of forest stands using LiDAR-derived metrics Manual
classification assignment of
into forest forest stands into
structure forest classes
classes
3. Validation Validation (based on hypsographs and percentiles)

to the spatial distribution pattern of the height classes (i.e., texture and color of the
binned DCHM), and aided by a thorough knowledge of the area.

2.6.2.3.4 Object Segmentation of LiDAR-Derived DCHM

Polygons corresponding to forest stands were segmented from the LiDAR-derived
DCHM, implementing an OBIA approach with eCognition 4.0 software. The scale
and homogeneity parameters for segmentation were obtained from the LiDAR
DCHM (i.e., canopy height as a continuous variable). We applied three consecutive
segmentations. The polygons obtained for each segmentation were later aggregated
at higher levels. This segmentation was used only in the Aut-I approach (Table 2.9).

2.6.2.3.5 Object Segmentation of Binned DCHM

For the SAut-II approach, we developed a segmentation procedure that worked with
the binned DCHM using eCognition 4.0 software. This time the scale and homoge-
neity parameters were obtained from the binned DCHM (i.e., the categorical height
classes established by the forestry experts). Three consecutive segmentations were
also applied. The polygons obtained for each segmentation were later aggregated at
higher levels.
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2.6.2.3.6  Cluster of Forest stands Using LiDAR-Derived Metrics

Manually delineated (SAut-I approach) and automatically segmented (SAut-1I
and Aut-I approaches) polygons were grouped into five structure types by
K-means cluster analyses (Table 2.9). Individual polygons were assigned to the
different clusters using the sequential threshold method, where distances in
cluster seeds were sorted, and observations of the distances between them were
taken at constant intervals. Median and SD of LiDAR-derived height within
each polygon were the entry variables for cluster analysis. The ANOVA test was
used to test the statistical significance of the forest structure types derived from
the cluster analysis. Euclidean distances between the cluster’s centroids were
also calculated in order to determine the proximity of the statistical clusters
(Hair et al., 1995).

2.6.2.3.7 Manual Assignment of Forest Stands into Forest Classes

For the manual approach (M-I), forestry experts visually inspected the manually
delineated polygons and assigned each one into a forest structure class. Their deci-
sion was based on a management approach, considering the spatial distribution of
texture patterns and colors of the binned DCHM (i.e., spatial distribution of heights
and forest covers). Experts also incorporated their personal experience of forest man-
agement in this area. An ANOVA test was applied to assess the separability of the
manually assigned forest structure types.

2.6.2.3.8 \Validation Based on Percentiles and Hypsographs

Forest structure type mapping is considered to be an arbitrary and subjective pro-
cess, and it is therefore impossible to compare the results against any one correct
stand delineation (Wulder et al., 2008b; Koch et al., 2009). According to Koch
et al. (2009), Mustonen et al. (2008), and Falkowski et al. (2009), any reasonable
stand classification should provide a separation of stands that differ from each other
with respect to quantitative parameters. Assuming this criterion, we validated and
compared the performance of the approaches developed by assessing the statisti-
cal separability of quantitative parameters such as LiDAR-derived hypsographs and
hypsograph percentiles.

Hypsographs are the cumulative distribution of canopy heights as a function
of proportional area within each polygon. These graphs were also summarized
as percentiles, that is, heights at which 10%, 25%, 50%, 75%, and 90% of the
polygon surface area occurs within each polygon (H10%, H25%, H50%, H75%,
and H90%, respectively) (Figure 2.26). LiDAR-derived hypsographs are widely
used both to analyze stand structure and to synthesize the 3D distribution of for-
est canopies (Lefsky et al., 1999; Harding et al., 2001; Parker and Russ 2004;
Maltamo et al., 2005).

Hypsographs of each polygon were generated to validate and compare the clas-
sifications of the four approaches. ANOVA tests with Tukey’s honestly significant
difference (HSD) method for post hoc analyses were used to assess whether indices
describing canopy height distributions (H10%, H25%, H50%, H75%, and H90%)
varied significantly among forest structure types.
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FIGURE 2.26 Hypsograph from a lidar polygon and its percentiles.

2.6.2.4 Results

Local forest managers defined eight height classes to aid manual forest stand delin-
eation. Class 1 (0—1 m) represents areas with little to no vegetation; class 2 (1-3 m)
represents areas with shrubs (<3 m height); classes 3, 4, 5, 6, 7, and 8 considered
the following DCHM height intervals: 3—6, 6-10, 10-15, 15-20, 20-25, and 25-32
m, respectively. Robustness of height classes was validated by an ANOVA and post
hoc Tukey HSD test of tree diameters with height class as a factor. The results
indicated that the height classes were all statistically independent (p<0.001 in all
cases). The LiDAR-derived DCHM was then binned into expert opinion height
classes (Figure 2.27).

For the Aut-I and SAut-II approaches, 112 and 103 polygons were automatically
segmented from LiDAR (continuous variable) and binned DCHM, respectively
(Figure 2.27a and b). For the SAut-I and M-I approaches, 64 polygons were manu-
ally delineated from the binned DCHM (Figure 2.27c and d).

For the Aut-I, SAut-I, and SAut-II approaches, polygons were clustered into five
forest structure types using K-means algorithm (Figure 2.27a and c). Clustering of
polygons was based on median and SD of DCHM within the heights in each poly-
gon. The ANOVA F-ratios between cluster centers revealed that cluster analysis was
able to separate all five forest structure types in the three automated approaches
(Aut-I, SAut-I, and SAut-IT). Thus, the ANOVA results for the Aut-I approach were
median F=52691, p<0.001, and SD F=3.67, p<0.001; similarly, the ANOVA
results for SAut-I and SAut-II approaches were median F'=110.0161, p<0.001, and
SD F=8.7116, p<0.001 and median F=346.8224, p<0.001, and SD F=3.7262,
p<0.001, respectively.

For the M-I approach, manually delineated polygons were manually assigned
to five forest structure types (Figure 2.27d). We also applied an ANOVA test to
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FIGURE 2.27 (See color insert.) Results for the four proposed forest structure
characterization approaches: (a) Aut-lI approach, (b) SAut-Il approach, and (c) SAut-I
approach. The numbers inside the polygons indicate the forest structure type (1, 2, 3, 4, or 5)
to which each polygon was assigned. Polygons with no number indicate that they were not
forest stands and were not included in the forest structure classification. Dashed line indicates
the automated segmented (a) and (b) and manually delineated polygons (c) and (d).
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FIGURE 2.27 (continued) (See color insert.) Results for the four proposed forest struc-
ture characterization approaches: (a) Aut-I approach, (b) SAut-II approach, and (c) SAut-I
approach. The numbers inside the polygons indicate the forest structure type (1, 2, 3, 4, or 5)
to which each polygon was assigned. Polygons with no number indicate that they were not
forest stands and were not included in the forest structure classification. Dashed line indicates
the automated segmented (a) and (b) and manually delineated polygons (c) and (d).
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TABLE 2.10
Euclidean Distance (m) among Cluster (i.e., Forest Structure Types) Centers
for Aut-1, SAut-1, and SAut-Il Approaches

Aut-1 SAut-1 SAut-II
1 2" 3 & 1 2" 3 & 1 2" 3 &
2" 208 — — — 2" 251 — — — 2 219 — — —
3 397 193 — — 3 382 177 — — 3 352 147 — —
4" 6.02 399 206 — 4 505 265 143 — 4° 495 283 143 —

5% 942 737 545 341 5 817 572 449 313 5 684 472 331 1.89

17,27, 3", 4%, and 5" stand for forest types 1, 2, 3, 4, and 5, respectively.

check whether the manual groups achieved maximum variability among groups
and minimum variability within a group and also for the purpose of comparison.
The ANOVA results for the M-I approach (median F'=36.120, p<0.001, and SD
F=9.537, p<0.001) indicated that forest experts were able to provide homogeneous
forest structure groups.

Euclidean distances among cluster centroids were also considered to evaluate
cluster results. Thus, Euclidean distances provided better separabilities for the fully
automatic approach (Aut-I) than for both semiautomatic approaches (SAut-I, SAut-II)
(Table 2.10). Euclidean distances for the cluster analysis of segmented polygons from
the binned DCHM (SAut-1I approach) presented the worst separability among forest
structure types (Table 2.10).

The validation analyses using hypsograph percentiles revealed marked differ-
ences among forest structure types for the four approaches. Tukey HSD tests of
hypsograph percentiles (Table 2.11) indicate that the best separability among forest
structure types was achieved for the Aut-I approach. Significant differences (p <0.05)
for at least four percentiles for each pair of forest structure types were obtained. The
SAut-I approach produces slightly poorer results. This approach provided acceptable
separability among forest structure types, with significant differences (p <0.05) for at
least two hypsograph percentiles for each pair of forest structure types (Table 2.11).
This was similar to the M-I approach, which showed limited discrimination between
forest structure types 1 and 2 (p<0.05 for H10% only). Finally, the SAut-II approach
was unable to discriminate forest structure types 2 and 3 and forest structure types 4
and 5 (p > 0.05 in all hypsograph percentiles), showing the worst separability among
forest structure types. In summary, both the hypsographs and the Tukey HSD tests
for hypsograph percentiles highlighted the Aut-I and SAut-I approaches as being the
best able to discriminate among forest structure types.

2.6.2.5 Discussion

In this work, we developed and compared four approaches for forest structure
characterization that incorporate expert opinion in a progressive manner. Our results
(ANOVA test and Tables 2.10 and 2.11) indicate that all four procedures are valid
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TABLE 2.11
Tukey HSD Test

Type 1 Type 2 Type 3 Type 4

Aut-1 Approach

Type 2  Hysy Hsos, Hosy, Hop,

Type 3 H,gy Hasy, Hso Hosg, Hog,  Hig, Hase, Hso, Hise, Hoge,

Typed  H,gy Hysy, Hso, Hosg, Hog,  Higq Hasen Hsor Hyse, Hoor  Higg, Hasg, Hsgq, Hosy, Hogg,

TypeS  H,gy Hosy, Hsoo Hosg, Hog  Hige Hase, Hsoq, Hyse, Hope  Higg, Hose, Hsgg, Hose, Hogs,  Hase, Hsgy, Hose, Hogy,
SAut-11 Approach

Type 2 H]U"/c HZS% HSO’/& H75% H90’/c

Type 3 H,py Hosg, Hsoy, Hosg Hogy, —

Typed  H,gy Hosy, Hsos Hosg, Hog,  Hose, Hspe, Hise, Hoge, Hsoq,

TypeS H,gy Hosy, Hsy Hoso, Hog  Hyse, Hsge, Hyse, Hoge, Hsgq Hyso, -
SAut-1 Approach

Type2 H,py Hosg, Hsoy Hose,

Type 3 H,gy Hasy, Hsor Hsos. Hoos,
Typed4  H,py Hosy, Hsoy, Hos, H,ps. Has, Hsps, Higg Hase. Hsoq, Hyse. Hogg,
Type S H,py Hosy, Hsoy, Hos H,gg Hase, Hsog Hse, Hogg,  Higg Hase, Hsgg, Higg, Hasg. Hsog, Hyse, Hoor,

M-I Approach
Type2 Hy
Type 3 H,gq Hysq, Hspn H,ps. Has, Hsps,
Type 4  H,gy Hosy, Hsoo Hosg, Hogr  Higr Hase, Hsor Hyse, Hopre  Hasg, Hogg,
Type S H,gy Hosg, Hsoy Hosg, Hop,  Hige Hase, Hsor Hyse. Hoor  Hiog, Hase, Ho, Hose, Hoor, Higg, Hosg, Hsgg

Significant differences between forest types (p<0.05) hypsograph percentiles.

and acceptable, although quantitative attributes for validation (i.e., percentiles)
(Table 2.11) indicated that the fully automated approach (Aut-I) provided a slightly
higher degree of separability for the five forest structure classes than the mixed pro-
cedures with increasing expert participation. Therefore, our results demonstrate that
the incorporation of expert opinion does not imply any improvement in precision nor
does it represent a significant loss.

The fact that the M-I and SAut-I methods correctly discriminated forest struc-
ture types suggests that it may be advantageous to incorporate expert opinion
and manual procedures in order to establish structure typologies where specific
software or trained users are not available. In fact, the quantitative attributes
(Euclidean distance and percentiles) associated to the different forest structures
(Table 2.11) showed a greater degree of statistical separation in the procedures with
greater expert participation (M-I and SAut-I) than in the approach that included the
segmentation with eCognition (SAut-II). These results are consistent with previ-
ous findings that considered that manual (based on expert opinion) and automated
approaches should be mutually complementary, especially in heterogeneous forest
areas (Wulder et al., 2008b).

The reclassification of the LiDAR-derived DCHM into expert opinion height
classes is a suitable approach for the manual delineation of forest stands. Although
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binning the LiDAR-derived DCHM into height classes implies the simplification of
the data and the loss of information, this prior step aided the manual delineation of
forest stands. The reclassification of DCHM into height classes allowed the trans-
formation of a grayscale map of a continuous variable (i.e., LiIDAR heights) into a
map where the spatial pattern of colors and textures aided the identification of forest
stands (Figure 2.27). The color distribution and texture of the binned LiDAR height
categories accurately synthesized the spatial distribution of crown cover and gaps,
attributes that describe forest structure (Maltamo et al., 2005; Poage and Tapeiner
2005). Falkowski et al. (2009) indicate that the LiDAR height and the degree of
forest coverage are the LiDAR parameters that best discriminate the forest succes-
sional types in their study area. Thus, binning the LiDAR-derived DCHM allowed
experts to distinguish and digitalize polygons in a similar way to traditional methods
(i.e., based on photo interpretation) but more easily, as no stereoscopic restitution
equipment was required. In addition, compared to the more individual work of the
photo interpreter, this procedure facilitates team discussion among forest manag-
ers in order to delimit structure units according to the required management focus
(productive, conservational, etc.), as well as based on their personal experience
and knowledge of ecological interactions and other ancillary data. The procedures
developed in this work offer the following advantages: (1) They allow greater expert
participation, (2) they make it possible to give a specific management focus in each
case, and (3) they provide accessibility by the users (forest managers) to the source
of LiDAR information.

2.6.3 CuURRENT IssuEs IN LIDAR ARea-BASED APPROACH:
Co-REGISTRATION ERROR, ACCURACY OF PREDICTIONS,
AND MODELING TREe Size DISTRIBUTIONS

2.6.3.1 Introduction

The use of LiDAR data and ABA is becoming increasingly popular for forest
practitioners and natural resource managers. This methodology focuses on find-
ing empirical relationships between predictors and forest properties (Erdody
and Moskal 2010; Maltamo et al., 2006; Nasset, 2002). In the ABA approach,
LiDAR-derived predictors are regressed against the variable of interest, thereby
obtaining a model for relating the variable of interest and the LiDAR predictors.
Predictions at points where only LiDAR data is available are then based on the
model obtained. The advantages of this approach over the traditional field-based
inventory method are

* The possibility of obtaining realistic maps that provide a better illustration
of the spatial variability of the forest variables.

e The predictions of the aggregated values of the variables of interest are
enhanced by using the auxiliary LiDAR information.

This method is sometimes criticized because the models function like black boxes.
Even though the models are obtained without considering the physical interactions
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between LiDAR pulses and the forest, the flexibility and good results provided by
this methodology have made it a standard for operational applications.

The ABA approach, in combination with regression analysis, is probably the most
widespread technique. Most of the applications developed during the last decades
using this methodology share three common features:

1. The methodology relies on a correct co-registration between field measure-
ments and LiDAR data.

Georeferencing field observations requires the use of GPS equip-
ment, and this equipment does not perform well in forest environments.
Positioning errors can be within the range of 5-10 m when operating in
dense forest environments. This lack of co-registration introduces an addi-
tional uncertainty into the estimation of forest variables.

2. The accuracy assessment usually focuses on studying the marginal distri-
bution of prediction errors at the pixel or plot level.

This assessment is not sufficient for management planning, which usu-
ally relies on aggregated estimates made for areas that include a large num-
ber of pixels. Moreover, inventory estimates of spatially aggregated values
often need to fulfill accuracy requirements that are not directly derived
from the model’s accuracy assessment at the pixel level. Spatially aggre-
gated predictions and assessments of their accuracy are clearly required,
although they have received less attention in the literature than studies
regarding accuracy at the pixel level.

3. The variables of interest summarize variables that do not give information
on the variability of tree sizes.

Summarizing variables—for example, basal area, quadratic mean diam-
eter, mean height, or dominant height—is not informative enough for appli-
cations such as timber value assessments that require knowledge about the
distribution of tree sizes. Very few studies have explored the possibilities
for estimating tree size distributions from LiDAR.

Several questions arise from the issues mentioned. The following exam-
ples aim to illustrate how these questions can be answered.

Example 2.3: Co-Registration Errors

Georeferencing of field plots for remote sensing applications is usually based
on the positioning of GNSSs. These techniques involve measuring distances
between satellites and receivers. GNSS may refer to the U.S. Global Positioning
System (GPS) or the Russian GNSS (GLONASS). This technology offers a num-
ber of advantages over traditional survey methods in terms of time, cost, and
ease of use. Several factors affect the accuracy of GNSS, depending on either
observation conditions or device characteristics and processing mode. Forested
environments are far from optimal conditions for GNSS positioning, as the for-
est canopy blocks and reflects the satellite signal, causing multipath effects
and signal losses that reduce accuracy. Nominal accuracies are difficult to
achieve, and ad hoc experiments are required to evaluate the real accuracy of
a specific device and processing mode under given canopy conditions. Some
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TABLE 2.12

Nominal and Undercanopy Accuracies for Different Types of GNSS Devices
and Processing Modes

Error Ranges (m) Reported

aNominal .
Processin Accurac under Forest Canopies
8 Y
Observable Mode (m) GNSS Type Min-Max Reference
C/A code Autonomous ~ 5-15m GPS 2.95-6.72 Hasegawa and
Yoshimura (2003)
GPS/GLONASS  5.70-21.60  Wing et al. (2005)
Differential 0.5-3m GPS 5.60-7.16 Tucek and Ligos
(2002)
GPS 0.77-5.02 Hasegawa and
Yoshimura (2003)
GPS 5.20-8.40 Rodriguez-Perez
et al. (2007)
GPS/GLONASS 1.05-14.01  Andersen et al.
(2009)
Carrier phase  Differential 0.003 = GPS na-3.61 Nasset (1999)
0.5ppmx D  GPS/GLONASS  0.01-2.21 Nesset et al.
(2000)
GPS/GLONASS  0.01-1.79 Nesset (2001)
GPS/GLONASS  0.00-1.29 Andersen et al.
(2009)
GPS/GLONASS  na-2.5 Valbuena et al.
(2010)

4 Nominal accuracies have been obtained from three different manufacturers (Topcon Positioning System

Inc. 2006, Topcon Positioning Systems Inc. 2009; Leica Geosystems AG 2010a, Leica Geosystems AG
2010b; Trimble Navigation Ltd 2010a, Trimble Navigation Ltd 2010b). A detailed description of these
processing modes can be found in Mauro (2011).

previous cases are summarized in Table 2.12. GNSS devices can be classified
into three groups depending on the observable used for ranging and on the
processing mode.

Greater accuracy of the GNSS equipment can be expected when the observation
time is increased, although this gain in accuracy is limited and becomes practically
null when the observation time reaches a certain limit. The accuracy of different
GNSS equipment when extending the observation time from 5 to 30 min was
analyzed by Valbuena et al. (2010), comparing survey-grade and handheld phase
differential devices. Significant differences were found between both types of
devices for observation times shorter than 20 min. After 20 min, the performance
of both types of receivers was similar, leading to an important practical conclu-
sion. The use of phase differential handheld devices, which are less expensive
than survey-grade receivers, should be avoided unless considerable time is avail-
able for positioning the plot center. The reference of 20 min was obtained in a
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specific forest environment and should therefore be considered with caution, as
it is not a universal reference. In any case, we recommend using the best receiver
to hand and extending the observation time as much as possible. This is not
always a problem, as in many situations the collection of the ground truth data
requires considerable time and can be done while the GNSS receiver is collecting
observations.

Following the recommendations earlier, the user can minimize the position-

ing errors. However, the positioning error itself is not the main problem for the
ABA methodology. The final products of this methodology are estimates of forest
variables. On the one hand, even when the positioning error is minimized, its
effects may be strong, and on the other hand, major positioning errors may have
little influence on the results of this methodology. We can therefore conclude that
positioning errors are important if their effects are significant.
The effect of co-registration errors on tree-height estimates from LiDAR data
was studied by Gobakken and Naesset (2009). These authors analyzed both the
influence of GNSS positioning errors on various LiDAR metrics and the estima-
tion of Lorey’s height, basal area, and volume, based on the aforementioned
metrics when using plots of different sizes. Frazer et al. (2011) performed a
similar study using simulated stands and LiDAR datasets. In these studies, the
uncertainty introduced by the positioning errors is transmitted to the predictors.
The influence of positioning errors on the tree-height distribution observed in
the field for plots of different sizes was analyzed by Mauro et al. (2011). This
study proposes a methodology for integrating changes in a variable of inter-
est and positioning errors. The difference in this case is that the uncertainty
introduced by the positioning errors is transmitted to the dependent variable.
Analyzing the problem from this perspective requires less computation effort,
as changes are not observed in the large LiDAR dataset, and only changes
in the field data are analyzed. However, approaching the problem from this
perspective requires intense data collection in the field. All the trees within dif-
ferent relatively wide areas must be georeferenced using a total station. Then
the variable of interest must be compared in simulated plots within these wide
areas. The studies by Gobakken and Neesset (2009), Frazer et al. (2011), and
Mauro et al. (2011) verified that increasing the size of the plots helps to reduce
the effects of positioning errors. These studies provide general references for
estimating the effect of positioning errors for consideration when dimensioning
the field plots for training models in the ABA approach. However, a similar ad
hoc analysis would be needed for specific applications where the effect of the
positioning errors must be monitored.

Example 2.4: Accuracy for Spatially Aggregated Predictions

Introduction

Traditional inventory methods use only field-data information, that is, single-stage
sampling (SSS). Double-stage sampling (DSS) techniques use information avail-
able from field samples and from auxiliary variables for a larger sample of the
population of interest (see Section 2.2). In most cases, this auxiliary information
is available for the whole population or the study area. The strong correlation
between LiDAR-derived variables and variables of interest for forest planning has
been demonstrated in many studies (Naesset 1997a; Naesset 1997b; Neesset and
Okland 2002; Magnussen et al., 1999; Maltamo et al., 2006). This fact suggests that
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LiDAR may provide a good source of auxiliary information for making estimates
with a high level of precision, using a reduced number of plots (Andersen and
Breidenbach 2007).

The use of LiDAR data and ABA is becoming increasingly popular for forest
practitioners and natural resource managers. The advantages of this approach
over traditional field-based inventory methods include the possibility of obtain-
ing realistic maps illustrating the spatial variability of the forest variables and
enhancing predictions of aggregated values of the variables of interest by using
auxiliary information in a DSS. Most of the applications that use this approach
provide general estimators of the accuracy of the predictive models at the pixel
level. This assessment is not sufficient for management planning, which usually
relies on aggregated estimates made for areas that include a large number of
pixels. Moreover, inventory estimates of aggregated values often need to ful-
fill accuracy requirements that are not directly derived from the assessment
of the model’s accuracy at the pixel level. Spatially aggregated predictions
and assessments of their accuracy are clearly required, although they have
received less attention in the literature than studies regarding accuracy at the
pixel level.

Questions about trade-offs using either DSS with LiDAR data as auxiliary infor-
mation or SSS to estimate aggregated values can arise when planning a sampling
for developing forest management plans in relatively small areas, ranging from
hundreds to thousands of hectares. Potential DSS reduction of fieldwork activities,
which can be very expensive, may offset the additional cost derived from ALS data
acquisition and processing.

Objectives
This study aims to investigate the possibilities for fieldwork reduction when
using DSS with ALS auxiliary information and compares the sampling intensi-
ties that are needed to reach a relative error of 5%, 10%, and 15% when using
SSS or DSS.

Methods

The study area is a 300 ha P. sylvestris L. forest located on the northern slopes of
the Valsain valley in the Guadarrama mountains (central Spain). Elevations range
between 1310 and 1450 m above sea level, with slopes of between 10% and 45%.
The general aspect of the study site is northwest.

Tree height (H) and DBH were measured in a total of 37 georeferenced circu-
lar plots with a radius of 20 m (1256.64 m?). Plots were systematically distributed
in three lines starting in randomly selected locations close to points with easy
access. Basal area (Q), stand density (N), dominant height (Ho), mean tree height
(Hm), and quadratic mean diameter (Dg) were computed for each plot directly
from the field measurements. Local models for P. sylvestris L. were used to esti-
mate stem volume (Rojo and Montero, 1996) and total tree biomass (Montero
et al., 2006). These models used DBH and H, respectively, and DBH as predic-
tors. Tree attributes were aggregated to obtain plot-level values of volume and
total biomass.

For the DSS, ALS-derived variables were obtained for each plot using Fusion
software. In a previous step, irregularities in pulse densities were removed, obtain-
ing a final number of two pulses m=. Generalized regression (GREG) estimators
are model-assisted estimators. A linear model is fitted using both field data at plot
level and predictors associated to the plots. The model is then applied to every
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pixel or unit in the study area and aggregated. An additional correction term that
considers the residuals of the modeling stage is included.

For each variable, the arithmetic mean from SSS and the GREG estimators for
the mean from DSS were computed using a different number of field plots. The
number of field plots was gradually lowered from 37 to 10. Two hundred and
fifty bootstrap replications were computed for each number of field plots. The
mean of the sample means and the GREG estimator for the whole area mean
computed using 37 plots was used as a reference value for each method. Then,
for each number of plots, the width of 95% CI and the percentage of replicates
that was different to these values in at least 5%, 10%, and 15% were computed.
Differences in precision between the estimators based only on field data and the
GREG estimators can be observed in Figure 2.28.

Results and conclusion

A considerable reduction in fieldwork is achieved when auxiliary information is
considered. The accuracy of the sample mean and GREG estimators appears to
be similar for the stand density. Several studies (Naesset 2002) have found that
this variable is poorly correlated with LiDAR predictors, and this may account for
this pattern.

Example 2.5: Prediction of Diameter Distribution

Diameter distribution is probably the most relevant variable for forest man-
agers. Many forest attributes can be related to it, such as basal area, volume,
biomass, number of stems, and their distributions by diameter classes. Various
studies (Gobakken and Nasset 2004, 2005; Maltamo et al., April 2006; Maltamo
et al., 2007; Breidenbach et al., 2008) have explored the possibility of estimat-
ing diameter distributions using LiDAR data. These studies have been developed
in boreal forest areas and have shown that diameter distribution can be accu-
rately predicted. Basically three different methods exist for estimating diameter
distributions.

The first method, known as the parameter prediction method, consists of
modeling the diameter distribution of field plots using parametric models (usually
Weibull models). Model parameters in training plots are then regressed against
LiDAR predictors. Models for each parameter are applied to each pixel to obtain
estimates of the diameter distribution parameters. Examples of this method can be
found in Maltamo et al. (2006), Gobakken and Nasset (2004), and Breidenbach
et al. (2008).

The second method is called the percentile prediction method (Gobakken and
Naesset, 2005; Maltamo et al., 2007). In this method, diameter distributions in
training plots are modeled from a set of percentiles. These percentiles are usually
the 10, 20..., and 100 percentile. This is a nonparametric approach that allows a
very flexible definition of the diameter distribution. Its main disadvantage is that
the number of models to fit adds up to the number of percentiles considered plus
an additional model for a scaling parameter. This means fitting eleven models to
predict the diameter distribution.

The third method is called the parameter recovery method. In this method,
models are obtained to predict several variables closely related to the diameter
distribution. A parametric model for the diameter distribution is assumed.
Then a series of equations are established between the predicted variables
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FIGURE 2.28 (See color insert.) (a) 95% relative error for SSS sampling (sample mean).
(b) 95% relative error for DSS sampling (GREG estimator).
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and the parameters of the diameter distribution. The diameter distribution
parameters are obtained by solving the system of equations. An example of this
methodology applied to obtain tree-height distributions can be found in Mauro
et al. (2012).
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3.1 INTRODUCTION

3.1.1 CHAPTER CONTENT

This chapter explores the different approaches to assess criteria and indicators
(C&I) for sustainable forest management (SFM) as a result of the United Nations
Conference on Environment and Development (UNCED) 1992 and presents a case
study of computing indicators at the local scale, based on light detection and ranging
(LiDAR) survey and yield tables in Pinus sylvestris forests in Central Spain. These
indicators are measures for tree height distribution, timber yield, and biomass.

Section 3.2 describes C&I for SFM at the regional level. It focuses on the inter-
national processes and provides an overview of national initiatives for the C&I and
forest certification. This section ends with the evolution of sustainability during the
last decade, paying attention to the countries with most accomplished processes and
some conclusions about the implementation of SFM.

Section 3.3 relates the importance of C&I for SFM at the forest management unit
(FMU) level. This section includes the proposal of a methodology that uses informa-
tion from LiDAR airborne system to assess three SFM indicators designed for this
purpose and its application and meanings at the FMU scale.

3.1.2  State OF THE ART OF C&I FOR SFM aND
PARTICIPATORY FOREST MANAGEMENT
SFM is a concept specifically designed to embrace and reconcile the different interests

on forests, including the maintenance of biodiversity. However, the interests of different
stakeholders are rarely fully mutually reinforcing. Interests normally require trade-offs
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and some are simply mutually exclusive. Certification of good or SFM has to deal with
these diverging values of different stakeholders, including the importance placed on
biodiversity maintenance relative to other aspects (Rametsteiner and Simula 2003).

C&I are tools used to define, assess, and monitor periodic progress toward SFM
in a given country or in a specified forest area, over a period of time (Prabhu et al.
1999). The ultimate aim of C&I is to promote improved forest management practices
over time and to further the development of a healthier and more productive forest
conditions, taking into account the social, economic, environmental, cultural, and
spiritual needs of the full range of stakeholder groups in countries concerned.

Through sustainable management, forests can contribute to the resilience of eco-
systems, societies, and economies while also safeguarding biological diversity and
providing a broad range of goods and services for present and future generations.

Criteria define the essential elements against which sustainability is assessed,
with due consideration paid to the productive, protective, and social roles of forests
and forest ecosystems. Each criterion relates to a key element of sustainability and
may be described by one or more indicators (FAO 2001).

Indicators are parameters that can be measured and correspond to a particular
criterion. They measure and help monitor the status and changes of forests in quan-
titative, qualitative, and descriptive terms that reflect forest values as seen by those
who defined each criterion (FAO 2001).

The C&I are considered as monitoring instruments by which progress toward
implementation of SFM may be evaluated and reported (Kotwal et al. 2008; Khadka
and Vacik 2012).

The multiple C&I involved, the variety of underlying goals and objectives of dif-
ferent interest groups and the possibility of nontransparency of the decision-making
process, can hinder the adoption of C&I or may even result in the failure to gain pub-
lic acceptance of the results of the C&I assessments (Mendoza and Prabhu 2000a).
Therefore, the new context of sustainable forestry places demands on forest plan-
ning processes, in terms of integrating science with participatory decision support
(Mendoza and Prabhu 2000b; Sheppard 2005).

C&I can be applied at a range of spatial scales. Early emphasis was on the devel-
opment of national level, under the international processes for the purpose of raising
awareness, of gaining commitment, and of assisting in measuring broad progress
toward achieving SFM (Raison et al. 2001). Therefore, C&I are developed at three
different levels: international, national, and FMU levels.

At the international level, there are nine ongoing international C&I processes:

. African Timber Organization (ATO) Process

. Dry Forest in Asia Process

. Dry-Zone Africa Process

. International Tropical Timber Organization (ITTO) Process

. Lepaterique Process of Central America

. Montreal Process (Temperate and Boreal Forests)

. Near East Process

. Pan-European Forest Process

. Tarapoto Proposal for the Sustainability of the Amazon Forest

O 0 9O B WIN =
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While each of these processes differs in specific content or structure, all of them
center around seven globally agreed thematic areas corresponding to criteria:

a. Extent of forest resources

b. Biological diversity

c. Forest health and vitality

d. Protective functions of forests

e. Productive functions of forests

f. Socioeconomic functions

g. Legal policy and institutional framework

C&I for SFM processes at the international level are closely linked to a number of
international forest-related and cross-sectorial processes such as the Forest Resources
Assessment (FRA) program of FAO, the United Nations Forum on Forests (UNFF),
and the Convention on Biological Diversity (CBD).

At the national level, more than 150 countries are taking part in one or more
of the nine international processes (FAO 2001) (Table 3.1). Other 63 countries not
members of these international processes are developing their own national C&I. All
these countries are somehow supported by partner institutions such as FAO, Centro
AgronOmico Tropical de Investigacion y Ensefianza (CATIE—Tropical Agronomic
Research and Training Center), Center for International Forestry Research (CIFOR),
International Union of Forest Research Organizations (IUFRO), ITTO, and United
Nations Environment Programme (UNEP).

National Forest Programmes (NFPs) evolved from this international forum on
forests. Since 2002, over 70 countries attended the NFP Facility (FAO 2006). This
is a response to intergovernmental dialogue, which has recognized the essential role
of NFP in addressing forest sector issues. Its main objective is to assist countries in
developing and implementing NFPs that effectively address local needs and national
priorities and reflect internationally agreed principles.

Other important initiatives aimed at forest certification evolved from the requested
C&l implementation. Certification is the process whereby an independent third party
(called a certifier or certification body) assesses the quality of forest management in
relation to a set of predetermined requirements (the standard). The certifier gives
written assurance that a product or process conforms to the requirements specified
in the standard (Rametsteiner and Simula 2003).

C&I in international processes are used among national governments to monitor
and exchange information on their implementation of SFM, while forest certification
schemes are used by forest management organizations to establish proof of SFM in
the forest product markets (Holvoet and Muys 2004).

In 1993, concerned business representatives, social groups, and environmental
organizations got together and established the Forest Stewardship Council (FSC)
with the purpose of supporting environmentally appropriate, socially beneficial, and
economically viable management of the world’s forests. FSC brings together people,
organizations, and businesses to develop consensus-based solutions that promote
responsible stewardship of the world’s forests. The 10 FSC principles and criteria
form the basis for all FSC forest management standards and policies.
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TABLE 3.1

International Processes on SFM, Number of C&l, and Countries

ITTO

Number of criteria
Number of indicators
Countries

Dry-zone Africa process
Number of criteria
Number of indicators
Countries

Montreal Process
Number of criteria
Number of indicators
Countries

Pan-European Forest Process
Number of criteria

Number of indicators
Countries

7

66

Producers: Bolivia, Brazil, Cambodia, Cameroon, Central
African Republic, Colombia, Congo, Cote-d’Ivoire,
Democratic Republic of the Congo, Ecuador, Fiji, Gabon,
Ghana, Guatemala, Guyana, Honduras, India, Indonesia,
Liberia, Malaysia, México, Myanmar, Nigeria, Panama,
Papua New Guinea, Peru, Philippines, Suriname, Thailand,
Togo, Trinidad and Tobago, Vanuatu, and Venezuela

Consumers: Australia, Austria, Belgium, Canada, China,
Denmark, Egypt, Finland, France, Germany, Greece, Ireland,
Italy, Japan, Luxembourg, Nepal, New Zealand, Norway,
Poland, Portugal, Republic of Korea, Spain, Sweden,
Switzerland, the Netherlands, United Kingdom, United States
of America, and the European Union

7

47

Burkina Faso, Cape Verde, Chad, Gambia, Guinea-Bissau,
Mali, Mauritania, Niger and Senegal. Djibouti, Eritrea,
Ethiopia, Kenya, Somalia, Sudan, and Uganda. Angola,
Botswana, D. R. of Congo, Lesotho, Malawi, Mauritius,
Mozambique, Namibia, Seychelles, South Africa, Swaziland,
United Republic of Tanzania, Zambia, and Zimbabwe

7

67

Argentina, Australia, Canada, Chile, China, Japan, Mexico,
New Zealand, Republic of Korea, Russian Federation,
Uruguay, and United States of America

6

35

Albania, Austria, Belarus, Belgium, Bosnia-Herzegovina,
Bulgaria, Croatia, Czech Republic, Denmark, Estonia,
European Community, Finland, France, Georgia, Germany,
Greece, Hungary, Iceland, Ireland, Italy, Latvia,
Liechtenstein, Lithuania, Luxembourg, Monaco, Netherlands,
Norway, Poland, Portugal, Republic of Andorra, Romania,
Russian Federation, San Marino, Slovakia, Slovenia, Spain,
Sweden, Switzerland, Turkey, Ukraine, and United Kingdom

(continued)
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TABLE 3.1 (continued)

International Processes on SFM, Number of C&l, and Countries

ATO

Number of criteria
Number of indicators
Countries

Tarapoto

Number of criteria
Number of indicators
Countries

28

60

Angola, Cameroon, Central African Republic, Congo,
Cote-d’Ivoire, Democratic Republic of Congo, Equatorial,
Guinea, Gabon, Ghana, Liberia, Nigeria, Sao Tome et
Principe, and United Republic of Tanzania

7

47

Bolivia, Brazil, Colombia, Ecuador, Guyana, Peru, Suriname,
and Venezuela

Lepaterique Process of Central America

Number of criteria
Number of indicators
Countries

Dry Forests in Asia
Number of criteria
Number of indicators
Countries

Near East Process
Number of criteria
Number of indicators
Countries

8

53

Belize, Costa Rica, El Salvador, Guatemala, Honduras,
Nicaragua, and Panama

8

49

Bangladesh, Bhutan, China, India, Mongolia, Myanmar, Nepal,
Sri Lanka, and Thailand

7

65

Afghanistan, Algeria, Azerbaijan, Bahrain, Cyprus, Djibouti,
Egypt, Iraq, Islamic Republic of Iran, Jordan, Kuwait,
Kingdom of Saudi Arabia, Kyrgyzstan, Lebanon, Libya,
Malta, Mauritania, Morocco, Oman, Pakistan, Qatar, Somalia,
Sudan, Syria, Tajikistan, Tunisia, Turkey, Turkmenistan,
United Arab Emirates, and Yemen

Source: http://www.fao.org/forestry/16435-091114c04e64187ce8caa8299fcd3ta8c.pdf

Since 1999, the Programme for the Endorsement of Forest Certification (PEFC),
an international nonprofit, nongovernmental organization, is dedicated to promoting
SFM through independent third-party certification. It works by endorsing national
forest certification systems developed through multistakeholder processes and tailored
to local priorities and conditions. PEFC supplements the principles, C&I derived from
the international processes with additional requirements, developed through multi-
stakeholder processes to make them operational as performance measures in the forest.
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PEFC is an umbrella organization that endorses national schemes, some of which
were developed within the PEFC framework, while others existed as independent
schemes for several years before PEFC was formed (e.g., American Tree Farm System
(ATFS), Canadian Standard Association (CSA), or Sustainable Forest Initiative (SFI)).

FSC- and PEFC-endorsed schemes together account for almost 100% of the
world’s certified forest. The total worldwide area of forests certified by these schemes
is estimated about 375 million ha in May 2011 (UNECE-FAO 2011).

3.2 PROGRESS TOWARD SFM

The application of SFM during the last decades has improved the state of forests in
several ways. The full-detail data and information about the seven thematic elements
of SFM and data of trends are best available at www.fao.org/forestry/fra2010. Here
we present a summary of them at the global level, by regions and for some important
countries, as well as some conclusions related with the implementation of SFM.

3.2.1 PRrOGREss TOWARD SFM AT THE GLOBAL LEVEL, 2000-2010

A brief summary of the key findings in SFM by main criteria (themes) are exposed
in the following, based on the Global FRA 2010, Main Report (FAO 2010):

3.2.1.1 Extent of Forest Resources

The change in forest area is negative (—0.13% annual rate) in the period 2000-2010.
The net change in forest area is estimated at —5.2 million hectares per year, down
from —8.3 million hectares per year in the period 1990-2000.

However, deforestation—mainly the conversion of tropical forests to agricultural
land—shows signs of decreasing in several countries but continues at a high rate
in others. Around 13 million hectares of forest was converted to other uses or lost
through natural causes each year in the last decade compared to 16 million hectares
per year in the 1990s. Both Brazil and Indonesia, which had the highest net loss of
forest in the 1990s, have significantly reduced their rate of loss. Nevertheless, Africa,
South America, and Oceania continue to have the largest net loss of forest. This may
denote a low level of implementation of SFM in these areas.

3.2.1.2 Forest Biological Diversity

The area of forest where conservation of biological diversity is designated as the pri-
mary function has increased by more than 95 million hectares since 1990. However,
not all of them are located inside protected areas, which might mean that SFM is
not applied.

3.2.1.3 Forest Health and Vitality

Forest fires are severely underreported at the global level, with information missing
from many countries, especially in Africa.

Outbreaks of forest insect pests damage some 35 million hectares of forest annu-
ally, primarily in the temperate and boreal zone. Severe storms, blizzards, and
earthquakes have also damaged large areas of forest since 2000. Around 0.2 million
hectares of forest by year was lost by these causes in the last decade.
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3.2.1.4 Productive Functions of Forest Resources

At the global level, reported wood removals amounted to 3.4 billion cubic
meters annually, similar to the volume recorded for 1990 and equivalent to 0.7%
of the total growing stock. Though informally and illegally removed, wood,
especially wood fuel, is not recorded, so the actual amount of wood removals is
undoubtedly higher.

3.2.1.5 Protective Functions of Forest Resources

Around 330 million hectares of forest is designated for protective functions (8%
of the world’s forests). The area of these forests increased by 59 million hectares
between 1990 and 2010, primarily because of large-scale planting in China.

3.2.1.6 Socioeconomic Functions of Forests

Information availability for the social and cultural functions of forest is scarce. The
only subregions and regions with fairly good data are East Asia and Europe.

The value of wood removals has fallen since 2005, while the value of non-wood
forest products remains underestimated due to information still missing from many
countries in which non-wood forest products are highly important, and the true value
of subsistence use is rarely captured.

3.2.1.7 Legal, Policy, and Institutional Framework

The area of forest covered by a management plan is steadily increasing, yet informa-
tion is only available for 80% of the total forest area.

Close to 75% of the world’s forests are covered by an NFP, that is, a participatory
process for the development and implementation of forest-related policies and inter-
national commitments at the national level.

3.2.2 PrOGRESs TOWARD SFM BY REGIONS

3.2.2.1 Progress in Africa, 2000-2010

On the whole, progress toward SFM in Africa has improved when comparing the last
decade to the 1990s. The net loss of forest area has slowed down and the areas of for-
est designated for the conservation of biological diversity included in protected areas
have increased slightly. There is also a positive increase in the area of forest with a
management plan over the last 10 years. However, there is a continued, rapid loss of
forest area and of primary forest (3.4 million hectares and 0.572 million hectares per
year, respectively, since 2000-2010) (FAO 2010).

3.2.2.2 Progress in Asia, 2000-2010

Overall, the forest area in Asia is about 16 million hectares larger in 2010 than it was
in 1990 as a result of large-scale afforestation efforts during the last 10—15 years,
particularly in China. The decrease in area of primary forest reached 0.342 million
hectares, while there was an increase in the forest area designated for conserva-
tion of biological diversity (annual rate of 1.4 million hectares in the period 2000—
2010), the area of forest in protected areas (annual rate of 1.5 million hectares in the
period 2000-2010), and forests designated for protective functions (annual rate of
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2.6 million hectares in the period 2000-2010). The area affected by fire decreased,
while that affected by insects increased slightly. Variables representing the legal,
policy, and institutional framework are largely positive or stable, and information
availability in the region is generally good (FAO 2010).

3.2.2.3 Progress in Europe, 2000-2010

The status of forest resources in Europe has essentially been stable over the last 10
years. While the area of forest is expanding (annual change of 0.676 million hectares
in the period 2000-2010), the focus of forest management in Europe has converged
toward conservation of biological diversity, protection, and multiple uses (FAO 2010).

Moreover, the proportion of old plus uneven-aged forest increased slightly in most
regions. Both these categories are valuable for biodiversity and recreation. While
these increases are small, they are still noteworthy because change in forest structure
is generally a very slow process. Also, in Europe, the most common form of involve-
ment in SFM was through NFP workshops, followed by consultation (FOREST
EUROPE-UNECE and FAO 2011).

3.2.2.4 Progress in North and Central America, 2000-2010

Progress toward SFM was generally positive in North and Central America as a
whole during the period 2000-2010, with the notable exception of the significant
negative trends noted for the area of forest affected by fire and by insect pests (annual
rate of 4.1 million hectares in the period 2000-2010) and the slight decrease in the
level of employment (FAO 2010). There was, however, considerable variation among
subregions. More detailed information can be seen in Section 3.2.3.1 for the United
States and Section 3.2.3.2 for Canada.

3.2.2.5 Progress toward SFM in Oceania, 2000-2010

Data availability is largely determined by Australia, since it accounts for 78% of the
forest area in this region. It is impossible to assess long-term trends in this region for
most of the themes due to the low reporting level. An increase in the net loss of for-
est area (annual rate of loss 0.7 million hectares) was reported, despite the fact that
part of the latter may be a temporary loss of forest cover due to an extensive drought
in Australia (FAO 2010). Extensive information about SFM in this country can be
found in Section 3.3.2.3.

3.2.2.6 Progress in South America, 2000-2010

Overall, progress toward SFM was mixed in South America. The rate of net for-
est loss continues to increase (annual change, —3.997 million hectares in the period
2000-2010) although significant progress has been made, particularly in the last
5 years. The rate of loss of primary forest also remains alarmingly high (nearly
an average of 3 million hectares per year in the period 2000-2010). Nonetheless,
there were also positive signs, for example, in the increased areas of forest desig-
nated for conservation of biological diversity and in protected areas (annual change,
3.1 million hectares and 2.4 million hectares in the period 2000-2010). The decrease
in removals of wood fuel may reflect a reduced demand for this product in the region,
but this was partly offset by an increase in removals of industrial wood since 2000.
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The area of planted forests increased (3.76 million hectares in the period) and may
meet a larger proportion of the demand for wood in the future. The increase in the
area of forest with a management plan (19.37 million hectares in the period) is also
a positive sign (FAO 2010).

3.2.3 SFM Trenps IN THE UNITED STATES, CANADA,
EU pLus RussiAN FEDERATION, AND AUSTRALIA

3.2.3.1 Trends in the United States

Related to the Montreal Process, in 2010, the Forest Service of the U.S. Department
of Agriculture published a National Report on Sustainable Forest. One of the report’s
key findings is the fact that the United States is richly endowed with forests (751 mil-
lion acres). That area has remained remarkably stable over the last 50 years, and the
amount of wood in these forests is increasing. At the same time, however, forests in
the United States face a number of threats, ranging from fragmentation and loss of
forest integrity due to development to an alarming increase in the area and severity
of forest disturbances. Sustained capacity and willingness to manage forests sustain-
ably are evidenced by a growing number of public—private collaborations on projects
devoted to landscape-scale conservation (Forest Service 2010). Detailed information
regarding the current evaluation of the seven Montreal Process criteria is exposed in
the following*:

3.2.3.1.1 Criterion 1: Conservation of Biological Diversity

The total area of forests in the United States currently stands at 751 million acres.
This number has been stable to slightly increasing in recent decades. The area of
forests impacted by fragmentation has been increasing at a steady rate.

The indicators covering species richness and genetic diversity do not yield a clear
signal regarding changes in richness and diversity since 2003.

Changes in richness and diversity are highly variable across geographic regions
and general species categories (vascular plants, mammals, birds, and so on), with
declines in species counts in some areas or categories being offset by gains in others.

The area of forests that is formally protected by government designation totals
some 106 million acres; this number has changed little since 2003. At the same time,
alternative ways of protecting forests through land trusts and conservation easements
have grown rapidly.

3.2.3.1.2  Criterion 2: Maintenance of Productive
Capacity of Forest Ecosystems

The current use of the forests is sustainable from the perspective of timber produc-
tion capacity; the area of timberland is stable, and timber stocking on these lands has
been increasing.

In the case of non-wood forest products, the data are not sufficient to reach a
definitive conclusion about the sustainability of productive capacity.

* Source: National Report on Sustainable Forest, 2010. Available at http://www.fs.fed.us/research/
sustain/docs/national-reports/2010/2010-sustainability-report.pdf
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3.2.3.1.3  Criterion 3: Maintenance of Ecosystem Health and Vitality
The findings for the indicators in this criterion point to a substantial increase in the

levels of biotic disturbance and an increase in fire extent and intensity relative to the
1997-2002 reference period.

3.2.3.1.4  Criterion 4: Conservation and Maintenance
of Soil and Water Resources

For Indicator 4.19, which measures soil degradation, trends over time cannot yet be
determined.

Measures of water conditions (Indicator 4.21) are limited by the data on hand and
improvements in reporting are expected.

Indicators 4.17, 4.18, and 4.20 measure forest areas subject to certain land-use
designations or management practices. They rely largely on state-level reports of
management activity and land-use designations. The lack of consistency in these
reports presents considerable challenges in addressing the indicators. None of these
three indicators were included in the 2003 report, and relevant comparisons could
not be drawn with past activities to determine significant trends.

3.2.3.1.5 Criterion 5: Maintenance of Forest Contribution
to Global Carbon Cycles

Forested ecosystems in the United States currently contain an amount of carbon
equivalent to more than 165 billion metric tons of CO,, a figure close to 27 times the
5.9 billion tons of CO, emitted nationally every year through the burning of fossil fuels
and similar sources. Live trees and forest soils account for the bulk of forest-based
carbon stocks. In terms of flows, forests sequester approximately 650 million metric
tons of additional CO, every year, offsetting close to 11% of total U.S. annual carbon
emissions. This rate of sequestration has been relatively stable for several decades.

A carbon equivalent to around 8 billion metric tons of CO, is currently stored
in long-lived forest products and in discarded forest products in landfills. Annual
rates of sequestration are approximately 100 million tons, substantially less than 650
million tons annually sequestered by forests but still a significant number.

Annual production of energy from the combustion of wood in the United States
is around 2100 trillion British thermal units (BT Us) (about 2% of the 101 quadril-
lion BTUs consumed in 2007). When converted to avoid carbon emissions, this
number translates to between 100 and 200 million metric tons of carbon depending
on the energy source used for comparison. This number has been slightly falling
since the mid-1990s.

3.2.3.1.6  Criterion 6: Maintenance and Enhancement of Long-Term
Multiple Socioeconomic Benefits to Meet the Needs of Society

The criterion includes 20 indicators divided into 5 subcriteria. These are

a. Production and consumption
The indicators covering timber and wood products (Indicators 6.25, 6.28,
6.30, 6.32, and 6.33) show that both timber harvest and wood product
production are down slightly relative to 2003. Production and trade figures
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for non-timber forest products are down 30% relative to 1998, while exports
are up 38% since 2003.

b. Investment in the forest sector
Investments in the wood products and pulp and paper sectors totaled $10.9
billion in 2006, up from $7.5 billion in 2003 but still substantial lower than
the $13.6 billion reported for 1997.

Investments in research, extension services, and education totaled $608

million in 2006, an increase of 18% in inflation-adjusted terms since 2000.
¢. Employment and community needs
Forest product industry employment, which currently stands at 1.3 million
employees, decreased by about 15% since 1997, with much of the drop con-
centrated in the pulp and paper sector. Vitality and adaptability of forest-
dependent communities are new measures for indicator 6.38, which will
rely on survey and community assessment techniques to characterize the
resiliency of individual communities.
d. Recreation and tourism
Although the area of public forest lands has increased to a very slight
degree since 2003, the falling percentage of private lands that are acces-
sible for recreation use points to an overall decline in forest land available
to recreation.

The number of recreational activity days has increased by 25% since
2000 and currently stands at 83 billion days. The number of people partici-
pating in these activities has increased at a slower pace (4.4%).

e. Cultural, social, and spiritual needs and values
Due to the more intangible values and attachments people have to forests,
a pilot approach was explored. It relied on survey techniques to assess the
various dimensions of people’s relationship to forests and the importance
they attach to them.

Results highlight the diversity of feelings people have for forests and the
fact that these are largely determined by cultural background.

3.2.3.1.7 Criterion 7: Legal, Institutional, and Economic Framework
for Forest Conservation and Sustainable Management

A wide variety of legal, institutional, and economic approaches exist that encourage
SFM in the United States, at all levels of government.

Many new market-based mechanisms, including forest certification, wetland
banks, payments for environmental services, conservation easements, and envi-
ronmental incentives, are also being developed to implement SFM in the United
States.

3.2.3.2 Trends in Canada

Harvest rates across Canada are set at levels to ensure long-term ecosystem sustain-
ability. The rate of deforestation in Canada has declined, with the annual rate drop-
ping from just 64,000 ha in 1990 to some 45,000 ha in 2009 (Canadian Forest Service
2011). As a result, the country’s forests are able to support species diversity and
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resilience over vast landscapes with dynamic, ever-evolving ecosystems (Canadian
Council of Forest Ministers 2010).

Moreover, one of the most notable achievements of the Montreal Process has
been the establishment of mutual trust and confidence, which has encouraged the
12 member countries to develop a “network of knowledge” through discussion,
research, cooperation, and communication (The Working Group for the conserva-
tion and sustainable management of temperate and boreal forests 2009).

A summary of the main current themes related with SFM status is exposed in
the following*:

3.2.3.2.1 Status of Forest-Associated Species at Risk

From 1990 to 2011, nearly 70 of 215 species have moved to a higher-risk category,
while 135 did not change or moved to a lower-risk category.

3.2.3.2.2 Addition and Deletions of Forest Area

The rate of deforestation has declined from just 64,000 ha in 1990 to 45,000 ha
in 2009.

3.2.3.2.3 Area of Forest Disturbed by Fire, Insects, Disease, and Harvesting

Fires: Although the number of fires was the same, the area burned was much higher
in 2010: 3 million hectares—nearly double (86%) the 10-year average.

Insects: In 2009, 15.2 million hectares of forest was defoliated by insects or con-
tained beetle-killed trees, an increase from 13.7 million hectares in 2008.

Deceases: Native forest pathogens have evolved to exist in equilibrium with
natural communities.

Harvesting: Each province and territory sets an allowable annual cut based on the
sustainable growth rate of the particular forest area. In 2009, approximately 612,000
hectares of forest was harvested (9.5% less than in 2008).

3.2.3.2.4  Proportion of Timber Harvest Area Regenerated

by Artificial and Natural Means
Between 2008 and 2009, naturally regenerated area decreased by 3.5% and artificially
regenerated area decreased by 13.3%. This reflects the steep decline (42%) in annual

harvest area over the previous 5 years, from a 10-year high in 2005 to a 20-year low
in 20009.

3.2.3.2.5 Carbon Emissions/Removals
Forest acted as net carbon sinks in 12 of the 20 years from 1990 to 2009.

3.2.3.2.6  Forest Sector Carbon Emissions

A changing energy mix and greater energy efficiency are clearly reducing
greenhouse gas (GHG) emissions in the sector.

* Source: the State of Canada’s Forests, Annual Report 2011. Available at http://cfs.nrcan.gc.ca/
pubwarehouse/pdfs/32683.pdf
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3.2.3.2.7 Annual Harvest of Timber Relative to the Level

of Harvest Deemed to be Sustainable
Canada’s aggregated allowable annual cut in 2009 is estimated to be 207 million
cubic meters. Total annual wood supply has been relatively stable since 1999, at
about 240 million cubic meters, although in recent years it has increased modestly,
reaching 246 million cubic meters in 2009.

3.2.3.2.8 Certification

As of December 2012, Canada had 149.8 million hectares of forest certified, up from
142.8 million hectares in 2009. Also, Canada has the largest area of certified forest
in the world, with 42% of the total worldwide.

3.2.3.2.9 Forest Industry Employment

In 2010, direct employment in the Canadian forest industry fell 6.6% from 2009
levels and over 4.4% from the previous 10 years.

3.2.3.2.10  Forest Product Exports

In 2010, the value of Canada’s forest product exports increased to $26 billion from
$23.6 billion in 2009 but decreased by 5.9% from the previous 10-year average.

3.2.3.2.11  Forest-Independent Communities in Canada

The number of forest-independent communities is down from approximately 300
recorded in the 2001 census to fewer than 200 in 2006.

3.2.3.3 Trends in Europe and Russian Federation

A summary of the main current themes related with SFM status is exposed in the
following*:

3.2.3.3.1 Ecosystem Health and Vitality

Sulfur deposition has decreased over the last decade.
The development of pH and base saturation of soils did not show a uniform
pattern. However, increased pH and base saturation were found in acid forest soils.
The rate of defoliation of most tree species varied moderately during the last
decade, and the level showed a mean defoliation of 25% or more.

3.2.3.3.2  Productive Functions of Forests

In the Russian Federation, the felling rate has decreased from 41% in 1990 and stabi-
lized around 20% since 2000. In Europe, without the Russian Federation, the felling
rate increased from 58% in 1990 to 62% in 2010.

More than 578 million cubic meters of roundwood were produced and reached
21.1 billion € in 2010.

The total reported value of marketed non-wood goods amounts to 2.7 billion €
and has almost tripled since the 2007 assessment—although some of the increase
may be due to improved reporting.

* Available at: http://www.unece.org/forests/fr/outputs/soef2011.html
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Finally, most of the forest area in Europe is covered by a forest management plan
or its equivalent.

3.2.3.3.3 Biological Diversity in Forest Ecosystems

Europe has increased by around half a million hectares annually over the last 10
years due to policies to improve biodiversity.

Forest management practice has changed toward greater integration of biodiver-
sity aspects.

For instance, deadwood components and important vulnerable small biotopes are
kept in forests managed for wood production. There is an increasing use of natural
regeneration, and mixed tree species stands. In several countries, long-term monitor-
ing of threatened forest species has indicated that adoption of new forest manage-
ment measures has reduced the decline of threatened species.

3.2.3.3.4 Protective Functions in Forest Management

There is growing awareness of the importance of forest management for protection of
water, soil, and infrastructure. More than 20% of Europe’s forest fulfills these functions.

3.2.3.3.5 Socioeconomic Functions and Conditions

The general trend is a decrease in occupation, but there are substantial differences
between regions, which reflect the mechanization level and the potential for increased
productivity. The importance and recognition of other forest services, as source of
energy, recreation, and cultural and spiritual values, are increasing.

NFPs are the most widely applied approach by countries to develop sound forest
policy frameworks. They are usually based on and elaborated through participatory
processes. In many countries, NFPs contribute to consistent and broadly supported
policies and strategies for putting SFM into practice. However, particular effort is
needed to keep such processes relevant for key stakeholders and flexible, to effectively
respond to emerging issues, and keep related costs low. While NFP principles are more
widely followed than before, there is a need to strengthen substantive participation and
the link to overall national development goals and forest-related sectors.

3.2.3.3.6  Policies, Institutions, and Instruments by Policy Area

Countries have highlighted the need for improved forest information and monitoring
to implement NPF. This is a response to the growing multiple requirements placed
on forests by society and global markets and is reflected in the concept of SFM.

3.2.3.4 Trends in Australia
A summary of the main current themes related with SFM status is exposed in the
following*:

3.2.3.4.1 Criterion 1: Conservation of Biological Diversity

Genetic resource conservation plans exist for more than 40 native timber and oil-
producing species, a 70% increase on the number in 2003. Since the 2003, the area

* Source: Australia’s State of the Forest Report 2008 Executive Summary Available at: http://adl.brs.
gov.au/forestsaustralia/publications/execsummary.html
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of Australia’s native forest in formal nature conservation reserves has increased by
about 1.5 million hectares to 23 million hectares, from 13% to 16%.

3.2.3.4.2 Criterion 2: Maintenance of Productive
Capacity of Forest Ecosystems

The area of plantations increased from 1.63 million hectares to 1.82 million hectares
from 2001 to 2006.

3.2.3.4.3 Criterion 3: Maintenance of Ecosystem Health and Vitality

Large areas of Australia were affected by severe drought over 2003—-2008 periods,
with significant regional impacts on tree health. Several exotic organisms that pose
a threat to Australian forests moved closer to Australia’s shores during the reporting
period, increasing the importance of effective quarantine. Fire, including some very
intense fires in southern Australia, burnt an estimated 24.7 million hectares of forest
in the period from 2001-2002 to 2005-2006. Of that total, an estimated 20 million
hectares was burnt by unplanned fire (wildfire) and 4.7 million hectares by planned
fire (e.g., prescribed burning).

3.2.3.4.4 Criterion 4: Conservation and Maintenance
of Soil and Water Resources

Over 30 million hectares of public forests (20% of the total forest area) is managed
primarily for protection, including of soil and water values; most is in nature con-
servation reserves. In most jurisdictions, codes of practice or other instruments are
applied.

3.2.3.4.5 Criterion 5: Maintenance of Forest Contribution
to Global Carbon Cycles

Plantations offset about 3.5% and managed native forests about 5.5% of total
national GHG emissions in 2005. Additional storage in wood products offset a
further 1% of emissions. The net amount of carbon sequestered by managed native
forests in 2005 was 43.5 million tons (carbon dioxide equivalent). GHG emissions
from deforestation declined from about 70 million tons carbon dioxide equivalent
in 2002 to an estimated 53.3 million tons in 2005, which was about 9% of total
national GHG emissions. The removal of carbon from native forests by timber
harvesting stayed relatively constant and was compensated about three times over
by sequestration.

3.2.3.4.6  Criterion 6: Maintenance and Enhancement of Long-Term Multiple
Socioeconomic Benefits to Meet the Needs of Societies

Total direct employment in wood and wood product industries increased margin-
ally between 2001-2002 and 2006-2007. Total national employment in businesses
dependent on growing and using timber in 2006 was estimated to be about 120,000
people.

Indigenous-managed land includes more than 21 million hectares of forest, which
is 13% of Australia’s total forest area.
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3.2.3.4.7 Criterion 7: Legal, Institutional, and Economic Framework
for Forest Conservation and Sustainable Management

The use of forest certification has grown from 2.3 million hectares to over 9 million
hectares of native forests and plantations by 2007.

3.2.4 Cer1iFIED FOREST EVOLUTION

By May 2011, the global area of certified forest, endorsed by one or the other of
the international frameworks—the FSC and the PEFC—amounted to 375 million
hectares, up to 7% (23.5 million hectares) since May 2010. There is a rough overlap
of 3.75 million hectares due to double certification. The rate of increase of certified
forest area has slowed during the past decade. Since 2009, two certification schemes
(PEFC and FSC) have been dominant, since all smaller schemes have been endorsed
by PEFC. The area of forest certified by FSC increased by 11% and that certified by
PEFC by 5%, between 2010 and 2011. However, the trends for both systems have
been similar over the past decade (UNECE-FAO 2011).

Globally, the certified area is not evenly distributed. More than half (54%) the cer-
tified forest area is in North America, just under one-quarter (23%) in the European
Union (EU)/European Free Trade Association (EFTA) region and 12% in other
Europe and the Commonwealth of Independent States (CIS). The remaining 11% is
split across the southern hemisphere (UNECE-FAO 2011).

After 10 years of implementation, the original intention to save tropical biodiver-
sity through certification has largely failed to date. Most of certified areas are in the
temperate and boreal zone. Only around 2% of the total forest areas in Oceania, Africa,
Latin America, and Asia together are certified (44.2 million ha of 243.9 million ha).

While the quality of actual audits of the standards is of varying quality, there are
indications that independent audits are an incentive for improving forest management.
Regardless of many difficulties, forest certification has been very successful in raising
awareness and disseminating knowledge on a holistic SFM concept, embracing eco-
nomic, environmental, and social issues, worldwide (Rametsteiner and Simula 2003).

3.2.5 Umiuty AND ErricieENcy oF C&I 1o Assess SFM

From these data, we can conclude that, at least, there is a deficiency in collecting
information for several indicators related with these thematic areas: forest health
and vitality, socioeconomic functions of forests, and legal, policy, and institu-
tional framework.

This may be due to difficulties in data collection, for example, indicators of forest
health and vitality need extensive and expensive inventories or a network of perma-
nent plots. Another reason is the unclear methodology of evaluation, for example, for
non-wood products, part of them may be collected from areas outside forests (other
wooded land and trees outside forests) and some may come from forests designated
for multiple use—including community forests—rather than from forests designated
primarily for productive purposes. Moreover, other forest products and services like
cultural values remain difficult to measure.
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Besides, the area of forest with a management plan is not necessarily an adequate
indicator of the area of forest under SFM. For example, plans may not be effective,
or forests may be conserved and sustainably used without a plan.

On the other hand, nowadays the implementation of SFM needs improvement
since the results of C&I during the last decade show some negative trends for key
subjects like area of forest and area of primary forest at the global level.

Especially in Africa, Oceania, and South America, there is a net loss of forest,
which indicates SFM is not the predominant type of forest management. Another
subject that may point out this problem is the scarce area of protected forest or
forest under SFM plans. Even if these areas are improving their efforts toward SFM,
broader implementation of SFM is needed.

It is widely assumed that C&I frameworks can facilitate international reporting and
agreements while still reflecting national differences (Hall 2001). Moreover, there is
arecognized need to define a collaborative approach to C&I research and monitoring
frameworks that will improve communication, reduce duplication, increase efficiency,
and make more effective use of investment funds (Wolfslehner and Vacik 2012).

However, indicators should be designed for considering their potential interactions
and feedbacks within a given set. This would help to gain more insight into systemic
cause—effect relationships and—by identifying key processes and indicators—help
to make data collection and analysis more efficient (Requardt 2007). This means
a change from “monitoring and reporting” to “assessment” of sustainability. For
example, in Europe, a new, experimental method to assess sustainability was
designed using official data, objective and transparent parameters, and thresholds,
in addition to detailed comments to put the situation in context (MCPFE 2011). The
assessment aims to give policy- and decision-makers as well as the general public
a clear overview of complex issues and facilitate balanced strategic and operational
decision-making, as well as communication and dialogue with the general public
and other relevant sectors.

3.3 C&I AT THE FOREST MANAGEMENT UNIT LEVEL:
COMPUTING INDICATORS IN A CASE STUDY

C&lI provide a framework for the formulation of policy options, help to advance
international cooperation, and also provide an assessment of the positive and nega-
tive changes in forest conservation and management at different levels (Kondrashov
2004). Thus, there is a need to develop and examine C&I for SFM at the FMU level.
C&I at the FMU level provide a science-supported framework upon which
national policy decisions can be based (Hall 2001). The objective of SFM evalua-
tion at the FMU level is to support the framework for the sustainable conservation
at higher scales and to apply the measurements for the management and develop-
ment of forests. The progress accomplished needs to be followed up and measured.
Moreover, FRA activities are to be taken into account as they reflect the state and
change of forest resources. They allow to (i) reply to certain indicators of SFM with
a numerical value and (ii) note if an intention to follow the situation of the forestry
domain exists in order to better control the development of a forestry policy.
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The FMU level indicators depend on local, often site-specific, environmental fac-
tors such as forest type and topography, local economic and social considerations,
and priorities. These indicators may thus differ between individual forest areas in
any one country, at any one time, in accordance with prevailing conditions, priori-
ties, and objectives of management.

The criteria at FMU level are likely to be identical or very similar to those defined
at national level, although they are more flexible. Thus, they must be mutually com-
patible to help ensure complementarity over the country.

Methodological developments have largely operated on the assumption that the
relationship between management and indicators of sustainability is well understood
and less attention has been paid to the actual derivation of the indicators from the
state of the stand (Annikki et al. 2012).

Here we present a methodology and a case study for evaluating three SFM
indicators related with forest structure, timber yield, and biomass, assessed with
information from LiDAR airborne system that may promote a reliable cost-
effective methodology.

The idea of using LiDAR in SFM is not new (Wulder et al. 2008). LiDAR-based
forest variables, in particular height-related variables, have been shown to be pre-
cise and more cost-effective than field measurements (Nelson et al. 2003; Wulder
and Seemann 2003; Lovell et al. 2005). A number of studies have found significant
relationships between LiDAR variables and field-measured canopy variables, such
as crown dimensions (Lovell et al. 2003, 2005; Coops et al. 2007; Dean et al. 2009;
Véga and St-Onge 2009), canopy volume (Lefsky et al. 1999, 2006; Coops et al.
2007), diameter at breast height (DBH), basal area (Lefsky et al. 2002; Chen et al.
2007), and growth rates (Yu et al. 2008). Consequently, LiDAR imagery is useful in
forest inventory taking and forest sustainability and ecosystem quality assessments
(Lefsky et al. 2002; Wulder et al. 2008; Zhao et al. 2009).

Recent publications confirm the utility of LiDAR to characterize forest struc-
ture (Kane et al. 2010; Miura and Jones 2010) and estimate stand volume at
plot level (Ioki et al. 2010) or forest biomass (Dubayah et al. 2010). Akay et al.
(2009) point out that LiDAR can be used in wide-scale forestry activities such as
stand characterizations, forest inventory and management, fire behavior model-
ing, and forest operations. Castillo et al. (2012) demonstrate that changes in the
forest vertical structure (such as height) associated with principal successional
stages (early, intermediate, and late) of tropical dry forest secondary growth can
be effectively identified from LiDAR data. Overall, there is much potential for
automated approaches and ancillary data sets to aid analysis and classification of
LiDAR images (Morgan et al. 2010).

Here we present a new application of LiDAR forest data: the assessment of
SFM indicators at stand level. These indicators can be used for the assessment of
variables for Criteria 1, 3, and 4 of Pan-European Process (MCPFE 2002); Criteria
1, 2, and 5 of Montreal Process; or Criteria 2 and 4 of ITTO Process (ITTO 2005),
among others. This approach to evaluate these indicators can also facilitate public
participation as the objectives can be easily designed and modified by current
computational means.
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3.3.1 StuDY AREA

The study area is located in the Fuenfria Valley (Madrid, Spain).* It covers an area
of 127.10 ha (1293 m x 983 m) (40°45'N, 4°5'W), with elevations ranging from 1310
to 1790 m. The average annual temperature of the area is 9.4°C, the average annual
rainfall is 1180 mm, and the predominant tree species is Scots pine (P. sylvestris).
The study site falls within phytoclimatic subregion IV (VI), that is, subhumid
Mediterranean with a Central European trend (Allué 1990). The potential vegeta-
tion is supra-Mediterranean Carpetan—Iberian—Leonese and subhumid siliceous
Alcarrian series of Quercus pyrenaica (Rivas-Martinez 1987). Some forest charac-
teristics and a brief description of the five forest structure types classified by Pascual
(2008) in this study area are shown in Table 3.2.

TABLE 3.2
Forest Structure Type, Number of Trees ha-', Mean Height, Basal Area,
and Description Based on Pascual et al. (2008)

Forest Density Basal Area

Structure Type  (Tree. ha-)  H Mean (m) (m? ha™") Description

Type 1 (T1) 850 8.7 39.9 Multilayered, uneven-aged Scots
pine formation that includes the
tallest trees in the study area.
Very high crown cover and
density

Type 2 (T2) 640 14.7 40.7 Multidiameter forest with high

crown cover, two-story vertical
distribution. Trees with lower
height and diameter than type 1

Type 3 (T3) 380 11.4 353 Multidiameter forest with medium
crown cover, less dense than type
2, and trees also smaller in
diameter and height

Type 4 (T4) 175 11.4 26.2 Even-aged forest (single story)
with low crown cover. Includes
mature trees of greater diameter
but with a slightly lower height
and larger crown diameters than
other forest types

Type 5 (T5) 76 8.7 6.6 Dense coverage of shrubs under
isolated pine trees

Source: Pascual, C. et al. 2008. Forest Ecol. Manag., 255, 11, 3677.

* Section 2.3.4 of this book (Chapter 2) shows an application of IT techniques to the inventorying of
forest structures and other forest characteristics, in this same study area. There also appears a deeper
description of this zone.
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3.3.2 LIDAR Data

In August 2002, TopoSys GmbH surveyed the study area with a LiDAR TopoSys
IT sensor, and a digital canopy height model (DCHM) was obtained after image
processing,* as described in detail by Pascual et al. (2008) and in Section 2.5
(Chapter 2). The final DCHM was a raster on map with a pixel of 1 meter wide
(Figure 3.1).

The information provided by the LiDAR image is the main source of infor-
mation for the calculation of indicators of sustainability. Other sources were the
potential evolution of the forest (reference scenario), the information in the current
management plan, and inventories carried out in the field on permanent plots.

UTM-coordinates: 408108,5-4512228,5 I Boundary between two

types of forest structure

T T T T T 1
Om 500 m TN

FIGURE 3.1 LiDAR image of the study area showing the limits of the forest structure
zones defined.

* The TopoSys II LiDAR system recorded first and last returns with a footprint diameter of 0.95m;
average point density was 5 points/m?; the raw data (X, y, z coordinates) were processed into two
digital elevation models by TopoSys using as interpolation algorithm a special local adaptive
median filter developed by the data provider. The digital surface model (DSM) was processed
using the first pulse reflections, and the digital terrain model (DTM) was constructed using the last
returns. The DSM and DTM horizontal positional accuracy was 0.5m and vertical accuracy was
0.15m. To obtain a DCHM, the DTM was subtracted from the DSM. The vertical accuracy for the
DCHM under forest canopy was 1.3m.
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TABLE 3.3

Plot Location (UTM) and Area (m?)

Forest Structure Type Plot UTM X UTMY Area (m2?)

T1 T1P1 408,830.5 4,512,473.5 2400
TIP2  408,869.5 4,512,754.5 2400

T2 T2P1 408,890.5 4,512,195.5 1256.6
T2P2  408,854.5 4,512,186.5 1256.6

T3 T3P1 408,283.5 4,512,580.5 1256.6
T3P2  408,283.5 4,512,620.5 1256.6

T4 T4P1 408,052.5 4,512,613.5 1256.6
T4P2  408,054.5 4,512,573.5 1256.6

TS5 T5P1 408,196.5 4,512,532.5 1256.6

T5P2  408,195.5 4,512,492.5 1256.6

3.3.3 FieLb MEASUREMENTS

Field data were compiled to validate the indicators. A point was randomly selected
in each of the five forest structure types. These points were used to select two sets
of five plots by systematic sampling. For this systematic sampling, a value of slope
(west—east direction) and a distance were chosen. The two equidistant points in the
straight line with this slope, passing on the random selected point, identify the center
of the two sample plots for each forest structure (Table 3.3).

The full height and the height of the first living branch were recorded for each
tree in order to calculate the crown height. The DBH and maximum radius of each
crown were also recorded.

3.3.4 YieLD TABLES

Variable density yield tables for P. sylvestris in the central mountain (Garcia Abején
and Gémez Loranca 1984) were consulted. These tables contain information about
mean tree height (H,), stand top height (H,) as an average of the height of the 100
highest trees per hectare, quadratic mean diameter (D,), basal area per hectare (G),
stem number per hectare, mean increment, and current annual increment. The yield
table for the study area contains these values for even stands of P. sylvestris from 20
to 120 years of age at 10-year intervals.

3.3.5 METHODS

To calculate the values of the indicators, the tree height distribution in the study area
was compared with the height distribution in the reference scenario designed for the
present study.

3.3.5.1 Reference Scenario

We designed a reference scenario to form one extreme for the indicators. Our
reference scenario involves a situation of high structural diversity. It fits with a
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complex horizontal and vertical forest structure at stand level where (i) all height
classes are the same area and follow a Gaussian distribution and (ii) the height dis-
tribution curve is maintained constant for species and site quality. The set of stands
contains all the possible random values for tree height.

Forest stand structures with a wide range of canopy layers and age classes
are more favorable for biodiversity than simple or coetaneous stand structures
(Pelissier and Goreaud 2001; De Warnaffe and Devillez 2002; Hernando et al.
2010). Increasing heterogeneity of horizontal and vertical stand structure is
linked to a higher number of species and stands with greater ecological stabil-
ity (Pommerening 2002). Moreover, biodiversity is a key element for evaluating
the stability of the system (Kimmins 1997). Therefore, our reference scenario is
assumed to represent a sustainable forest. We suppose that it can either maintain
itself or be subject to silvicultural actions.

3.3.5.1.1 Distribution Function of Tree Height in the Reference Scenario

While yield tables are traditionally based on diameter—stem number relations, in this
study, height—stem number relations were used.

The data for mean tree height in each age class are provided by the yield table
(p=Hg). However, the standard deviation must be determined in order to obtain the
height distribution curve. This estimator was made from the stand top height (H,),
which has been taken as the average of the height variable truncated by the percentile
1-100/n (Equation 3.1):

(-Hg )2

| J re 2 dr
H.= b G.1)
" o2n 100/ n

where
b is the ®~'(1-100/n) .

<I)(x) = J‘; . 1275 e_?du

n is the total stem number—in the plot or age class

Therefore,
o =(Ho —H,)x % x 27 x 5’ (3.2)

where
n=3.1416
e=277173
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TABLE 3.4
Standard Deviation and Mean Height of
Trees by Age Class

Before Thinning  After Thinning

Age (Years)  h (m) ¢ h (m) c

0 0 0.4 0 0.4
10 1 0.47 1 0.47
20 3 0.5 3 0.5
30 6.1 0.553 6.5 0.578
40 8.6 0.566 9 0.591
50 11 0.584 114 0.607
60 13.1 0.601 13.5 0.638
70 15.1 0.616 15.5 0.658
80 16.8 0.635 17.2 0.657
90 18.4 0.651 18.8 0.674
100 19.9 0.67 20.3 0.694
110 21.2 0.689 21.6 0.713
120 22.4 0.71

Note: Calculations were based on the quality I yield
table and a moderate thinning schedule (before
and after thinning values are provided). Age
(years), h=mean height (m), and o=standard
deviation of the height.

Table 3.4 shows the main distribution parameters for the variable tree height obtained
by Equations 3.1 and 3.2. The values for the age classes 0, 10, and 20 years were
obtained by extrapolation from the available data (Ayuga Téllez et al. 2006).

The tree height distribution curve was achieved by convolution of the tree height
distribution in even stands. However, as the estimated density functions for the
heights include a probability distribution for trees of height <0 m, it was necessary to
first set the truncated distribution.

The tree height distribution was calculated by spatially clustering the height
distributions corresponding to 13 age classes. These ranged from the <5-year class
up to the >115-year class in 10-year intervals. Each age class was represented by
the mean and standard deviation of the tree heights. Eleven of these age classes
are represented in the yield tables used (20—120 years). The remaining classes were
obtained by extrapolation.

Since it was assumed that all age classes occupied the same area, it was also
assumed that dividing the number of stems per area by the number of age classes
would provide the stand density. If it is assumed that the density function for tree
height in each age class has a normal distribution, the total number of trees, and
therefore the number of trees per hectare in each age class, can be determined
with Equation 3.3:
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0 —
Ny= i 1_j Lo e g (3.3)
N, G;\2T

—oo

where
N, is the actual stem number per ha in class i
N? is the stem number per ha in class i (according to yield tables)
N, is the number of age classes

L; is the mean tree height in class i

o, is the standard deviation of tree height in class i

n=3.1416

e=2.7173

The estimator of stem number in each height class, for this reference scenario, was
derived from the yield tables and Equation 3.3 before and after thinning. Based on
the density function for each age class, the distribution function of tree heights in the
reference scenario was obtained with Equation 3.4:

Ny h _(x’p)z
Fy(h)= e o2 gy (3.4)
&) o\2m

where
F,,(h) is the probability that a tree has a height <h
N, is the number of age classes

However, the computed distribution function showed irregularity between 1.5
and 9.5 m, compromising its functionality within this range (Figure 3.2). To solve
this problem, tree height distribution function was recalculated to include age
classes at 5-year intervals. The values of the mean, standard deviation, and stem
number for the intermediate age classes were obtained by direct interpolation of
the available data. The result was a height distribution based on 25 age classes
(Figure 3.3).

3.3.5.1.2 Ten-Year Period Evolution of Number of Stems
per Height Class in the Reference Scenario

Another condition for the reference scenario is that the tree height distribution func-
tion remains indefinitely constant for a single species and site quality (Garcia-Abril
et al. 1999). The characteristics of the thinning at the 10-year intervals between
operations were calculated in order to constantly recover the initial tree height distri-
bution function. This took into account the number of stems per height class, which,
over the 10-year period, (A) naturally died or were felled, (B) grew to the next height
class, or (C) remained in the same class (Table 3.5).
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FIGURE 3.2 Height distribution function obtained by aggregating height density functions
for age classes (10-year intervals). (a) Probability density functions (pdfs). (b) Truncated pdfs
for 13 age classes. (c) Distribution function for 13 age classes.
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FIGURE 3.3 Height distribution function obtained by aggregating height density functions
for age classes of 5-years interval. (a) Truncated pdfs for 25 age classes. (b) Distribution func-
tions pdfs for 25 age classes.

3.3.5.2 LiDAR Forest

In this study, the term “LiDAR forest” refers to the position and height of the trees
derived from the LiDAR data set. Tree locations were identified with a relative local
maximum in the DCHM.* The local maximum filter represents a group of filtering
methods that have been successfully used in different studies (Wulder et al. 2000;
Nelson et al. 2005) to identify individual tree locations. The precision of this method
is dependent, however, on the forest structure, and can be adjusted through the win-
dow size and the smoothing function. In this study, an 8 m window was used since
this was the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>