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Abstract

Different types of models have been developed and applied to address various problems and

issues in forestry. This paper reviews modelling trends in four areas, namely, forest management

planning and decision-making, forest dynamics and growth projection, forest landscape and spatial

models and participatory forest management models. The first type includes decision models

generally structured as optimization models applied to forest planning. These models evolved from

single objective to multiple objectives with spatial dimensions, including visualization. The second

type includes forest dynamics models designed to examine the growth response of trees using

process-based empirical or conceptual models. Demands for ‘close to nature’ forest management

created new challenges for modellers to provide models with expanded capabilities to deal with

tree growth, succession, and competition in stands with many species and wide range of tree sizes.

The third type takes advantage of increased computational and graphic capabilities to model

landscapes and display them as ‘virtual’ realities. These models combine spatial models such as

geographical information systems (GIS), visualization tools and analytical models to form an

integrated decision support system. The fourth type includes participatory models designed to

accommodate multiple stakeholders in addressing collaborative forest management. These models

are particularly adaptable to community-based forest management. Finally, the uses of models as

‘learning’ tools and as ‘problem structuring’ tools are also described.

Keywords: Forest modelling, Participatory modelling and analysis, Forest dynamics, Spatial analysis

Review Methodology: The purpose of this review is to describe recent developments and trends in forest modelling. Invariably, the

scope of forest modelling is too wide to cover and adequately describe in this review. Hence, the review will confine itself to models

that deal with four general areas of forest modelling, namely: forest management planning and decision-making, forest dynamics and

growth projection, forest landscape and spatial analysis, and participatory and community-based forest management. Admittedly, these

categories of models are not comprehensive and exhaustive, and they do not encompass all areas where models have been developed

and used in forestry. Other types of forest-based models such as ecological models, hydrology and watershed management models,

wood processing models, forest economic models, wildlife management models, and others are not covered. The review provides a

state-of-the-art survey and review of different models and modelling techniques. Hence, the review contains not only recent

developments, but also briefly describe the evolution and application of these models.

To keep abreast with up-to-date and new developments in forest modelling, particularly those dealing with the four areas above, we

contacted colleagues who are working in these areas and solicited their input. We also took advantage of the different databases and

conducted thorough Internet searches, which in most cases led us to relevant literature on the four topics above.

Modelling Trends in Forest Management

Planning and Decision-Making

The development and use of models in forestry were

methodologically driven by the principles of ‘scientific

management’: the dominant management paradigm up

until the turn of the century. This paradigm views forest

management as involving the use of forests to meet

certain goals and objectives of its owner, whether public

or private. Consistent with the scientific management
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paradigm, most forest management models developed in

forestry are ‘formal’ models. In this context, forest man-

agement planning is generally viewed as a problem of

decision analysis where formal methods are developed

and used to identify the best management strategy that

can achieve the goals and objectives in the most efficient

manner. Consistent with this management paradigm,

many of the models developed adhere to the principles

of optimization whereby management alternatives are

identified, evaluated and selected based on how well they

achieve the goals and objectives. Davies et al. [1] and

Buongiorno and Gilles [2] describe many of these tradi-

tional models and their applications in forest management.

The basic single objective optimization model was adop-

ted extensively in many forest management applications,

particularly harvest scheduling applications in the timber

industry. It was also applied in land management planning

such as the case of the national forests in the USA, where

a large-scale model called SPECTRUM was used [3].

Mendoza [4] provides a more comprehensive review of

recent developments in decision analysis for forest man-

agement. From this basic model, a number of refinements

and improvements were made to enhance the model’s

capability to address problems and issues such as those

described in the succeeding sections.

Recognizing the limitations of the classic single objec-

tive problem described above, a multi-objective model

was developed by Mendoza and Prabhu [5, 6]. A number

of overview papers on multi-objective models applied

to forest management planning have been reported

such as Pukkala [7] and Howard [8]. Multi-objective

models enabled the incorporation of other non-timber

management objectives, which may include aesthetics,

ecological, economic, biophysical and environmental con-

cerns, in the identification of best management strategies.

Mendoza and Martins [9] provide a comprehensive review

of multi-criteria decision analysis in natural resource

management.

Prioritizing a set of alternatives, or measuring decision-

makers’ preferences, are other types of problems

addressed by multi-objective models, including multi-

criteria analysis (MCA). A number of books and review

papers have also been published describing the theory and

application of MCA in forestry [10, 11]. There are also

extensive literature describing the application of multi-

criteria decision-making (MCDM) techniques in forest

management planning [5, 6, 9, 12, 13].

Of the many MCDM techniques described in the

literature, perhaps the most commonly used is the

Analytic Hierarchy Process originally developed by Saaty

[14]. Its basic framework is to decompose a decision

problem following a hierarchical structure and to pursue

the evaluation process using pairwise comparison of

alternatives. Examples of applications ofAQ1 AHP in forestry

have been reported in Schmoldt et al. [11]. MCDM has

also been used as a framework for pursuing participatory

decision-making [10].

Uncertainty is pervasive in forest management given

the inherent complexity of the forest ecosystem. To

accommodate this uncertainty, two general methodo-

logies have been introduced, namely fuzzy set theory and

expert systems. Recent applications of fuzzy set theory in

forestry include: forest sustainability assessments [12, 15]

timber harvest scheduling [16] and ecological modelling

[17, 18].

Many of the models described above have well-defined

procedures designed to search an optimal strategy.

Typically, the models are ‘closed-form’; hence, algorithms

can be developed to seek for an optimal solution. A

number of heuristic algorithms have been developed and

applied in forestry particularly for problems that have

peculiar forms. Murray and Church [19] and Weintraub

et al. [20] offer excellent reviews of these heuristics.

Examples of these heuristics are: tabu search [21], simu-

lated annealing [22] and random search [23]. Other

heuristic methods applied in forestry are: 2-opt decision

choice [24], SNAP II [25] and combinatorial algorithms

[20].

Often, forest management problems have spatial

constraints that need to be addressed, e.g. fragmentation,

off-site effects, edge effects and adjacency constraints. Hof

and Bevers [26] describe different spatial optimization

models that are sensitive to spatial dynamics particularly

for wildlife and timber. Other models sensitive to ‘loca-

tional’ issues include Church et al. [27] and Snyder and

Revelle [28]. In addition to spatial optimization, other

models linked to geographical information systems (GIS)

have also been developed and used in forestry. Examples

of these applications include: Kyem [29], Jankowski [30]

and Jankowski et al. [31].

Modelling Trends in Forest Dynamics and

Growth Projection

Models of forest dynamics, often termed ‘growth models’,

are usually developed for specific applications, for

instance, to provide estimates of future timber harvests

and stand structures in the case of forest growth and yield

models, or to offer inferences about possible future

species composition in the case of succession models.

Thus trends follow management objectives, and can use-

fully be described within three overlapping threads:

growth and yield models that predict timber yields in the

short to medium term; succession models that predict

species composition in the medium to long term; and

process models that assess the consequences of climate

change. While these three categories are useful for the

current review, they are not universally recognized, and it

is more common to classify models according to the

spatial, temporal and structural detail accommodated in

the simulation.

Many reviews of growth and yield models have been

offered, most recently by Comas and Mateu [32], Gratzer
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et al. [33], Hasenauer [34], Johnsen et al. [35], Parrott and

Lange [36], Peng [37], Pinjuv et al. [38], Rennolls et al. [39],

Scheller and Mladenoff [40] and Sun et al. [41]. These

models build on a long tradition of calibrating models

against growth observations in existing stands. Modellers

may deal with competition implicitly by including some

expression of competition in a growth relationship, or

explicitly by modelling potential growth and adjusting it

for competition [42]. As with other aspects of models,

there is no single optimal approach; the preferred method

will depend on the nature of the data available and the

purposes to which the model will be used. Calibration

approaches offer precision for forecasts within the range

of the calibration database, but limit the use of these

models to established plantings represented in the avail-

able data. New demands on forest management [43] often

require predictions outside this envelope of existing

calibration data [44] and have led to renewed interest in

hybrid models that draw on some elements of process

models to offer greater generality. Most hybrid models for

pure stands rely on the relationship between site index

and the mean annual volume increment [45, 46], but

complex stand structures may require nested models that

combine the strengths of stand-level empirical models,

process-based models, as well as individual-tree rep-

resentation of stand dynamics [37, 39, 47].

Increasing demands for ‘close to nature’ forest man-

agement [48, 49] create new challenges for modellers to

provide growth models with greater capabilities, better

able deal with tree growth and competition in stands

comprising many species and a wide range of tree sizes

[50]. The challenge escalates, because models are needed

to inform stand management decisions in new situations

(with non-traditional species, sites and management

regimes, coupled with the possibility of climate change)

for which there are few, if any data, to inform model

calibration. It is obvious that the quality of predictions

from empirical models relies heavily on calibration data,

but process models also rely on calibration [51, 52].

‘Close to nature’ management implies natural regen-

eration and requires simulation of natural succession.

Recent reviews of succession models were offered by

Bugmann [51, 53–55]. Criticism of early succession

models was often directed at subjective parameterization

and limited spatial scale, but recent examples are more

rigorous and have practical application in forest manage-

ment [55, 56]. However, there remains scope to further

‘hybridize’ both process and gap models, specifically

to offer better insights into spatial structure fostered

by single-tree selection harvesting, and to explore impli-

cations of climate change for forest vegetation and pro-

duction [57].

Key issues that warrant further research range

from concepts such as interspecific competition [50] and

regeneration patterns [44, 57, 58] to evaluation of com-

plex models (such as process models). A user of a ‘simple’

model can scrutinize the logic evident in the model’s

source code, and can exhaustively test the model, but

such evaluation is generally not possible with process

models. It is rare for exhaustive tests and sensitivity

analyses of complex models to be completed and pub-

lished, or for all model parameters to be visible to users of

a model – but progress towards better understanding,

and greater adoption of such models may depend on

such transparency, which may be aided by automated

sensitivity testing.

Modelling may also be used in explorative and con-

firmatory data analysis. Descriptive spatial statistics

and tests help researchers to understand patterns, and

modelling complements alternative analyses by offering a

synthesis based on hypotheses tested from the data. Such

models may be disposable, developed to offer a particular

insight for a single forest without an intention to provide

forecasts or scenarios.

Modelling Trends in Landscape and Spatial

Analysis and Visualization

Modelling forest landscapes is one of the more recent

and popular uses of forest models. Landscape models

have been developed to simulate the changes of forest

landscapes resulting from different disturbances, cultural

practices, anthropogenic activities or natural processes

such as fire. The model developed by Mladenoff [59]

called LANDIS (Forest LANdscape DISturbance and

Succession) is a good example of how landscapes can be

modelled to spatially simulate the long-term dynamics of

forest landscapes [60]. As Pennanen et al. [61] pointed

out, ‘spatially explicit simulation models of forest land-

scape dynamics need to incorporate processes functioning

on two levels of spatial hierarchy: landscape level pro-

cesses (e.g. fire, insect outbreaks, harvesting and seed

dispersal) affect several patches or mediate interactions

among the patches, and patch-level processes affect

individual forest patches, responding to the structures

created by the landscape-level processes’.

Integrating forest landscape models with GIS has been

one of the more recent trends in landscape modelling.

Most landscape models are coupled with GIS only loosely

(i.e. GIS is used as a mapping or display tool or for a few

data processing functions). Tighter integration of these

two models may offer some advantages but to date, the

file processing compatibility of the two models makes the

tight coupling of the two models a bit cumbersome.

Visualization is another significant and widely accepted

use of landscape models. Orland [62] provides an excel-

lent overview of visualization techniques and how they are

incorporated in forest planning. Bishop and Karadaglis

[63, 64] described how visualization combined with GIS

and modelling can be used in natural resource manage-

ment. 3D visualization of forest landscapes can be used for

visualizing stand succession, landscape transformation and

regional planning, to benefit the decision-making process
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and the understanding of forest management [65].

A 3D visualization can display forest changes over time,

including changes caused by management activities and

disturbances, and it can also demonstrate future devel-

opment based on existing data and modelling.

The potential for enhancing the capabilities of visuali-

zation beyond simple graphical representations was noted

by Bishop and Karadaglis [64], where they proposed the

linking of visualization approaches with modelling to more

fully capture natural resource management, which typi-

cally requires prediction of environmental change over

time and on large areas. They argued that in combining

GIS-based environmental modelling and visualization,

complex decisions could be assisted by effective pre-

sentation of the outcome of systems modelling [63, 66].

The integration of visualization systems with modelling as

part of a multi-disciplinary approach to forest manage-

ment planning and decision-making is now widely recog-

nized. Tang and Bishop [66] stated that the ‘trend for

spatial decision-support system (DSS) development is the

integration of GIS, modelling and visualization’, and pres-

ented different integration methodologies including their

degrees of interactivity and the levels of integration. They

concluded that the ‘ideal’ forest management system

should posses the analytical functions of GIS, prediction

capabilities of models and realistic visualization of the

forest. Following the idea of integrating visualization and

modelling particularly in the context of DSSs, Sheppard

and Meitner [67] combined visualization with a known

modelling technique called multi-criteria analysis (MCA).

This study perhaps exemplified the integration concept at

its fullest because it combined modelling-based expert

evaluations of alternative forest scenarios that were

depicted using realistic 3D landscape visualization under a

participatory planning and decision-making environment

implemented using MCA. The study focused on combining

participatory decision-making particularly in the context

of sustainable forest management.

Modelling Trends in Participatory and

Community-based Forest Management (CBFM)

CBFM is inherently complex because it involves many

stakeholders. Necessarily, it must accommodate multiple

objectives and multiple decision-makers. Consequently,

Mendoza and Prabhu [68] proposed the use of partici-

patory modelling as a flexible approach to deal with the

uncertainty and complexity that typify CBFM. Moreover,

Mendoza and Prabhu [68] also argued that traditional

modelling approaches may not be suitable for CBFM in

part because these methods follow what Checkland [69]

refer to as ‘hard systems thinking’ (HST), which adopt a

traditional ‘scientific management paradigm’ that exhibit

highly mechanistic, reductionist, positivist and structured

orientation. Generally, traditional models are formulated

as the ‘search for an efficient means of reaching a defined

objective or goal’ [69]. Another criticism relates to the

failure of HST to pay proper attention to the human

component of the planning problem [70]. Checkland [71]

also stated that, ‘instead of recognizing that decisions

are made by “purposeful” and “intentional” human beings

whose actions are motivated by their perceptions, the

models deal with the human elements either as “manip-

ulatable” components that could be engineered, or worse,

ignored altogether’. These limitations and weaknesses of

traditional models are magnified when one considers a

planning and decision environment that is entirely parti-

cipatory, where citizens or local communities demand

active involvement at various stages in the planning and

management of resources that are of interest or value to

them, and from which they can derive significant benefits

or services.

The brief discussion outlined above calls for a new

modelling paradigm better suited for CBFM: one that is

fundamentally inclusive, pluralistic and participatory, while

at the same time retaining some of the ‘analytical’ and

formal structures of traditional disciplines. Such paradigm

must be flexible, robust, and able to deal with ill-defined

problems, with objectives that are neither clearly stated

nor accepted by all constituents, or with unknown

problem components and unpredictable cause-and-effect

relationships. The following paragraphs provide an over-

view of some soft systems modelling approaches devel-

oped for CBFM.

Cognitive mapping (CM) is a general approach originally

developed by Axelrod [72] that can be used to model

complex decision problems composed of dynamic entities

(e.g. decision or problem elements within a CBFM),

which are interrelated in complex ways, usually including

feedback links. CMs are essentially structured ideas laid

out purposely for understanding basic relationships and

dynamics of a system. The CM is organized as a set of

ideas or concepts framed as a network of nodes, arrows

or links to represent the relationships of the concepts or

ideas. Mendoza and Prabhu [12] describe an application of

CM on a community-managed forest in Zimbabwe.

While CM provides some rigor and structured analysis

beyond the enumerative listing of problem components, it

is still lacking in terms of the more formal analysis

demanded of most planning and decision-making models.

Cognizant of the need for such analysis, Wolstenholme

[73] and Coyle [74] proposed the use of qualitative systems

dynamics. Qualitative systems dynamics was initially

proposed to complement the capabilities of CM. Three

models have been developed that exemplify the concept

of system dynamics, namely: Co-View (Collaborative

Vision Exploration Workbench), Co-Learn (Collaborative

Learning) and FLORES (Forest Land Oriented Resource

Envisioning System). Co-View is generally described as

‘a tool to help facilitators of natural resource management

and stakeholders to articulate and explore a shared vision

of the future and to develop strategies to achieve it. It is

aimed at strengthening the link between visioning and
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modelling, by making it easier to use a visioning process as

the entry point for modelling, and to use the results of

simulation modelling to help to generate strategies for

achieving the vision’ [75]. Co-Learn is a ‘software package

that facilitates and enables users to navigate around a

range of tools and processes. It is intended to be a meta-

tool, implemented as a software interface and navigation

aid for a suite of computer-based learning support tools. It

seeks to support adaptive and collaborative management

(ACM) of natural resources by helping people to enjoy

learning processes in groups. Co-Learn is intended to be

used by both participants in group learning processes, as a

navigation aid, and by facilitators of such processes for

planning, technical support and record keeping’ [76].

FLORES is intended to be a model to help explore the

consequences at the landscape scale of policies and other

initiatives intended to influence land use in tropical

developing. It seeks to provide an accessible platform to

foster interdisciplinary collaboration between researchers

and resource managers, and to facilitate empirical tests of

hypotheses and other propositions [77–79].

Participatory modelling and CBFM are essentially

decision-making environments that involve multiple

stakeholders, each demanding a say in the management of

the resources. Hence, participatory modelling involves a

set of individual agents, each agent making decisions based

on what they perceives as a rational choice according to

established rules or patterns of behaviour as decided

upon by the stakeholders. In this context, understanding a

stakeholder’s activities and interactions requires a tool

that is able to represent the individual’s knowledge, beliefs

and behaviour. Multi-agent Systems (MAS) is one such tool.

As its name implies, MAS is a general approach that takes

into account the presence of multiple agents (actors or

stakeholders), each with their unique views, perspectives

and behaviour. Each agent or actor acts or reacts (or

makes decisions) as they pursue their objectives ration-

ally, or according to their own rules and behavioural

patterns. Bousquet et al. [80] provided an excellent

review of MAS particularly its application to ecosystem

management. Janssen and Ostrom [81] also described an

excellent overview of different empirical methods and

how they can be combined with agent-based models. This

is particularly interesting in so far as linking some social

theories with formal models. As Janssen and Ostrom [81]

stated, the main challenges for agent-based models are,

‘how to develop models that are generalizable and still

applicable in specific cases, and how to scale up the pro-

cesses of interaction of a few agents to interaction among

many agents’. These challenges manifest themselves in

participatory CBFM, which typically involve many agents

representing multiple interests.

Lynam et al. [82] reviewed other methods that could be

categorized as soft systems models. Their paper surveyed

and evaluated selected participatory tools that they

considered to be effective in natural resource manage-

ment based on their experience working with forest

communities. These models include: Bayesian Belief Net-

work [83], Discourse-based Valuation [84], Participatory

Mapping [85], the Pebble Distribution Method and Who

Counts [86], Scenario planning [87] and Spidergrams [85].

Models as a Learning Tool

Most forest models are developed to mimic the behaviour

of forest ecosystems. Consequently, these models are

formulated to describe the ‘functioning’ of a system

through explicit, and often ‘functional’ or mathematical,

description of the interactions and dynamic processes of a

forest ecosystem. Despite the elegance, rigour, presumed

rationality, objectivity and comprehensiveness of formal

models, their acceptance and eventual real-world appli-

cation by practitioners is often limited. Critics of these

models generally point to the strict assumptions, rigidity,

rigour and narrow scope of these models as reasons for

their lack of acceptance among practitioners. Moreover,

lack of stakeholder participation in the design, formulation

and development of these models have also been raised as

major shortcomings of traditional models.

Recently, there has been a growing emphasis among

modellers in developing tools that help communities or

stakeholders (e.g. decision-makers) ‘learn’ through the

use of models. Using models as ‘learning’ tools is really

not a new concept because models have always been

viewed as tools for planning and decision-support. Hence,

essentially models have always been seen as a vehicle or

instrument by which insights and other pertinent infor-

mation can be generated and used in order to make

support informed decisions (e.g. learning from model

results).

Models as Problem Structuring Tools

Models have also been proposed as a tool for structuring

rather than solving problems. Consequently, alternative

approaches have been proposed with a range of meth-

odologies whose basic aim is not to identify an answer or

develop an objective model of reality, but to facilitate an

enriched process that is transparent and participatory.

Some of these methodologies include: soft systems

methodology of Checkland [88], JOURNEY [89], Decision

Explorer [90], Visual Interactive Sensitivity Analysis

[91, 92], and MACBETH [93, 94]. Most of these app-

roaches have been developed as DSSs under a computer-

assisted, user-friendly environment. All the methods

recommend an open-ended process at the start in order

to generate a rich picture of the problem at hand.

Consistent with this open articulation of perspectives or

values, Eden and Ackermann [90] proposed the concept

of CM as an effective way to explore the values, issues,

concerns, perspectives, goals, objectives or ‘worldviews’

[69] of stakeholders. Mendoza and Prabhu [68] and
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Hjrotso [95] describe some of these methodologies in the

context of community-managed forests.

Concluding Remarks

Forests are inherently complex. Models can be useful

tools to understand the interactions and dynamic pro-

cesses occurring in the forest, examine different forest

management strategies and their impacts, study the

development and evolution of trees and other competing

vegetation, graphically visualize the responses of forests to

human intervention, or observe ecological and economic

interactions of the different components of a forest

ecosystem.

This review describes the modelling trends in four

general areas, namely, forest management planning and

decision-making, forest dynamics and growth projection,

forest landscape and spatial models and participatory

forest management models. Models developed for

these four general areas have been applied and served as

decision support tools that ensure better, sound and

sustainable management of the forests. Increasingly,

models are becoming more integrated taking advantage of

the strengths of each model making them more flexible,

robust and user-friendly.
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