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Abstract

Sustainable forest management (SFM) represents a new paradigm for forestry.
Traditional forestry objectives aimed at sustainable yield management are being
replaced with those of a sustainable ecosystem management. This paradigm shift
in forest management requires an effective transfer of results from researchers
to forest managers. To predict the potential impacts of future changes in global
environment (such as climate, land use, fire disturbance, and forest harvesting) on
the sustainability of forest ecosystems, forest resource managers will require forest
simulation models. There have been two basic approaches to modeling forest vegeta-
tion growth and dynamics: empirical and mechanistic forest simulation models. This
paper reviews and compares three major types of forest simulation models: (1)
growth and yield models (empirical approach); (2) succession models (empirical–
mechanistic hybrid approach); and (3) process models (mechanistic approach), and
describes three case studies as examples. The advantages and disadvantages of the
different modeling approaches are discussed. The case studies deal with predicting
future forest stocks under different management options, simulating the potential
effects of climate change, and effects of fire disturbance on structure and function
of forest ecosystems in Canada. There is still a gap between foresters and ecologists
in developing and using forest simulation models. Diversified modeling approaches
integrated into a decision–support system, which will become an important tool for
evaluating the sustainability of forest ecosystem in a changing environment, is
emphasized.  2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Today’s forest resource managers face a number of important challenges.
One of the most critical is the need to provide forest products for an
increasing world population despite a shrinking natural resource base chal-
lenged by global change, desertification, environmental pollution, and other
stresses. Social and political pressures require that forest management meet
these challenges in an ethical and economical fashion, ensuring environmen-
tal stewardship and sustainable productivity. Sustainable forest manage-
ment (SFM) represents a new paradigm for forestry in Canada [7,8], and
involves management of both temporal and spatial patterns of ecosystem
conditions at both stand and landscape levels [11,40]. Traditionally, forest
science has focused on stand-level processes, and the prediction of forest
growth and yield has been through use of the historical bioassay [21]. Many
of the contemporary issues facing global change, biological conservation,
and sustainable management, however, cannot be handled solely at the
stand level, and do not have historical analogues for their solution [24,26].
Rather, the issues are at the landscape level, and related to the patterns
of change at various spatial and temporal scales. One of the challenges is
to predict the long-term and large-scale response of forests to a rapidly
changing environment, and to transfer of the knowledge to forest managers,
policy makers, and the decision-making public.

Forests are dynamic biological systems that are continuously changing;
To obtain relevant information for decision making, it is necessary to project
these changes. Forest management decisions are based on information
about both current and future resource conditions. In the absence of long-
term field data, forest simulation models that describe forest dynamics (i.e.,
growth, succession, mortality, reproduction, and associated stand changes)
have been widely used in forest management to update inventory, predict
future forest yield, and species composition and ecosystem structure and
function under changing environmental condition. They also allow explora-
tion of management options and silvicultural alternatives, and provide infor-
mation for sound decision making [5,62,76].

In the last decade, there has been a number papers discussing application
of various types of forest models (e.g., [2,21,25,34,76]). But none of them
has comprehensively compared three important types of forest simulation
models (e.g., growth and yield, succession, and process models) and pro-
vided specific example of case studies in assessing their role in sustainable
forest management. In this paper, we discuss traditional sustained yield
management compared with sustainable ecosystem management; and
briefly review and compare three major types of forest simulation models
that have been widely used for forest management. Application of the
models is presented in three case studies that deal with predicting future
forest stocks under different management options, simulating the potential
effects of climate change, and the effects of fire disturbance on the structure
and function of forest ecosystems in Canada.
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2. From sustained yield management to sustainable ecosystem
management: A paradigm shift in forestry

2.1. Sustained yield management (SYM) as a traditional paradigm

Sustained yield management has guided Canadian forestry for many
years now. The objectives of SYM are focused on the sustained timber
production. Current forest policies are focused on Annual Allowable Cuts
(AACs), which are embed in timber harvesting, processing, and regenera-
tion policies. The AACs are the primary mechanism whereby sustained
flows of timber are ensured by SYM policies [29]. This approach was
historically based on the assumption that if stands suitable for timber pro-
duction are sustained, then nontimber resources will also be sustained. The
AACs have been shown to have great potential for providing incentives
for firms to invest private funds in past forest management [29,61]. The
major limitation of SYM is that it accounts for only one physical output
(volume yield) from the forest, but fails to account for how society may
value that output, or its effects on community stability [79]. Moreover,
forestry based on sustained yield can be performed at a very low yield
level. For instance, a mature natural forest ecosystem could be defined as
operation on a sustained yield (equaling zero) level [16]. Ecologically sound
management of forests for timber production should be in harmony with
wildlife, water, fish, and other resource values. To include these values in
forest management requires a switch from the traditional sustained yield
ideal to sustainable ecosystem management.

2.2. Sustainable forest management (SFM) as a new paradigm in forestry

Ecosystem management is at the core of SFM. The concept of ecosystem
can be traced back to Arthur Tansley’s [73] effort to provide a more precise
and holistic term for the set of biological and physical factors that affect
an organism and that form its environment. The most common use of
ecosystem by ecologists is in a localized sense, referring to a distinct and
coherent ecological community of organisms and the physical environment
with which they interact. A generally accepted definition of ecosystem
management is still being developed, despite widespread use of the term.
Christensen et al. [9] describe ecosystem management as “. . . management
driven by explicit goals, excluded by policies, protocols, and practices, and
made adaptable by monitoring and research based on our best understand-
ing of the ecological interactions and processes necessary to sustain ecosys-
tem composition, structure, and function. . . .” Ecosystem management
is holistic, incorporating all important elements of the ecosystem, both
biological and physical, and their interrelations. Christensen et al. [9] in-
cluded the following elements in ecosystem management: (1) long-term
sustainability as a fundamental value, (2) clear, operational goals, (3) sound
ecological models and understanding, (4) understanding complexity and
interconnectedness, (5) recognition of dynamic character of an ecosystem,
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(6) attention to context and scale, (7) acknowledgement of humans as an
ecosystem component, and (8) commitment to adaptability and account-
ability.

Sustainability is a major element, and is at the core of ecosystem manage-
ment. The ecosystem’s composition, structure, function, goods, and services
are the ecological basis for ecosystem management. Healthy ecosystems
perform diverse functions that provide both goods and services to humanity.
Here, goods refer to items with monetary value in the market place, whereas
although services are valued, they are rarely bought or sold. Ecosystem
functions relate variously to the habitat, biological, or system properties,
or processes of ecosystems. Ecosystem goods and services are the benefits
that human populations derive, directly or indirectly, from ecosystem
functions.

2.3. Contrasts between sustained yield management and sustainable
ecosystem management

Sustainable ecosystem management and sustained yield management
are fundamentally different (Table 1). Sustained yield management (SYM)
is a single resource, and is based on the concept of equilibrium—that is,
the balance between harvest and growth can be sustained in perpetuity.
However, sustainable forest management (SFM) produces multiple re-
sources, and is based on a holistic approach—that is, sustaining the produc-
tion of goods and services, and balancing ecosystem capabilities with social
and economic needs. Further explanation of differences are as described
by the Society of American Foresters [68]:

1. First, the major distinction between the two paradigms is determined
by their objectives and constraints. SYM seeks to sustain flow of
specific products to meet human needs, constrained to minimize ad-
verse effects. The harvest of any one resource is constrained by its
growth. On the other hand, SFM seeks to maintain ecological and
desired forest conditions within which the sustained yield of products
meet human needs. Maintaining the forest as an ecosystem is the
operational constraint.

2. Second, there is the nature of multiplicity. For many years, arguments
about sustained yield management concentrated on how to achieve
multiplicity. One view debates that sustained yield management can
be adjacent rather than simultaneous. This kind of multiple-use sus-
tained yield is a matter of policy. Sustainable ecosystem management,
on the other hand, is rooted not in policy but in a fundamentally
different perception of the forest landscape.

3. Third, there is the interaction of the system. SYM contains no neces-
sary condition of connectedness. The elements of resources can be
considered as independent. In SFM, each element of a resource per-
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Table 1
A simplified comparison of sustained yield management (SYM) and sustainable forest
management (SFM)

Sustained yield management Sustainable forest management
(SYM) (SFM)

Paradigm Traditional New and emerging
Objective Sustained flow of specific Maintains ecological and

products to meet human desired forest condition within
needs, constrained to which the sustained yield of
minimize adverse effects products to meet human needs

are achieved
Constraint Periodic harvest of each Maintains the forest as

resource must be less than or ecosystem, and balances
equal to its periodic growth ecosystem capabilities with

social and economic needs
Character Market-oriented, Ecosystem-oriented, retains

emphasizes production complexity and processes,
efficiency within provides framework for the
environmental constraints whole system

Strategy Resembles the agricultural Reflects natural disturbance
model patterns and the dynamics

processes of ecosystems
Unit of Stands and aggregations of Landscape and aggregation of
management stands within an ownership landscapes across ownership
Time unit Multi-rotations with Multi-rotations with length

rotation length determined reflecting natural disturbance,
by landowner objectives although intensive

management will cause some
to be short

Current In transition. New knowledge Evolving, accepted for
status is bringing new values. management on US federal

Remains a valid strategy for lands
portion of the landscape

Modified from [68].

ceived by humans can be linked to all the other elements in the
ecosystem, including the flow of energy, and the cycling of carbon,
water, and nutrients. Change in any one of these resources (such as
harvesting) will affect all the others.

4. Finally, SYM is market oriented, an exercise in rationing determined
by the economics of consumption. SFM is ecosystem oriented, an
exercise in husbandry determined by the production of goods and
services from the ecosystem.

3. Forest simulation models

There are three approaches to assess the effects of a changing environ-
ment on forest dynamics [5]: (1) our knowledge of the past, (2) present
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Fig. 1. The categories and features of forest simulation models used in forest management.

measurements, and (3) our ability to project into the future. Our knowledge
of the past and present measurements are of great potential importance,
but have been of limited use. Long-term monitoring of the forest has
proven difficult due to cost and long-term commitment from individuals
and institutions. Because the response of temporal and spatial patterns of
forest structure and function to changing environment is complicated, cur-
rent experimental techniques are not directly applicable. In contrast, models
provide a means of formalizing a set of hypotheses that link pattern and
process. Over the years, a number of forest simulation models have been
developed to assess forest growth and yield [14,36,37,66,71,74,76,80], forest
succession and vegetation dynamics [4–6,19,41,54,62,69,70], net primary
productivity, carbon storage in vegetation and soil, nutrient cycling, or
water and energy balance with the atmosphere [1,12,27,34,42,43,49,51,55,56].
Although the design and output variables of these models may vary, they
fall into three main categories (Fig. 1): forest growth and yield models
(empirical approach), forest succession models (hybrid approach), and for-
est process models (mechanistic approach). Depending on the extent to
which an understanding of process is incorporated, forest simulation models
can be classified as either empirical or mechanistic. Because there is a
continuum across the range, the term hybrid is used for models that provide
some explanation of processes influencing tree growth.

3.1. Forest growth and yield models

The origin of modern forest simulation systems lies in the development
of a yield table by mensurationists in Germany in the late 18th century,
published approximately 200 years ago [78]. Extensive collection of forest
biomass data and estimates of existing timber volumes led to the develop-
ment of growth and yield models as powerful prediction tools for forest



Elsevier — EIR — p977795161 — 06-05-:0 14:24:52

C. Peng / Environ. Impact Assessment Rev. 20 (2000) 481–501 487

management since the last century. Most of these growth and yield models
used a site index to determine the potential or maximum growth rate
[10,76]. Besides a site index, a number of growth and yield models have
used competition indices to measure the competition effects of adjacent
trees, and incorporated these into predictive models to estimate individual
tree growth [19,30,35,37].

Based on empirical records of how forests have grown on a site in the
past, this historical bioassay approach is the simplest and most believable
method of predicting future forest growth on that site if the future growing
conditions and management regimes are expected to be similar [24,76]. The
major strength of empirical approaches is to describe the best relationship
between the measured data and the growth-determined variables using a
selected mathematical function or curve. The empirical approach are most
important during the descriptive stage, and may be an appropriated method
for predicting future short-term forest growth and yield (for time scales
over which growth conditions are not expected to change significantly),
because their representation of ecosystem processes is implicit rather than
explicit. However, they are only appropriate if environmental condition
remain stable [2]. Past performance is not always a reliable predictor of
future development. A good metaphor to illustrate this was given by J.P.
Kimmins (pers. commun., 1996), who “likened the use of empirical relation-
ships for predicting future tree growth to driving a car using only the rear
view mirror—perhaps acceptable for short periods in the prairies, but not
sustainable in mountainous terrain.” Most forest growth and yield models
cannot be used to analyze the consequence of climatic changes, as climate
is ignored as a determinant of forest growth [12,21,34,47,64].

3.2. Forest succession models (Gap models)

The forest succession (or gap) model, which incorporates explicit repre-
sentation of key ecological processes (establishment, tree growth, competi-
tion, death, nutrient cycling), has been developed to capture the transient
response of vegetation or a simple biome to changing climate (e.g., [62,63]).
The first such model was the JABOWA model [4], developed for forests
in New England. Over the past 20 years, succession models have been
developed for a wide variety of forest ecosystems [5,63]. A number of
different forest gap models have been used to simulate time-dependent
changes in species composition and abundance under a changing climate
(e.g., [5,6,41,53,54,69,70]). Several obstacles stand in the way of the exten-
sive use of currently available dynamic vegetation models in forest manage-
ment and global change studies. For example, The gap-level models are
incapable of investigating the consequences of the processes operating on
a scale larger than a gap size, and hence, the interactions among the dynam-
ics of these gap-sized sites were neglected. It is also impractical to use gap-
level models to predict shifts in vegetation beyond those at the local scale
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because of the large number of points that would have to be simulated.
Dynamic models require much more information on the silvical characteris-
tics of species than is easily available or even known for some areas of the
globe [69]. These ecosystem models resulted in predictions for regional
scale or ecosystem, but have not yet been applied at the global scale [65,67].
In fact, most succession models are still limited to research and education
tools. They may be realistic and general, but may not be sufficiently precise
for forest management decisions [76]. Also, the absence of below-ground
biomass components in most succession models make them of little use in
addressing questions concerning the use of forests to mitigate the atmo-
spheric increase in CO2 [31,54]. Succession models need to become more
process based to address questions about the response of forest growth to
changes in climate and CO2 concentration. Incorporating decomposition
dynamics into a succession model [45,46] was a valuable addition.

3.3. Process models

The term “process model” refers here to simulating the structure and
function of the forest ecosystem by mathematical representations of the
underlying biological processes controlling the behavior of an ecosystem
[15]. The International Biological Program of the late 1960s and early 1970s
[58], with its emphasis on understanding and quantitatively describing the
key features and dynamics of forested ecosystem structure and function,
provided a major boost to the developing field of ecosystem process
modeling.

Early process models were unable to address time scales that are relevant
to traditional forest management issues (i.e., tree crop rotation) and to the
analysis of sustainability issues (multiple tree crop rotations). With in-
creased understanding of the ecosystem, processes and computing power
process models have become increasingly accurate and useful as representa-
tions of ecological systems. In addition, process models have the potential
to be far more flexible than an empirical relationship, and can be used
to explain the cause–effect. However, they require more field data than
empirical models for complex calibration and validation procedures. A
valuable summary of process modeling of forest growth response to environ-
mental pressure and global change can be found in Dixon et al. [12], and
a special issue of Ecological Modelling (1995, 83:1–293). Unfortunately,
process models have not yet been studied much in forest management
because they are less able to predict forest yield at a particular site than a
conventional growth and yield model developed from historical data from
that site [1].

4. Applications of forest simulation models: Three case studies in Canada

A number of forest simulation models are constructed for many reasons
and for a variety of users including resource managers, ecologists, econo-
mists, financial advisers, and students. These users may apply forest simula-
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tion models for (1) predicting tree volume, (2) optimizing appropriate
silvicultural input for maximizing yield, (3) understanding forest succession,
(4) assessing effects of environmental stress such as air pollution, acid
rainfall, and climate change, (5) evaluating sustainability of forest ecosys-
tems, (6) testing various hypotheses about tree structure and function,
and (7) teaching and education. These diverse objectives involve dynamic
processes that range in a time scale from minutes to centuries, and are
applicable at spatial scales that range from the leaf to the ecosystem [1,13].
Comprehensive reviews of model applications in forest management are
given by Botkin [5], Vanclay [76], Shugart and Smith [65], Kimmins [24],
Landsberg and Gower [26], Newton [38], and Battaglia and Sands [1]. Three
case studies in Canada are provided below (Table 2).

4.1. Case I: Red pine (Pinus resinosa) density management diagram
(DMD) for Ontario

One of most useful growth and yield modeling tools to assist forest
managers in enhancing the volume production of a stands is the Density
Management Diagram (DMD). The DMD initially developed by Japanese
scientist in early 1960s is based on the 23/2 power rule (or law) of self-
thinning, and is an age-independent, average-stand mortality model that
predicts the development of fully stocked natural stands. An overview of
historical development and applications of DMD in forest management
planning was given by Newton [38]. Smith and Woods [66] recently devel-
oped red pine (Pinus resinosa) Density Management Diagram (DMD)
for Ontario (Fig. 2). One example is provided below to illustrate sawlog
production for red pine (Fig. 2). Site index (SI) for each stand is estimated
to be 20 cm. All estimates of stand density, volume production, and the
timing of thinnings and rotation harvests are given in Table 3 with an initial
density of 1,200 sph (stems per hectare). To ensure that sawlogs reach a
target DBHq (quadratic diameter at breast height) of 30 cm, the forest
manager then drafts a line downward from the intersection of 30 cm DBHq

isoline and the initiation line of mortality. Moreover, a line from the location
of the CT is plotted, which runs parallel to the 18-m height isoline. This
represents an age of 48 years (43 years breast-height age from site index
curves, plus 5 years to breast height), and 575 sph are removed by thinning
treatment. This results in an approximate extracted volume of 75 m3 ha21

(or a basal area of 12 m2 ha21). Consequently, the residual stand then has
a density of 625 sph, and self-thinning will not start until individuals had
attained a DBHq of 30 cm. The final harvest volume of sawlogs is calculated
at 469 m3 ha21 (or a basal area of 44 m2 ha21), and the total volume removed
from the stand is estimated to be 544 m3 ha21.

4.2. Case II: Simulating effects of climate change on species composition
of boreal ecosystems using FORSKA 2.0

FORSKA 2.0 is a forest succession model originally designed to simu-
lated landscape-level processes in Scandinavian boreal forests [28,53]. Stand
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Fig. 2. Stand development trajectories for red pine (Pinus resinosa) pulpwood and sawlog
production (reprinted with permission from [66]).
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Table 2
Comparison of three types of forest simulation models

Growth and Yield Succession Models Process Models
Models

Purpose management for Ecological studies of Ecological studies of
timber prod- forest dynamics and forest structure and
uction education function, and

education
Forest types mainly managed mainly nature nature or managed

forests or forests forests
plantations

Model complexity low intermediate to high intermediate to high
Simulation time short (10–20 intermediate to long intermediate to long

years) (50–1,000 years) (50–1,000 years)
Attributes description explanation explanation
History about 200 years about 25 years about 15–20 years
Data requirement site-specific tree site-specific climate data, soil

and environmental data data, specific-species
environmental and species-specific tree data
data tree data

Measure of site index multiplication of temperature, light,
environmental effects of single water, nutrients,
factors factors and disturbance

Simulation area large (hundred or small (a gap size, small to large
more hectares) usually 0.01–0.1 ha) (hundred or more

hectares)
Number of species one to several a few (or even more single species or

simulated commercial than 100) mixed stand
(timber) species ecologically

important species
Modeling spatial vertical: function vertical: light vertical: function of

relations among of tree size; extinction function: tree process;
trees horizontal: horizontal: generally horizontal: distance

distance distance independent
dependent or independent
independent

Model testing calibration and calibration calibration and
validation validation

Examples DMDa FORSKA2.0b CENTURY4.0c

a DMD: Density Management Diagram [66].
b FORSKA2.0: a forest succession model [28,54].
c CENTURY4.0: a process-based plant-soil model [32,42].

growth dynamics are simulated in arrays of 0.1 ha patches, interrupted at
random intervals by patch-replacing disturbances. The representation of
growth processes allow physiological parameters affecting photosynthesis
to be specified, including the shape of light response curve and the ratio
of intercellular to ambient CO2 concentrations. FORSKA 2.0 also contains
a simple soil–water balance “bucket” model that calculates average daily
actual evapotranspiration using the Priestley-Taylor [57] equation balanced
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Table 3
Estimates for two thinning treatments for red pine stands.

Sawlog production with commercial thinning

Initial density (sph) 1,200
Number trees cut at thinning 575
Total age at thinning (years) 48 (43 1 5)a for CT (based on height of 18 m

on SI 20 curve)
Pulpwood volume at thinning (m3 ha21) 75 [(1,200 sph 3 0.26 m3 tree21) 2

(pre-CT vol. 2 post-CT vol.) (625 sph 3 0.38 m3 tree21)]
Basal Area (BA) removed at thinning 12 [(1,200 sph 3 (21 cm)2 3 0.00007854) 2

(m2 ha21) (625 sph 3 (24.5 cm)2 3 0.00007854]
(pre-CT BA 2 post-CT BA)

Sawlog volume at rotation age 469 (625 sph 3 0.75 m3 tree21)
(m3 ha21)

Basal area removed at sawlog rotation 44 [625 sph 3 (30 cm)2 3 0.00007854]
(m2 ha21)

Sawlog rotation age (years) 71 (66 1 5)a (based on height of 24 m on SI 20
curve)

Total volume harvested 544 (75 1 469) (CT thinnings 1 small sawlogs)
(m3 ha21)

Modified from [66], with permission.
a Age, assumes red pine (Pinus resinosa) will reach breast height (1.3 m) after 5 years.

CT 5 commercial thinning; n/a 5 not applicable.

against mean daily precipitation and soil–water storage. Soil moisture is
then used as an environmental factor to limit sapling survival and tree
growth rates, instead of imposing a maximum temperature limitation to
growth, as is used in the original succession models (e.g. [4,62]. It has
recently been used to investigate the potential impacts of future climate
change scenarios on unmanaged boreal forest ecosystems in central Can-
ada [54–56].

Fig. 3 shows that under the GISS (Goddard Institute for Space Studies)
2 3 CO2 climate scenario, significant shifts in species composition are
predicted for all three forest sites, with pine and hardwoods contributing
less to total biomass in the north (Thompson), but more in the south (Prince
Albert). In contrast, spruces and “other conifers” become more abundant
in the north (Thompson), but less in the south (Prince Albert). Hardwood
biomass is only mildly affected under GISS 2 3 CO2 climate scenario, while
spruces gain at all three locations, particularly in the south. Total biomass
was increased by about 13% in Thompson, 9% in Flin Flon, and 17% in
Prince Albert.

4.3. Case III: Simulating effects of climate change and fire disturbances
on carbon dynamics of boreal forests using CENTURY 4.0

CENTURY, as developed by Parton et al. [42,43], is a general process
model of plant–soil ecosystems that simulates the dynamics of C and N of
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Fig. 3. Comparison of boreal forest species composition and biomass, simulated by FORSKA
2.0, under (1) current climate, and (2) future climate at (a) Prince Alberta, Saskatchewan
(538139N, 1058419W) (b) Flin Flon, Manitoba (548469N, 1018519W), (c) Thompson, Manitoba
(558489N, 978429W). Current climate is produced using data from the 1884–1992 replayed to
create a synthetic 1800-year time series. The data presented for current climate are spatial
average biomass (Mg C ha21) averaged over the last 200 of the first 800 years of simulation.
The data presented for future climate are spatial average biomass (Mg C ha21) for the last
200 of the each 1800 years of simulation. Future climate is based on the Goddard Institute
for Space Studies (GISS) general circulation model (GCM) under 23CO2 scenario [18,56].



Elsevier — EIR — p977795161 — 06-05-:0 14:24:53

494 C. Peng / Environ. Impact Assessment Rev. 20 (2000) 481–501

various plant–soil systems including grassland, agriculture land, savannas,
and forests. It incorporates representations of key processes relating to
carbon assimilation, turnover, and decomposition, based on a set of existing
submodels. It also permits simulation of many management measures, in-
cluding grazing, cropping, fertilization, irrigation, and control of wildfire.
The model has been previously described by Parton et al. [42,43] and
Metherell et al. [33]. The latest version, CENTURY 4.0, that operates on
a monthly time step, also includes a water balance submodel that calculates
monthly evaporation, transpiration, water content of soil layers, snow water
content, and water flow between saturated soil layers. Major input variables
for the model include (1) monthly mean maximum and minimum air tem-
perature, (2) monthly precipitation, (3) soil texture, (4) atmospheric and soil
N inputs, (5) plant lignin content, and (6) initial soil C and nutrient levels.

Earlier versions of CENTURY have been used widely to simulate plant
productivity, biomass and soil C and N dynamics in agroecosystems [32,48],
grasslands [17,43,44,81], tropical forests [59,75,77], as well as in savanna
and tundra environments [33]. More recently, CENTURY 4.0 has been
validated for the boreal forest ecosystems in central Canada using field data
of above-ground biomass and soil organic matter [49,51,55]. The potential
impacts of climate change and fire disturbance on carbon dynamics of the
boreal forest in the area of the Boreal Forest Transect Case Study in central
Canada were reported by Peng and Apps [49,50] and Peng et al. [51]. Under
a GISS 2 3 CO2 climate scenario the total biomass was slightly increased,
and litter and soil carbon storage were greatly decreased due to the increase
in soil decomposition (Fig. 4). A increase in fir frequency (from a 150- to
a 50-year fire interval) decreased total biomass (Fig. 5).

5. Discussion

5.1. Gaps between foresters, forest managers, and ecologists

There is still a gap between forest ecology and applied forestry in devel-
oping and using forest simulation models. Foresters and forest managers
prefer empirical or statistical based approaches. “Forest textbooks and
journals have contained useful information for forest modelers for more
than a hundred years, but most of this information remains undiscovered
by those who develop ecological models . . .” [60]. It has become fashionable
among ecologists to favour mechanistic approaches than empirical ones
[1,2,12,25]. This increased interest in aspects of ecosystem dynamics led to
the development of process-based models that perhaps were epitomized
by the International Biological Program [58]. The strength of the process
models is the weakness of the growth and yield models, and vice versa.
The link between foresters and ecologists coupled with combining empirical
and mechanistic approaches into a hybrid approach will certainly advance
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Fig. 4. Total (above- and belowground ) biomass, litter, and soil carbon density simulated by
CENTURY 4.0 at Thompson, Manitoba (558489N, 978529W), using an average monthly climate
record from the period 1958–1990. A simulated change in climate derived from the GISS
general circulation model [18] was applied beginning at year 801, continuing until 900, followed
by 800 year of a stable 23CO2 climate scenario.

our understanding of the effects of future changing environment on sustain-
able forest management [25,60].

It should be noted that different application purposes require different
types of models and different modeling approaches. For example, foresters,
forest managers, and planners need forest simulation models that have
more complex description, such as planning tools for the development of
forest management policy and for assessing the long-term effects forest
practice and environmental pollution. Forest scientists, ecologists, teachers,
and students require forest simulation models that have a more mechanistic
explanation, for example, methods for studying forest succession dynamics,
structure, and function, and models for predicting the responses of future
forests to changes in climate and atmospheric CO2. Undoubtedly, there
will not be a single supermodel satisfying all of these diverse demands
simultaneously. Only diverse forest modeling approaches meet the demands
of informative forest management decision under the uncertainly of the
future environment [2,5,76].

5.2. Modeling ecosystem sustainability

There are two concepts embedded in the term sustainability [8]: sus-
tainability of timber yield and sustainability of the ecosystem. Sustainability
of timber yield refers to sustaining the production level of timber from the
forest area. This implies maintenance of a forest but not necessarily the
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Fig. 5. Sensitivity analysis of total biomass, simulated by CENTURY 4.0 using an average
monthly climate record for 1958–1990, to changes in fire disturbance regimes at Flin Flon,
Manitoba (548469N, 1018519W). Frstc(50), Frstc(100), and Frstc(150) represent simulations
with fire return intervals of 50, 100, and 150 years, respectively.

original forest; sustainability of an ecosystem refers to sustaining the integ-
rity of the natural forest in terms of its structure, function, composition
(i.e., species composition and biological diversity) and ecological processes,
along with the environmental service it provides.

One of the challenges and important issues regarding sustainable forest
management is the question of sustainability, not only of timber harvesting,
but of an entire ecosystem’s structure and function [9]. Most traditional
growth and yield models, which excluded the soil processes and the role
of ecosystem disturbance in determining ecosystem function, may be able
to predict the continuity of timber harvest and the nature of future forest
stands, but tell us little about the effects of timber harvesting on ecosystem
structure and function. For example, the DMD [66] allows forest managers
to formulate reasonable consequences to various density manipulations by
management objective, and provides a useful decision–support tool in stand-
level management planning. However, with the increase of ability of DMDs
to address multiple resource management objective simultaneously (e.g.,
[72]), the new generation of DMDs will play an increasingly important
role in SFM [38,39]. Forest succession models have been widely used by
researchers and resource managers during the past 3 decades [4,5]. They
have several limitations that restrict their applications in investigation of
the long-term forest ecosystem sustainability. For example, an inadequate
representation of the details and determinants of production ecology, and
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the limiting role of soil and ecosystem disturbance processes [23] are major
limitations. Although FORSKA2 [53,55,56] addresses one of these limita-
tions by incorporating the fire disturbance in the simulating forest species
dynamics, it is still the lack of the soil process that is significantly altered
in a way that impairs ecosystem function. Models such as FORCYTE [21]
and LINKAGE [45] offer some insight into nutrient cycling and long-term
productivity changes, but are still limited to the individual tree level. New
general models, such as FORECAST [22], TREEDYN3 [3], and 3-PG [27],
which integrate empirical growth models with process-based ecosystem
models, may provide more insight into sustainable forest management un-
der changing environmental conditions. The greatest contributions of pro-
cess models such as CENTURY 4.0 in SFM are specifically developed for
the purposes of investigating the response of ecosystem function (e.g.,
ecosystem productivity, carbon, and nitrogen dynamics) to the long-term
consequences of changes in climate and atmospheric CO2 [49,50], and the
effects of fire disturbances and harvesting regimes [20,52]. However, the
CENTURY 4.0 is essentially a research tool, and has not been used to
address the questions of multiple resources, which is indeed of interest to
practical forest managers.

6. Conclusions

Traditional forestry objectives aimed at sustainable yield management
are being replaced with those of sustainable ecosystem management. This
paradigm shift in forest management requires an effective transfer of results
from researchers to forest managers. Forest simulation models have proven
to be useful tools for forest management. In the absence of long-term field
data, results from forest simulation models are useful for assessing the
effects of forest practices, climatic change, fire disturbance, and harvesting
on future forest growth and dynamics. Empirical or mechanistic modeling
approaches have their advantages and disadvantages. The strength of pro-
cess models is the weakness of growth and yield models, and vice versa.
Combining the two overcomes the shortcomings of both component ap-
proaches to some extent. A change in the questions being asked in sustain-
able forestry has increased the potential use of mechanistic process models.
Undoubtedly, there will not be a single supermodel that will satisfy all of the
diverse demands and purposes simultaneously. Only diversified modeling
approaches, integrated into a decision–support system, will be useful for
sustainable forest management.
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