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Summary Recent progress toward the application of pro-
cess-based model sin forest management includesthe devel op-
ment of evaluation and parameter estimation methods suitable
for modelswith causal structure, and the accumulation of data
that can beusedin model evaluation. Thecurrent state of theart
of process modeling is discussed in the context of forest eco-
system management. We argue that the carbon balance ap-
proach is readily applicable for projecting forest yield and
productivity, and review several carbon balance modelsfor es-
timating stand productivity and individua tree growth and
competition. We proposethat to devel op operational models, it
is necessary to accept that all models may have both empirical
and causal components at the system level. We present exam-
ples of hybrid carbon balance models and consider issues that
currently requireincorporation of empirical information at the
system level. We review model calibration and validation
methods that take account of the hybrid character of models.

The operational implementation of process-based modelsto
practical forest management is discussed. Methods of deci-
sion-making in forest management are gradually moving to-
ward amore general, analytical approach, and it seems likely
that models that include some process-oriented components
will soon be used in forestry enterprises. This development is
likely to run paralel with the further development of
ecophysiologically based models.

Keywords: carbon allocation, carbon balance, competition,
stand productivity, tree growth.

Introduction

Process models and process-based system models are essen-
tial scientific tools, providing formalized statements of hy-
potheses (L andsberg 1986) and aframework that encapsul ates
disparate pieces of information and knowledge. However,

process-based model s are seldom used as practical toolsinfor-
est management, and there is a strong view that the conven-
tional statistical approach to growth and yield estimation is
superior. Process models are considered to embody too many
uncertainties and to require too many poorly known parame-
tersfor their projectionsto be asreliablein practice asthose of
empirical models (Mohren and Burkhart 1994).

Process-based and empirical models have been regarded as
mutually exclusive. However, Korzukhin et a. (1996) re-
cently challenged this view by claiming that neither pure pro-
cess models nor pure empirical models exist, but that all
model s can be placed somewhere on a continuum from purely
mechanistic to purely statistical.

Currently, there is much interest in the application of pro-
cess models in forest management. Progress in this area is
more a question of incorporating elements of process thinking
into management model sin order to make better use of empiri-
cal observations than of constructing models that are
indendent of system-level information (Sharpe 1990). Conse-
quently, attention is being paid to the integration of pro-
cess-based models and information provided by empirical
forestry data. Although process-based models have not yet
been implemented in operational management systems, many
such systems are under devel opment, and experiences of joint
work between modelers and forest practitioners have been re-
ported (Sands et al. 2000).

Models in the process-based family that are closest to the
operational application stage are the growth and yield models
of asingle stand. However, there are also models being devel-
oped to address larger, regional and successiona scale prob-
lems, e.g., GIS-based models of stand development in the
tropics (Ditzer et a. 2000) or models of regional risk of wind
damage (Peltola et al. 2000). At the more detailed level, there
iswork on stem structure with applicationsto wood quality (de
Reffye et al. 1997, Sievanen et a. 1997, Kelloméki et al.
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2000). Acquisition and distribution of photosynthetic products
is central to all these models, whether distribution is among
trees and speciesin a stand, or to different structures within a
single tree.

The scope of process-based modelsis rapidly extending be-
yond that of many mainly empirical models. Examplesinclude
the growth of mixed stands (Bartelink 2000) and heteroge-
neous tropical stands (Ditzer et a. 2000), problems related to
the growth and change of standsin amanagement unit (Valen-
tine et al. 2000), and applications to wood quality (Makel& et
al. 1997), and regiona productivity (Landsberg and Waring
1997, Coops et al. 1998a, 1998b).

Most of the process-based growth and yield models devel-
oped toward management applications start with photosynthe-
sis; either treating it asthe basic growth processunderlying the
carbon balance (Bartelink 2000, Ditzer et al. 2000, Lindner
2000, Mékela et al. 2000, Raulier et al. 2000, Vaentine et al.
2000), or using it as an independent predictor variable
(Courbaud 2000, Brunner 2000). Other physiological pro-
cesses, such as water balance or nutrient cycling, have re-
ceived less attention in the management context (cf. Agren
1996, Landsberg and Waring 1997, Sands et a. 2000) al-
though these processes are highly significant for understand-
ing the controls on photosynthesis and the effects of climate
change on tree growth (Thornley and Cannell 1996,
Kirschbaum 2000, Lindner 2000), aswell asin studies consid-
ering thevariationin productivity between regions (Landsberg
and Waring 1997, Coops et a. 1998a, 1998b, Sands et al.
2000).

The objective of the IUFRO meeting “Process-Based
Models for Forest Management,” held at Saariselka, Finland,
1998, was to review the current state of the art in pro-
cess-based models and to assess their applicability to forest
management. The present situation can be summarized by
three statements. (1) The carbon balance of trees and forests
provides a framework for models intended for management
applications. The carbon balance is based on estimates of
photosynthetic production, which is used for deriving tree
growth. (Modeled photosynthesis can aso be used in a more
empirical way as an independent variablein statistical growth
predictions.) (2) The practica implementation of process
models and causal thinking will be accelerated if it becomes
generally accepted that empirical models can be improved
through the incorporation of causal el ements, and causal mod-
els can be improved through the incorporation of system-level
empirical elements. (3) Incorporating these ideas into opera-
tional management systems will require cooperation between
forest managers and model ers, with model erstaking theinitia-
tive.

We have evaluated these propositions with reference to the
papers in this volume, but also taking into account model de-
scriptions published elsewhere. We define process-based
models, and consider hybrid models that have both pro-
cess-based and empirical components. Finally, we describe
the prerequisitesfor implementation of such modelsin aforest
management environment, and give some examples of ongo-
ing work in this area.

Process-based models

Process-based modeling can be defined as a procedure by
which the behavior of a system is derived from a set of func-
tional components and their interactions with each other and
the system environment, through physical and mechanistic
processes occurring over time (Godfrey 1983, Bossel 1994).
The functional components are chosen at a specified level of
hierarchy, customarily one level below the level of the entire
system. The notion of hierarchy isimportant, because what is
understood as mechanistic at one level of system organization
may be empirical in another conceptual framework (O’ Neill et
al. 1986, Sharpe 1990). Consequently, the model system can
be regarded as an analog of the real system at aspecified level
of hierarchy, and the temporal sequence of the interconnected
component processes can be taken to embed causality
(Hakkala and Ylinen 1978). Hereafter, process-based models
will be referred to as PBMs.

The carbon balance

Modeling forest growth in terms of carbon balance involves
calculating assimilation of carbon and itsdistribution at differ-
ent levels of organization in the stand. The primary effect of
environmental factors is on net assmilation rate, either di-
rectly, through factors such as light and temperature, or indi-
rectly, for example, through the effects of soil water content
on stomatal conductance. Respiration is also directly affected
by environmental variables. Tree growth is described as a dy-
namic process where stand structure affects the distribution of
the environmental driving variables in the canopy and be-
tween thetrees, and this, in turn, affects the amount and distri-
bution of new growth. Stand dynamics—new growth,
mortality, and regeneration of trees—result in a new stand
structure, implying anew distribution of resources among the
trees (Figure 1).

Process model s based on the carbon balance often deal with
particular aspects of this dynamic chain in more detail than
others. In models of stand-level productivity, the emphasisis
on Box 1 of Figure 1, and its dependence on environmental
factors, whereas in models of tree interactions and competi-
tion, the emphasisis on Boxes 2 and 3, or the feedback pro-
cessesin astand (indicated by the dashed arrowsin Figure 1).
New models under development consider the alocation of
growth within trees (Figure 1, Box 3) at afiner, three-dimen-
sional level. Some of the crucial uncertainties in carbon bal-
ance models include total productivity, allocation of carbon,
and mortality and regeneration. Note that Figure 1 is concep-
tual; some models actually compute total production asasum
of individual productions.

Sand-level productivity Models focused on stand-level pri-
mary productivity typically use weather data and data on soil
structure and chemistry asinputs, and the cal culations are usu-
ally over one or more growing seasons (McMurtrieet al. 1990,
Wang and Jarvis 1990, McMuirtrie et al. 1994). Long-term
stand-level dynamicsare henceirrelevant, and the stand can be
specified at acertain stage of development. Because model s of
this class have tight connections to the basic ecophysiology of
trees and forests, they are used primarily to make quantitative
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Figure 1. Conceptual structure of an individual-tree based carbon bal-
ance mode! of aforest stand.

predictions of the productivity of different sites and the varia-
tion in productivity between yearsand climates (McMurtrie et
al. 1994). Sandset al. (2000) used thisapproach to producere-
giona predictions of site productivity in Australia, where em-
pirical information on site productivity is not available for
many areas. Similarly, the 3-PG model was used for predic-
tions of site productivity across wide regions (Coops et al.
1998b). Climate change impacts are also often considered at
thislevel (Kirschbaum 2000).

Another type of stand-level model focuses on the long-term
dynamics of productivity, concentrating on the effects of dif-
ferent feedback processes (shown by dashed-line arrows in
Figure 1) related to carbon allocation (Figure 1, Box 3), inter-
actions between consumption and production, and environ-
mental limitations (McMurtrie and Wolf 1983, Mohren 1987,
Valentine 1988). These models consider growth, senescence
and mortality as stand average dynamic processes and apply a
simplified treatment of the metabolic processes. They are of-
ten more theoretically oriented, aiming at developing the gen-
era principles of growth modeling. Many models of thistype
include a nutrient balance, deriving characteristics of stand
dynamics from carbon-nitrogen interactions (Agren 1996,
Agren and Bosatta 1998, Thornley 1991, Thornley and
Cannell 1996, Nissinen and Hari 1998).

Dynamics of stand and tree structure  In another area of
growth and yield modeling, the emphasis has been on interac-
tions between individua trees in stands (Hari et al. 1982,
Méakel& and Hari 1986, Ludlow et al. 1990, Nikinmaa 1992,
Sievanen 1993, Ditzer et a. 2000, Bartelink 2000). The origin
of thisapproach isin the JABOWA model (Botkinet al. 1972,
Shugart 1984), which, although not in acarbon balance frame-
work, uses competition for light between treesin aforest patch
to characterize competition. These models take the annual
grossproductivity of astand asgiven and deal with theway that
total carbonisdistributed between treesin different local envi-

ronments (Figure 1, Box 2), based on the use of shading mod-
els. One of the main responses of trees to competition is an
adaptation of carbon alocation to improve survival in a sup-
pressed position. Consequently, this type of modeling has fo-
cused on the description of growth allocation in trees differing
in size and competitive status (Figure 1, Box 3) (Vaentine
1985, Mékel&4 1986, West 1993, Lindner et a. 1997, Deleuze
and Houllier 1997, Bartelink 1998).

Because these model s describe the interaction and differen-
tiation of trees, they are relevant to such forest management
applications as planting and harvesting strategies (Bartelink
1998). The models usually express the state of the stand in
terms of traditional forestry variables, such as basal area or
dominant height. More recently, this approach has been ap-
plied to the analysis of mixed (Bartelink 2000) and heteroge-
neous (Lindner 2000) stands, aswell astropical forests (Ditzer
et al. 2000) and wood quality (Makela et al. 1997). It is not
ideal for predicting productivity, but relies on empirical mea-
surements of stand productivity that can be used for model cal-
ibration (Sievénen and Burk 1993, Valentine 1997).

Model structure to match the objectives of modeling
Despitetheir common framework, carbon balance modelsvary
considerably in form, representing those facets of the system
considered crucial for the purposes of aparticular model: each
model isan appropriate simplification of thetotal picture. The
mechanisms invoked to model system behavior must be con-
sistent with the essential features of the system being modeled
and the dynamics of those features at the level of concern. The
degreeof successinsimplifying thesystem and selectingitses-
sential features will be judged by the success of the modelsin
predicting system behavior, as described by relevant empirical
data.

Parameter estimation and model evaluation in PBMs

All models share the common need for parameter estimation
and evaluation. Because all submodels of agenuine PBM are
representations of processes at the same conceptual level of hi-
erarchy, submodels can conveniently be calibrated independ-
ently based on measurements designed for the purpose
(Sharpeand Rykiel 1991). However, in most practical applica-
tions, some submodels, or a subset of submodel parameters,
will defy calibration through measurement because of lack of
data, problems of scaling up, or poor understanding of pro-
cesses. In such a case, parameter estimation has to deviate
from the strict definition of PBMs, and these submodels or
submodel parameters are best estimated using empirical data
relating to the whole system (Sievanen and Burk 1993), with
the objective of predicting system-level behavior. Robust nu-
merical solution methods are essential (Hornberger and Cosby
1985, Richter and Sondgerath 1990), though |ess-tested solu-
tion techniques are promising (Liepins et a. 1990).

Model evaluation requires precise specification of the do-
main inwhichthemodel isapplicable, aswell asaquantitative
expression of the desired level of accuracy. Rykiel (1996) em-
phasized the importance of matching evaluation methods to
model type and complexity with due consideration of the na-
ture of available data. When evaluating a PBM of forest
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growth it is often difficult to determine whether deviations
from predicted performance are caused by variationinthe sys-
tem, by inadequacies of the model, or by incorrect values for
sub-model parameters. The large spatial variability in forests
can lead to considerable variationin their physical characteris-
ticsand growth rates, even for forest standsregarded, for prac-
tical purposes, as homogeneous. Corresponding variability in
model predictions should not be mistaken for inaccuracy.

Internal evaluation dealswith the uncertainty in predictions
generated by variability in model inputs, parameters, and
submodels. Monte Carlo and so-called error propagation
methods can be used to assess internal variability in PBMs
(Gertner et al. 1996); the parameter-parameter plots of
Sievanen and Burk (1993) areagraphical alternative. External
model evaluation focuses on the accuracy of predictions of
real system behavior.

We conclude that the variety of PBMs developed from the
general principle of the carbon balance demonstrates that
models may focus on different parts of the system and still en-
capsulate some of the essential features of stand devel opment.
The different approaches may hence complement rather than
contradict each other. All of these models share the problems
of parameter estimation caused by lack of precise dataand an
incomplete understanding of some important processes. A so-
lution to this problem is to wait until basic research has pro-
vided the answers. Another solution is discussed in the
following section.

Hybrid modds

Hybrid models contain both causal and empirical elements at
the same hierarchical level. We propose that the implementa-
tion of process-based models, and more generally, the causal
thinking behind them, would be accel erated if it were accepted
that hybrid models could improve on the predictions of both
PBMs and empirical models.

Korzukhin et a. (1996) argued that all empirical models
have causal elementsand all causal modelshave empirical ele-
ments. The need for empirical system-level information in
PBM s ariseswhen some parameters cannot be reasonably esti-
mated from their definition, as already noted above. If thisis
the case, the hybrid character of the models hasto be reflected
in the methods of parameter estimation and model evaluation,
which have usually been defined separately for the two ex-
tremetypes of model. This has not been fully appreciated until
recently (Gertner et al.1999, Green et al. 1999).

Methods of dealing with the mixed character of PBMs in-
clude Monte Carlo methods (Hornberger and Cosby 1985), si-
multaneous parameter fitting (Sievanen and Burk 1993,
Vanclay and Skovsgaard 1997), as well as the more recent
Bayesian techniques of parameter estimation (Gertner et a.
1999, Green et a. 2000). The basic idea behind all of these
methods is that some of the parameter values can be deter-
mined exactly on the basis of a priori information, others can
be given intervals of likely variation, and some cannot be de-
termined at al on the basis of our current knowledge. Given
theinitial distributions, the free parts of the parameters are de-
termined by fitting the model output to measurements under

the constraints set by the a priori information. These methods
apply to any models with hybrid character, whether they are
predominantly empirical or process-based.

Empirical componentsin carbon balance models

In this section we discuss situations where empirical elements
and model calibration are required to quantify the carbon bal-
ance approach. We also review some of the methods that have
been employed by modelers to do this.

Total productivity (Figure 1, Box 1) The gross and net pro-
duction of a given site are major uncertainties in carbon bal-
ance modeling. Growth models usually require estimates of
whole-canopy production over periods of weeks, months, or
the growing season, but models of photosynthesisand respira-
tion deal with single leaves, shoots or plant parts and operate
with time constants of afew seconds or hours. Problems arise
in scaling up because the environmental factors vary in space
and time, and the response mechanisms are nonlinear. Some of
the production and consumption processes are not fully under-
stood. For example, there has been discussion recently of the
possible causes of the observed reduction in net growth in
larger treesbut thereis, asyet, no consensus on the mechanism
(Yoder et a. 1994, McMurtrie et al. 1995, Gower et a. 1996,
Ryan and Y oder 1996).

In scaling up, some growth modelsrely on summary outputs
from detailed models, the parameters of which are deter-
mined, at least in theory, from experiments at the subsystem
level (Berninger and Nikinmaa 1997, Makel41997, Valentine
et a. 1997, Raulier 2000). Others calculate photosynthetic
production from semi-empirical equations for maximum po-
tential productivity and reducing factors determined by the ex-
tent to which environmental (including soil) conditions are
suboptimal (McMurtrie et al. 1994, Landsberg and Waring
1997, Sands et al. 2000).

Despite the problems and complexities, very simple models
that include a description of photosynthesis have been ableto
capture some of the essential qualitative features of the differ-
ences in productivity between both sites and individual trees.
When calibrated against growth data, these models have pro-
duced fairly accurate estimates of production across individ-
ual trees and sites. The simplest models are based on
calculations of photosynthesis that are then regressed against
growth (Brunner and Nigh 2000, Courbaud 2000). The mod-
els of Landsberg and Waring (1997) and Sands et al. (2000)
have predicted differencesin growth between sitesusing little
system-level input information. In the study by Ditzer et al.
(2000), equations that predict net growth, including produc-
tion, respiration and turnover, were calibrated against diame-
ter growth data from different species. Some modelers have
used systematic calibration methods such as the Bayesian
technique (Green et al. 2000) to determine ranges of simulta-
neous variation for al parameters, such that model outputs
agree with both measured information and expert opinion.
These examples suggest that photosynthesis and respiration
models adequately calibrated against growth data can provide
ageneral model of productivity of wide application.
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Carbon allocation and competition (Figure 1, Boxes 2—3)
For along time, allocation of carbon to various components of
plantswasthought acritical function of process-based models.
Although the actual mechanisms have not yet been unraveled
(seereview by Cannell and Dewar 1994), model ers have been
able to describe carbon (NPP) allocation in ways that produce
the type of structures, and even the structural variety, foundin
real forests. The most common procedure startsfrom measure-
ments of tree structure and forces the allocation of carbon to
follow patternsthat depend on observed total growth, therela-
tive rates of growth of component parts (Landsberg 1986,
Landsberg and Waring 1997), and therel ativerates of turnover
in different tissues (Makel& 1986), leading to tree growth con-
sistent with observed structures. The observed patterns have
been expressed as allometric relationships (Landsberg 1986,
Sievanen 1993, Landsberg and Waring 1997, Bartelink 1998,
Ditzer et a. 2000) or they have been derived from struc-
tural—functional theories such asthefunctional balance or pipe
model theories (Valentine 1985, M&kela 1986, Makela and
Sievénen 1992, Nikinmaa 1992, West 1993, Nikolov and Fox
1994, Bartelink 1998). For tree-level carbon alocation, this
method utilizes system-level information for model construc-
tion, but inastand growth model, it can beregarded asan inde-
pendent submodel based on observed empirical relationships.

Carbon allocation patterns change in response to competi-
tion. One of the most evident changesis variation in the ratio
of height to diameter growth, accompanied by changes in
crown rise. Recently, models similar to those based on the
functional balance approach have been proposed for these
phenomena (Vaentine et a. 1994, Makela 1997), but these
and other growth models use empirical or hypothetical equa-
tions to describe acclimation in response to competition, be-
causeit cannot easily be parameterized independently without
system-level information (e.g., Lindner 2000). Recent studies
(e.g., M&kelaet a. 2000, Sievénen et al. 2000) show that use
of information from empirical measurements of diameter dis-
tributions could improve quantitative and qualitative esti-
mates of both individual tree growth and stand growth.

Mortality and regeneration (Figure 1, Boxes 4-5) There is
no generally accepted quantitative mechanistic theory of mor-
tality, and thisisacasewhere causal modelsarenot availableat
the level of hierarchy defined as the basis for the carbon bal-
ance model. Empirical models of mortality are often based on
relativegrowthrateandtreesize (Belcher et al. 1982, Sievéanen
1993). Mortality related to crowding has been described by the
so-called —3/2 power law of self thinning, which hasalso been
utilized in growth models (e.g., Vaentine 1988, Landsberg
and Waring 1997). It is important that the parameters of tree
mortality areestimated independently and not from stand-level
information only, because the same stand devel opment can be
consistent with different combinations of growth and mortal-
ity.

Regenerationisnot oftenincluded in stand growth and yield
models based on the carbon balance (cf. the gap models,
Shugart 1984) but modeling regeneration becomes important
if long periods of time and heterogeneous stand structures are
considered.

We concludethat the carbon balance framework can readily
be applied in forest management, provided that the models are
calibrated against whole-system data. Such calibration hasre-
cently become more accessible as estimation methods com-
bining physiological and empirical information have been
devel oped. Management applications may serve astests of the
models, pointing out limitations and guiding further ecophysi-
ological research.

Implementation of management applications

Uses of models in forest management

Decisions about the protection, treatment, and utilization of
forest resourcesin both temporal and spatial contexts are typi-
cally based on enterprise (public or private) goals and objec-
tives. Models of various types are used in this arena. These
models are increasingly required to cover large areas—di-
verse parts of regions, countries, and continents. Examples
range from inventory updatesto physical and economic analy-
sis of site specific treatments or investments, and broad envi-
ronmental questions.

In recent decades, it has come to be recognized that forests
affect atmospheric composition, water resources, and bio-
diversity. As aresult, there has been an increase in analysis
and modeling of forest resources conducted by parties outside
the forestry enterprise, thereby extending the traditional con-
cept of model use in forest management policy and practice.

Role of process models

Process-based models have been used in projections of cli-
mate change and itsimpacts on forests, with significant impli-
cationsfor forest management (cf. Kirschbaum 2000, Lindner
2000). For example, a clearcut operation was recently carried
out in an area of Finnish Lapland where clearcuts had previ-
ously not been recommended, because model simulations sug-
gested that climate change would enhance natural regenera-
tionin those areasin the future.

At the operational level, PBMs provide only an incomplete
picture. The carbon balance approach appliesto projections of
stand growth, and can conceivably be applied over wide areas
and long time spansif large-scale site data are available and if
adequate models of regeneration and mortality are included
(e.g., Ditzer et al. 2000). Coopset al. (1998a, 1998b) applied a
carbon balance approach to the estimation of NPP, and hence
mean annual increments, over very large areas, using satellite
measurements to provide information about canopy character-
istics such as leaf areaindex. Key factors affecting the accep-
tance and usage of models in an operational framework
include documentation, coding, ease of calibration and evalu-
ation, completeness, and demonstrations of utility.

Prerequisites for operational process models

Documentation and coding Before a model can become
widely used in management, it must be clearly documented
and coded in a widely understood language. Documentation
should include (1) an explanation of the conceptual basisof the
model inlay terms, with enough scienceto give credibility, (2)
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ademonstration of practical application, and (3) clear user in-
structions.

Calibration and evaluation Models should be calibrated for
arange of conditions occurring in the area of application. In
tempora terms, the requirement for precision is from the
year-long to rotation-length time periods considered in forest
management. Conventionally, calibration is done before im-
plementing the model, and the user has only to specify general
input conditions, such as location, site type and initia tree
stock and condition. Methods of on-linecalibration arealso be-
ing devel oped. Whichever method ischosen, considerable data
and efficient methods of parameter fitting will be required.

External model evaluationswill be of greatest relevance and
interest to forestry practitioners. Simple criteria expressed in
relevant terms, e.g., percent error in predicting future volume
per unit area, demonstrated for a broad range of conditions,
will be required for a model to be used widely in practice.
Graphical presentations of error trends in time and with re-
spect to state variables shed additional light. It hasbeen argued
that data for such an exercise must be “independent” of those
used for calibration. This presumes the existence of “inde-
pendent” data, ignores the expense associated with its collec-
tion, and misdirects attention away from the morecritical need
for a rich set of conditions represented in evaluation data.
Resampling methods offer an efficient and more effective al-
ternative (Burk 1990).

Completeness A limitationthat affectsthe precision and real -
ism of many modelsisthat they do not cover the full range of
forest change. Some of theimportant aspectsthat models often
lack include regeneration and mortality, effects of weather,
disturbance, and site quality.

Regeneration can beignored for short periods, but over sev-
eral to many decades, it hasto beincluded unless strict planta-
tion management is the rule. Regeneration models seem a
prerequisite for describing uneven-aged forest management
options.

Weather istypically not random and its effects cannot nec-
essarily be balanced over any particular time period. If inven-
tory updates are to be improved, the weather for the period,
and its effects on growth, must be considered.

It is possible to estimate, or even plan, human disturbance,
but natural disturbance, caused by factors such asfires, hurri-
canes or insect attack, must be estimated. It is vital to include
disturbance in models aimed at long-term simulation, or they
will overestimate the development of basal area and stocking
(Unpublished report, Jaakko Pdyry Consulting, Inc., Tarry-
town, NY).

Site quality is a poorly understood and ill defined factor. It
depends not only on soil water content and fertility, but also
topographic factors such as atitude, slope, and proportion of
rocks. We note that site quality could itself be predicted by a
growth model that incorporates, or can account for, the influ-
ence of these factors.

Demonstration of utility New models must demonstrate
their utility if they are to be accepted by forest managers. This
means the production of pilot software tools that meet the
above requirements and are geared toward common manage-

ment problems. The model s should recogni ze, and account for,
theeffectsof common silvicultural practicesthat areimportant
for the economics of forest management, such as pruning and
thinning. Furthermore, model output should include the most
common types of commercial forest product.

Examples of management-oriented developments

Process model s have not been widely applied in forestry oper-
ations. Successful application will require close and ongoing
contacts between researchers and practitioners, because the
practical problems of model application are often quite differ-
ent from the problems of model devel opment. Some examples
of these efforts are given below.

Projection of regional productivity: 3-PG

The 3-PG model produced by Landsberg and Waring (1997) is
being applied in two areas: the first isin Australiawhich, like
Canada and the United States, isin the throes of debate about
logging native forests; the second is in South Africa, where
proliferation of hardwood and softwood plantations in
important water catchments has led to growing concern about
the reduction in water yield.

In the Australian case, it is proposed that large plantations
could substitute for wood supplieslost by reduction of logging
in natural forests. To test thisargument, it is necessary to esti-
mate probable growth rates and yields of plantationsin areas
where plantations have never existed. The 3-PG model has
been programmed into a GIS package by a government
agency (Bureau of Resource Sciences), with access to coun-
try-wide weather and soil data bases, linked to digital eleva-
tion maps. The model (called 3-PG (Spatial) in this version)
has been calibrated against measurements made on arange of
species grown in plantations at various locations. The calibra-
tions allow the model to explore the likely performance of
trees in unexploited areas considered suitable for plantations,
and to provideinformation about possiblewood suppliesfrom
these areas (P. Tickle, Bureau of Resource Sciences, De-
partment of Agriculture, Forestry and Fisheries, Barton ACT,
Australia).

The 3-PG model isused in South Africato analyzetherela
tive economic benefits of water and wood as commodities.
The model is being calibrated against available empirical
plantation growth data and experimental data on water use.
Outputs include water-use efficiency, in terms of wood pro-
duction per unit of water transpired (report available from
P. Dye, ENVIRONMENTEK; Division of Water, Environ-
ment and Forestry Technology, CSIR, Pietermaritzburg,
South Africa). The relative economic values attributed to
given amounts of water or wood are matters for economists
and sociologists, who must assess the social and economicim-
pacts of particular policies.

FOREST 5: Anindividual tree-based model

Researchers at the University of Minnesota are constructing a
hybrid approach to modeling forest growth and change. The
model FOREST 5isarewriting of theindividual -based empir-
ical simulator FOREST (Ek and Monserud 1974). It is in-
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tended to produce variable outputs suitable for research and
forest management applications, and to be applicable at the
plot, stand, and landscape levels. FOREST 5isamodular sys-
tem comprising both empirical and process-based modules
(Robinson 1998). The process-oriented modules were in-
cluded to provide emergent properties as the outcome of the
simulations. FOREST 5 was constructed to make clear the
links between tree and landscape model s and to compare effi-
ciently the short- and long-term benefits of silvicultural prac-
tices, either singly or in combination, for many species and
sites smultaneously.

Devel opment of wood quality: PipeQual

Growth models developed at the University of Helsinki
(M&kela1997, M&kela et a. 2000) are currently being embed-
ded in management applications. A timber quality application
(M&kelaet a. 1997), PipeQual, is under construction in coop-
eration with VTT Building Technology, with the objective of
producing logswith explicit internal structurethat can beinput
to a sawing simulator. The overall objective is to produce
models that predict the internal structure and hence timber
quality in stands at clearcut. The model will be used to assess
the quality distribution of stemsfrom aparticular stand, and to
plan forest management adjustments to long-term changesin
the forestry market.

PipeQual utilizes a process-based approach to growth and
conseguently to the development of stem form and crown
structure, in connection with empirical submodels of branch
numbers, locations, and inclinations. Thetree growth model is
based on an individual-tree carbon-balance model (Mékela
1997) in which treesinteract through shading and availability
of physical space. Extensive empirical work has been carried
out to identify and test the model, and to develop parallel em-
pirical models of quality characteristics for the forestry plan-
ning simulator, MELA, at Metla, Finland (Siitonen 1995).

Element cycling in terrestrial ecosystems

Agren and Bosatta (1998) have developed a general frame-
work for analyzing element cycling in terrestrial ecosystems.
Based on thisframework (plant growth isbased onyield tables
and soil carbon on a mechanistic model), a hybrid model has
demonstrated that replacement of Pinus sylvestris L. with
P. contorta Dougl. ex Loud. in Scandinavian forests is un-
likely to lead to drastic changes in soil carbon and nutrient
stores (Agren and Knecht 2000). However, soils under
P. contorta will respond less dynamically to environmental
changes than soils under P. sylvestris.

Increased biomass harvesting, particularly of nitrogen-rich
residues, can decrease the long-term productivity of a site
(Rolff and Agren 1999). Because the effects of thinning and
nitrogen deposition require long periods to devel op, they can-
not be separated from variability in short-term field experi-
ments. It is therefore possible to show productivity changes
only with thistype of model.

Early growth of conifer plantations

Researchers at the Ontario Forest Research Institute (Sault
Ste. Marie, Canada) in collaboration with the Canadian Forest

Service, and the University of Mainein Orono are developing
a hybrid-type model that uses a carbon balance approach to
simulate seedling growth and includes empirical components
such aslocally developed allometric rel ationships used to dis-
tribute growth among seedling parts, and relationships be-
tween maximum seedling growth and site characteristics (e.g.,
climate, soil bulk density and organic matter).

Themodel isto be used asaresearch tool to improve predic-
tionsof plantation size structure. A major challengeisto com-
bine the cohort-based approach currently used in the model
with arealistic description of seedling size differentiation. An
empirical way to “reconstruct” seedling size distribution is to
use pre-fitted statistical relationships between distribution pa-
rameters and mean seedling size (Knowe and Stein 1995). The
model currently explores an aternative approach of Monte
Carlo simulations in which certain parameters randomly fluc-
tuate around their mean values, thus mimicking variation in
microsite conditions, an approach similar to that discussed by
Bonan (1991).

A landscape modeling system

The Silviculture Laboratory at the University of Washington,
College of Forest Resourcesis devel oping alandscape model-
ing system in cooperation with the United States Forest Ser-
vice, Pacific Northwest Research Station (McCarter et al.
1998). Known as the Landscape Management System (LM S),
the model uses the hierarchical approach of integrating vari-
ous stand-level empirical and process-based relationships and
models. It links existing growth models (e.g., FVS, Forest
Vegetation Simulatory) (Donnelly 1996, Teck et al. 1996)
with spatial (GIS) and stand inventory data, silvicultural treat-
ment modules, and other tools. It processes the temporal and
spatial data and provides output summaries as stand and land-
scape visualizations (SV'S; McGaughey 1997) and charts and
tables (UTOOLS; Ager and McGaughey 1997), in terms of
stand structures, habitats, hazard risks, timber volume, and fi-
nancial analyses.

The system allows examination of the effects of diverse
stand-level changes over time and across the landscape. By
combining stand-level models to examine situations at the
landscape level, it helps ensure that the underlying processes
are considered, thereby allowing the components of the sys-
tem to be integrated, checked for consistency, and improved
(Wilson and Baker 1999, Wilson et al. 1999).

Conclusions

Recent developments in the application of process-based
modeling to the management of forest growth and change
have included the development of evaluation and parameter
estimation methods suitable for models with causal structure,
and theincreasing availability of dataapplicableto theevalua-
tion of such models. We have argued that, for the devel opment
of operational models, it is necessary to give up belief in adi-
chotomy between process and empirical modeling, and accept
that all models can have both empirical and causal compo-
nents at the system level.
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It is clear that severa questions need further investigation,
and that the quantification of models for any particular site
cannot easily be carried out without calibration against sys-
tem-level data. However, even simple models with some pro-
cess elements related to the carbon balance have turned out to
be successful and reasonably general, suggesting that the for-
mulation of growth based on carbon acquisition by treesisan
extremely powerful tool in growth models.

Currently, a major obstacle to the application of process-
based modelsisthe operational implementation of these mod-
els. Thisisapractical task, rather different from the scientific
problems of model devel opment, requiring programming con-
siderations and a thorough understanding of the issues of
day-to-day forest management.

We believe that methods of decision-making and analysisin
forest management are gradually moving toward a more gen-
eral, causal-oriented approach. Crucial to this development is
mutual appreciation of methods and approaches used by
ecophysiological and empirical modelers, and a close interac-
tion between modelers and forestry practitioners. It seems
likely that models that include process-oriented components
will be used within the next few years in some forestry enter-
prises. Thisdevelopment islikely to parallel the further devel-
opment of ecophysiologically based models. Furthermore, the
aim of producing models of value to managers and deci-
sion-makers provides scientists with a valuable guide to re-
search priorities. It aso provides a framework for discussion
between causal and empirical modelers and forestry practitio-
ners.
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