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1 Introduction 

From July 2007 to March 2008, I investigated a broad scope of issues related to climate change, 
forest management, and bio-economic modelling.  I am currently actively developing and 
experimenting with models.  Some details of what I have done are: 

During July and August, I reviewed many published papers about models of the economic 
impact of climate change, including stochastic models, dynamic programming, computable 
general equilibrium, Ricardian models, multiagent systems, and Bayesian networks.  This review 
is documented in Section 2 “Review of Economic Impact Models.” 

During July to September, I reviewed publications from the Ministry of Forests and FORREX 
about Stand Establishment Decision Aids and Growth and Yield Models.  This review is 
documented in Section 3 “Brief Survey of SDAs.”   

During September to October, I reviewed many Ministry of Forests publications on TSA 
analyses, rationales for annual allowable cut, and land resource management plans.  I also read 
many publications about pest biology, pest impact, forest fire, carbon sequestration, non-timber 
forest values, and other relevant issues.  I also attended the October PCIC meeting, which was 
very useful for assessing priorities. 

During October to January, consistent with much previous work in stand management models, I 
implemented several types of non-spatial optimization models.  This approach is presented in 
Section 4 “Non-Spatial Optimization Model.”  At the same time, I also did further investigation 
of modelling in other non-forestry fields such as geography, land-use, invasive species, and 
ecology.  I am now convinced that the model must be spatial in order to realistically represent the 
stand decisions that must be made.   

During February to March, I completed some initial design and development of a heuristic 
approximation approach using cellular automata, some of which is documented Section 5 
“Spatial Cellular Automata Model.”  However, I am now focused on designing and developing 
an exact optimization approach of my own creation, documented in Section 6 “Spatial 
Optimization Model.” If this method does not converge satisfactorily, I will return to a heuristic 
approach, which includes cellular automata as well as tabu search and genetic algorithms.  
During this period, I also worked with Kirstin Campbell to obtain forest inventory data so that I 
can start to use real data in the model development. 
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2 Review of Economic Impact Models 

This section reviews several models of economic impact, including stochastic models, dynamic 
programming, computable general equilibrium, Ricardian models, multiagent systems, and 
Bayesian networks.  The objective is to choose the best modelling framework for analyzing the 
long-term economic impact of pest infestations of spruce and Douglas fir in B.C.  I find that 
there is strong support for using computable general equilibrium as the basic model, with 
possible extensions using multiagent systems and other microsimulation techniques.  

 2.1 Introduction 

The FSP project first involves biological studies that assess the impact of climate change on tree 
location and pest infestations.  The results of these biological studies are then used to quantify 
the subsequent long-term economic impact of the pests on the BC economy. As illustrated in 
Figure 1, the biological impact studies and the economic impact studies must be intermediated 
by stand-level decisions about harvesting and post-harvest land use.   

Figure 1:  Project Concepts 
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The primary scope of the economic impact analysis involves the market values of the major 
industry sectors of the BC economy:  forestry, agriculture, mining, and tourism, together with 
their inter-related impacts on each other and on other sectors such as retail, services, and 
government.  A secondary scope (shown by the dashed circle in the figure) might also include 
the non-market values of carbon sequestration and biodiversity.  However, these non-market 
values are difficult to assess due to lack of data and controversy.  For example, a recent study by 
Stephens et alia (2007) points out that the carbon sequestration is considerably lower for forests 
in the northern hemisphere than previously thought.  The use of non-market values is reviewed in 
van Kooten et alia (2006) who conclude that non-market valuation methods are best suited to 
estimated the value of a change in a focused policy for a specific resource, i.e., a very much 
narrower scope than the FSP project. 

The purpose of this report is to review the methods of studying economic impact in resource 
economics. Part 1 assesses economy-wide economic impact models, including Economic Base 
Models, Input Output models, Social Accounting Matrices, Computable General Equilibrium 
Models, and Dynamic Computable General Equilibrium Models.  Part 2 discusses the potential 
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of other types of models that might be useful in augmenting the models in Part 1.  These 
modelling techniques include stochastic models, dynamic programming, Ricardian models, 
multiagent systems, and Bayesian networks.   

2.2 Economic Base, Input-Output Models, and Social Accounting Matrices 

An economic base model is used as the methodology for the results in BC Stats economic 
dependencies and impact ratios (Horne, 2004).  For a region such as a Forest District or TSA, a 
basic good or service is sold to buyers outside the region (i.e. exported) and nonbasic goods and 
services are sold to buyers inside the region.  Forestry, Mining, agriculture, and fishing are basic 
activities and retail and government are nonbasic activities.  Multipliers are calculated as the 
ratio of total activity to basic activity, e.g., an employment multiplier is the number of total jobs 
in the region that results from adding one job to logging generated by an increase in log sales.  
The problems with economic base modelling are that the sector relationships are static, the linear 
relation is invariant relative to the magnitude and direction of a change, and it is often difficult to 
categorize a sector as basic or nonbasic.  Economic base models thus provide some insight into 
the relationships among sectors, but the model results are very imprecise and rigid. 

The alternatives of input-output (IO) and social-accounting matrix (SAM) models overcome the 
problem of categorizing sectors as basic or nonbasic, but they still have the problems that the 
ratio of input from one sector to output from another sector is fixed so that they do not account 
for competition among industry sectors for land, labour, and capital.  In addition, factor inputs 
are assumed to be available in unlimited supply and demand is fixed.  The IO and SAM methods 
are useful in situations in which we want to know the impact of changes in final demand.  BC 
Stats operates a provincial IO model that is used to assess the immediate impact of a change in 
one sector on another sector (Horne, 2005).  There are several examples of the limitations of IO 
models in Partridge and Rickman (1998) that also illustrate how different the results of IO 
models are from CGE models.  However, the fact that BC Stats has IO data for the TSA’s and 
other geographic regions in BC is of great value to us, since IO data provides an important base 
for both SAM and CGE models.  SAM models are used in two forest impact studies (Alavalapati 
et alia, 1998; Patriquin et alia, 2002).  They estimate the values of grazing, subsurface minerals, 
hunting, fishing, camping, traditional use by first nations, maintenance of biodiversity, and 
carbon sequestration. 

2.3 Computable General Equilibrium (CGE) 

2.3.1 CGE Overview 

CGE models capture the fundamental economic relationships among the components of the 
economy such as  forest companies, service companies, consumers, government, etc.  The 
models are “computable” because numeric solutions are found rather than solved for 
algebraically.  They are “general” in the sense that all markets and all income flows in the 
economy are accounted for.  They reflect “equilibrium” insofar as prices adjust to equilibrate the 
demand for and supply of goods, services, and factors of production (labor and capital) the 
model.  CGE models allow limitless relaxation of the assumptions in IO and SAM models and 
thus provide valuable insights into potential impacts of harvesting and land-use decisions.  

Software for CGE models is provided by GAMS or by GEMPACK, which is developed at the 
Centre of Policy Studies in the Faculty of Business and Economics at Monash University.  For 
example, RICE and DICE use GAMS while GTAP and FARM use GEMPACK. 
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2.3.2 CGE Applications 

An early CGE model developed in 1990 is the Dynamic Integrated model of Climate and the 
Economy (DICE) followed in 1996 by a regional version (RICE).  The purpose of the models is 
to assess the global economic impact of climate change.  The model is described in detail in 
Nordhaus and Boyer (2000). 

The Global Trade Analysis Project (GTAP) model was developed by the Center for Global Trade 
Analysis in the Department of Agricultural Economics at Purdue University beginning in 1991 
(Hertel and Tsigas, 1997).  In addition to being used to analyze trade and growth, it has been 
applied to impact of restricted water supply (Berrittella et alia, 2007) in which aggregations are 
performed across regions then across industries (Berrittella et alia, 2007, Figure A1).  CGE 
models for regional economic analysis are reviewed by Partridge and Rickman (1998) who 
suggest that CGE models should pay more attention to dynamics, i.e., the time paths of economic 
relationships.  To this end, GTAP has subsequently been extended to a dynamic version 
(Ianchovichina and McDougal, 2000). 

Many agricultural economists use CGE models instead of the Ricardian models described in 
Section 5.  The Future Agricultural Resources Model (FARM) was developed by the US 
Department of Agriculture as an extension of the GTAP model.  FARM includes interactions 
between farms and downstream consumers of agricultural products.  FARM is described in 
Darwin et alia (1995) and an application is presented in Darwin et alia (1996).  The advantages 
of FARM over Ricardian approaches are analyzed by Darwin (1999, 2000) 

Patriquin et alia (2002) use a CGE model for the Foothills Model Forest and Patriquin et alia 
(2005) use a CGE model for impacts of mountain pine beetle in the BC Northern Interior Forest 
Region.  The CGE model deals with impacts for the region for specific scenarios that represent 
possible impacts through time, e.g., initial expansion of logging followed by contraction of 
logging.  Although this model provides a promising foundation for our modelling process, it is a 
model that assesses the impact at one time period only.  Impacts through time are approximated 
with independent simulations for possible future scenarios.  Dynamic CGE methods have been 
developed that model the ongoing dynamics of the economic impact through time (Kawasaki, 
2006), and these methods may be useful for the FSP project. 

2.4 Stochastic Models 

Hope (2006) has developed a comprehensive model (PAGE2002) for estimating the global 
impact of climate change.  The model has 53 equations for emissions, greenhouse effect, cooling, 
regional temperature effects, impacts on GDP growth, adaptation to climate change, and large-
scale discontinuity.  Hope uses Monte Carlo simulation with each run using a set of uncertain 
parameters randomly from pre-determined ranges.  This accounts for all of the combinations of 
the parameters and results in a probability distribution of impact rather than a specific point.   
Hope performs thousands of simulations using a deterministic sampling of the parameters. 
Ideally, the model should include costs and benefits of industry sectors adapting to the changes.  
However, Hope’s model includes the costs of adaptation, but not the benefits.  The Stern Review 
(2006) relies heavily on the results from the PAGE2002 model. 

2.5 Dynamic Programming 

Dynamic programming is used in studies requiring decisions on harvesting or land use. 
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2.5.1 Optimizing Harvest Value 

 For a single stand, the discounted value is determined using the number of years until the trees 
are harvested, the rotation age, the price of logs, the cost of harvest, the merchantable volume, 
and the cost of replanting.  This value is then maximized with respect to the rotation age (van 
Kooten and Folmer, 2004:  p. 365-372).  Swallow (Swallow and Wear, 1993; Swallow et alia, 
1997) uses a different equation for value that does not include the cost of replanting or the cost of 
harvest but does include the non-timber benefits.  He extends this model to multiple stands that 
are ecologically linked so that the non-timber benefit for any stand is equal to its own age as well 
as the ages of the neighbouring stands.  This is solved as a dynamic program and is applied in 
both papers to the Lolo National Forest in Montana.  Since this method is focused on the specific 
problem of determining the rotation age, it is not applicable to the economic impact analysis but 
may be applicable to the stand-level decisions. 

2.5.2 Optimizing Multiple Objectives 

An extended from of dynamic programming is multi-objective optimization.  Krcmar et alia 
(2005) develop four objective functions for a single area (specifically the Dawson Creek TSA), 
for value of forestry and agricultural production, species diversity, cumulative carbon uptake, 
and discounted carbon uptake.  They maximize each function separately with respect to 
harvesting, planting, and agricultural activities, and then use the optimal points as input to a 
linear programming model that produces a compromise solution.  This is a very interesting 
analysis that may be useful in the stand-level decisions.  Also, their model of the value of carbon 
uptake may be useful if that is something that we decide to include in the economic analysis.   

2.6 Ricardian Models 

Several studies of climate change impacts on agriculture use Ricardian models.  These models do 
not model economic processes by use econometric techniques to directly determine the impacts 
of increased temperature and precipitation on the value (“rent”) of farmland.  For example, 
Mendelsohn et alia (1994) find that a one degree (F) increase in summer temperature decreases 
farm values by $88 to $132.   

The agricultural economists believe that using rent as a function of climate allows them to 
account implicitly for adaptive responses to different climates.  This approach is justified by the 
broad number of options available to farmers and the speed with which they can respond.  For 
example, Weber and Hauer (2003) describe farmers’ substituting corn, sunflowers, and soybeans 
when yields of wheat, barley, and canola decrease.  However, Reinsborough (2003) warns that 
the Ricardian approach overestimates benefits and underestimates costs because it makes 
assumptions that the climate changes are instantaneous, that the economy adjusts to the changes 
completely, and that only temperature and precipitation matter. 

Mendelsohn et alia (2000) extend the Ricardian method to the forestry and energy sectors, with 
the former measuring the response of timber value and the latter the response of energy 
expenditures.  The forestry value equation is a function of land area for forestry, real interest 
rate, percentage growth in agricultural GDP, temperature, annual precipitation, and CO2 
concentration.  Schenkler et alia (2004) extend the Ricardian approach to include the soil 
characteristics.  This approach assumes prices are fixed and considers just the agricultural sector, 
whereas the CGE models have flexible prices and all of the important sectors of the economy.   
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2.7 Multiagent Systems 

2.7.1 Multiagent Systems Overview 

Multiagent systems have been applied to problems that are dynamic, complex, and distributed, 
and thus have been used to model the machines in manufacturing and process control, work 
orders in production scheduling, jobs and departments in business process optimization, planes in 
air traffic control, treatments and tests in hospital patient scheduling, messages in communication 
networks, and in many more areas (Weiss, 1999).  In economics, agents have been used to model 
the behavior of, and interactions between, consumers, workers, families, firms, markets, 
regulatory agencies, and so on (see Tesfatsion, 2003 and 2006). 

2.7.2 Multiagent Systems in Environmental Studies 

There have been some environmental and climate-change studies that have used multagent 
systems.  Arrignon et alia (2007) uses agents to represent insects in a system with  weather and 
food sub-models to increase understanding of how an insect survives the winter.  Becu et alia 
(2003) uses agents to represent farmers making decisions in an environment of crops, a river, a 
canal and a village to explore the implications of different management approaches used by 
farmers.  Bah et alia (2006) use agents to model herders and farmers in an environment of 
forage, water, and habitat to understand the dynamics of land use under different environmental 
scenarios.   Janssen and Ostrom (2006) review research in applying multiagent systems to 
understand the dynamics of cooperation in social-ecological systems.  In a somewhat different 
vein, Janssen and de Vries (1998) use agents to model different perspectives towards global 
climate change and how these different perspectives result in different global results for 
economic output, CO2 emissions, and temperature change.  

Hare and Deadman (2004) maintain that a multiagent system is useful in environmental studies 
that involve coupling of social and environmental models, micro-level decision making, social 
interaction, adaptation of decision-making and behaviour, and population level adaptation.   
Evans and Manson (2007) stress the benefits of multiagent systems for modelling heterogeneous 
agents.   

2.7.3 Integrating MAS with CGE 

It is possible that parts of our analysis may require a micro-level analysis of heterogeneity that 
cannot be achieved by a higher level macro model.  One possibility is in modelling the impact on 
consumers.  Savard (2005) and Ferreira Filho and Horridge (2004) iterate between a CGE model 
and a micro simulation of households, rather than using a representative agent in the CGE model.   

2.8 Bayesian Networks 

2.8.1 Bayesian Networks Overview 

A Bayesian network is a directed acyclic graph in which nodes represent the random variables, 
an arrow from node X to node Y means that X has a direct influence on Y, and each dependent 
node has a conditional probability table.  In constructing a Bayesian network, you choose the set 
of relevant variables that describe the beliefs, add  the nodes by adding the "root causes" first, 
then the variables they influence, and so on until you reach the leaves which have no direct 
causal influence on other variables.  Finally, you define the conditional probability table for each 
node, which provides the probability that a given node state will occur, given the states in the 
preceding nodes.   
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2.8.2 Bayesian Networks in Resource Planning 

Bayesian networks have been used for modelling resource planning decisions.  Bacon et alia 
(2002) use Bayesian networks for farmers’ decision processes for sustainable land use and 
Bromley et alia (2005) use them to model the physical, economic, and social variables and their 
impact on water consumption.  Bayesian networks appear to be most useful when the problem 
involves a high degree of uncertainty, expert opinions are involved, and a decision is required 
(Boulanger and Brechet, 2005).  Therefore, Bayesian networks may be useful in the harvesting 
and land-use decisions. 

2.9 Conclusion 

The growing acceptance and usage of CGE models for climate impact studies throughout the 
world and the use in a closely related project by Patriquin et alia (2005) provide strong support 
for using CGE as the foundation for the economic impact analysis in the FSP project. The CGE 
model may then be augmented by other approaches such as multiagent systems. 
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3 Brief Survey of SDAs 

3.1 Introduction 

This study briefly reviews the many “stand decision aids” (SDAs) that are provided by the BC 
Ministry of Forests.  In fact, the ministry uses the term “growth and yield models” for these 
decision aids.  In addition, the term ‘forest health stand establish decision aids” (SEDAs) are 1 to 
2 page documents that provide hazard ratings and silvicultural considerations for specific pests.   
SEDAs are discussed briefly in Section 3.2. 

The MoF advises users of the SDAs that they should be very familiar with the data, experienced 
with forest management, and trained in the usage of the specific SDA.  Some SDAs are 
appropriate for certain stand types and locations, and some in others (see Section  3.3).   In 
addition, the different SDAs use different data, have different functions, and different purposes 
(see Section  3.4).  A couple of the SDAs have financial or economic components (see Section  
3.5).  Conclusions are in Section 3. 6. 

3.2 SEDAs 

Don Heppner (MoF, Coast Region) provided the following information on the creation and use 
of SEDAs.  Stand Establishment Decision Aids (SEDAs) are produced and published by 
FORREX, not by the Ministry of Forests, although MoF specialists are joint authors of many of 
them. The MoF sees SEDAs as a good way to make stand management information available 
without having to deal with government bureaucracy, but the SEDAs have no real authority. 
They are just like any other journal article. They are simply "best management practices," i.e., a 
presentation of current information, understanding, and recommendations. Operational foresters 
can use this info as they see fit, but are responsible for the results of their work. Since the SEDA 
information is public, operational foresters are responsible for knowing about it and taking it 
under advisement. As far as climate change information is concerned, it is up to the operational 
forester to make a judgement about this and adjust accordingly.  Don supposes that they could 
incorporate any new information that we develop into revisions of the appropriate SEDAs.  

3.3 SDA Relationships  

There are a dozen or more stand establishment decision aids used in BC.  Figure 1 (from 
DiLucca, 2002) shows eight of them, and shows that there are six that are appropriate for even-
aged softwood stands, namely TASS, TIPSY, FPS, STIM, Y-XENO, and MGM.  For even-aged 
natural stands, foresters use VDYP and for multi-layered and partially cut stands of mixed 
species they use Prognosis BC.  An important SDA that is not shown in Figure 1 is SYLVER, 
but SYLVER is shown in Table 1 together with TASS, TIPSY, STIM, VDYP, SDMD, and 
MGM.   
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Figure 1: Choosing the Appropriate SDA (from Di Lucca, 2002) 
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Table 1. Model Comparison Table (from Stearns-Smith, 1999) 

 Prognosis BC MGM SDMD VDYP STIM TASS TIPSY SYLVER 

Model TASS,  

Type 

Individual tree, 
distance independent 

Individual tree, 
distance 
independent 

whole stand whole stand whole stand and 
diameter class 

Individual tree, distance 
dependent 

see TASS 

BUCK, 
SAWSIM, 
GRADE, 
FAN$Y 

Tree Input Tree list or Tree list or 

Data 

Tree list 

stand 
description 

see outputs Species 
composition, crown 
closure 

stand description 

Establishment density & 
spatial dist. 

Establishment density see TASS 

Site 

Productivity 

Input 

Not SI, uses BC BEC 
and physiography 

Site Index (SI) SI for Top Ht SI SI SI SI see TASS 

Species Pw, Lw, Fd, Bg, Hw, 
Cw, Pl, Se, Py, Hm 

Sw, At, Pl, (Sb) BC (all TIPSY); 
OMNR Pj, Pr, Pw, Sb 

32 commercial BC 
species 

Hwc, At Fdc, Fdi, Hwc, Hwi, Ss, 
Bg, Cw, Pl, Sw 

Fdc, Fdi, Hwc, Hwi, Ss, 
Bg, Cw, Pl, Sw 

see TASS 

single-spp, even aged Stand Types single and mixed-spp, 
even and uneven aged 

mixedwood, 
even and uneven 
aged 

single-spp, even aged single and mixed-
spp, even aged 

single-spp, even 
aged 

single-spp, even aged 

(multi-spp area prorated) 

see TASS 

Post-estab. 

activities 

supported 

PCT, partial cutting PCT, partial 
cutting 

exploration tool   PCT, partial 
cutting 

PCT, partial cutting, 
fertilization, pruning 

PCT see TASS 

Other growth 

modifiers 

root disease     Decay, waste and 
breakage and 
VAF’s 

  OAF’s, some pests and 
diseases 

OAFs, lodgepole 
repression 

see TASS 

see TASS, plus Output besides 

yield tables 

projected tree lists, 
diameter distributions 

projected tree 
lists, crop plans 

no yield tables, only 
variables are: Trees/ha, 
ave tree vol, ave 
diameter, top ht 

ave diameter and 
culmination MAI  

diameter 
distributions 

stand and tree 
visualization, wood 
characteristics, projected 
tree lists, etc 

diameter distribution, 
lumber and logs, 
mortality and snags, 
economic analysis 

economic 
analysis 

Development 

Data Sources 

USFS CFI and EP plus 
PSP from BC S. 
Interior 

Alberta PSP TIPSY in BC, PSP & 
TSP elsewhere 

TSP PSP & EP. Hwc 
BC, WA, OR; At 
Canada 

PSP & EP. BC, AB, WA, 
OR 

see TASS see TASS 

Unique Features 

& Applications 

partial cutting in 
complex stands; pest 
and habitat models 
available 

boreal 
mixedwood 

Requires 
EXCEL 97 

simplified one page 
exploration tool, 
OMNR software 

natural stands CFI 
updating and timber 
supply analysis  

unique dual 
model 
architecture 

spatially explicit; crown 
based, timber supply 
analysis, custom runs on 
request  

yields from TASS, 
timber supply analysis 
and economic analysis 

economic 
analysis based 
on lumber 
value 
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3.4 Individual SDA Descriptions 

The following descriptions are for the most part copied from several different webpages on the 
Ministry of Forests website. 

The Tree and Stand Simulator (TASS) is a three dimensional growth simulator that generates 
growth and yield information for even-aged stands of pure coniferous species of commercial 
importance in coastal and interior forests of British Columbia. TASS generates the yield table 
database for TIPSY.  Of possible interest to the FSP project is that TASS incorporates several 
submodels including a spruce weevil attack model developed by Alfaro (Di Lucca, 1999).   

TIPSY is a growth and yield program that provides electronic access to the managed stand yield 
tables generated by TASS and SYLVER. TIPSY retrieves and interpolates yield tables from its 
database, customizes the information and displays summaries and graphics for a specific site, 
species and management regime. Yield tables are available for various even-aged coniferous 
species of commercial importance growing on the coast and in the interior of British Columbia.  
TIPSY has some economic analysis functionality in its TIPSY Economist module. 

The Stand and Tree Integrated Model (STIM) is an empirical model that integrates a stand-level 
sub-model with an individual-tree, distance-independent sub-model.  This integration allows the 
two sub-models to interact and reconcile with one another.  It was designed to produce potential 
growth and yield tables for even-aged stands of coastal western hemlock and trembling aspen.  
The hemlock model has been calibrated for both natural and thinned stands based on data from 
coastal British Columbia, Washington and Oregon.  The aspen model has been calibrated for 
both natural and thinned stands based on data from across Canada.  

The Mixedwood Growth Model (MGM) is a stand growth model developed for the boreal forests 
of Alberta and northeastern British Columbia.  MGM is calibrated for white spruce and 
trembling aspen, typically growing together in varying degrees of mixture.  Lodgepole pine and 
black spruce are also included but less emphasis has been placed on development of relationships 
for these species.  

PrognosisBC is a growth and yield computer model for simple and complex forest stands. The 
model forecasts future stand conditions based on the expected growth and mortality of individual 
trees within a stand. It is best used for projecting an existing stand from a ground-based 
inventory, but can also initiate and project a stand from bare ground conditions. The model's 
strengths include its ability to simulate almost any form of harvesting, from clear cutting to 
partial cutting, and to simulate the impacts of root disease.    

SYLVER is a stand level system that helps forest managers evaluate the impact of Silvicultural 
treatments on Yield, Lumber Value, and Economic Return. It is developed in full for coastal 
Douglas-fir and partially for western hemlock, Sitka spruce, western red cedar, interior Douglas-
fir, lodgepole pine and white spruce. It integrates the yield data from TASS and other sub-
systems, and predicts wood quality, product recovery and financial return for various 
management regimes.  Its financial return component is called FAN$Y. 

SORTIE-ND is a forest simulator. It is a model designed to understand the interactions of 
individual trees with each other and their surrounding environment. SORTIE-ND was originally 
written as SORTIE in 1996 and has been in use for research ever since.  The primary users of 
SORTIE-ND are ecologists using it to perform simulations for research purposes. 
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3.5 Economic Impact in SDAs 

3.5.1 TIPSY Economist 

I installed the TIPSY system and obtained the following information from the Help pages.  The 
TIPSY Economist is an economic evaluation module designed to give B.C. Forest Service 
silviculture staff a convenient tool to undertake stand level economic analysis of silviculture 
treatments on Crown land. It can perform economic analysis on the silviculture treatments that 
are simulated by TIPSY only. It is an economic analysis rather than a financial analysis module. 
The difference is that economic analysis examines the benefits and costs of a project from the 
perspective of society as a whole rather than from the perspective of an individual. The program 
can also be used to assess private sector treatments on private forest land.  

The TIPSY Economist is not a stumpage calculation model. The Province's stumpage appraisal 
system attempts to determine a "fair" return to the Crown for timber harvested from Crown land. 
In doing this the stumpage system uses current market prices and costs to determine the current 
worth of a stand. The TIPSY Economist on the other hand attempts to estimate the total possible 
return to all of society from a silvicultural investment, and not how the resource rent is divided 
among subsets of society. In doing this, the model is not concerned with current prices and costs; 
rather we need estimates of future prices and costs in order to determine the future return from 
silvicultural investments made today. This is not to say that we aren't interested in recent prices 
and costs; rather we need to remove the cyclical nature of current price fluctuations in order to 
provide an estimate of probable future price and cost levels.  

The first set of limitations on the TIPSY Economist's analysis capabilities are those inherent 
within TIPSY. That is the species and the silvicultural treatments available in its database. The 
limitations within the economic module relate mainly to assumptions which the user can't 
change. The lumber and wood chip yields are based on sawmilling simulations that attempt to 
maximize the value of the products that can be sawn from a log. The value maximization process 
within the simulator is based on the products sawn from the logs and the relative prices of these 
products. The products simulated are dimensional lumber with nominal sizes of 2x4, 2x6, 2x8 
and 2x10 inches. Thus, board lumber and veneer recovery aren't included. (In addition, if the 
relative prices of the various dimensions changed and the sawing simulation were re-run, the 
proportion of products of each dimension might change to reflect the new prices.) Lumber and 
Wood Chip Prices reviews past trends in lumber prices by dimension, and finds the price ratios 
for the various dimensions to be quite stable. Nevertheless, the inability to change the cutting 
patterns which determine lumber yields by dimension is a limitation of the database that may 
affect the results.  

In addition, TIPSY's database contains no data on the grade distribution of the estimated lumber 
yields. Since we can't determine the potential effects of treatments on lumber grade distributions, 
we aren't able to analyze the economic consequences. The seriousness of this limitation is further 
discussed in Lumber Yields. Similarly, the bucking simulator, which is used to cut the bole of 
the tree into logs, attempts to maximize the total value cut from the bole based on a standard set 
of relative log prices for each log grade. Radical changes in log prices could change the volume 
cut into different grades.  

The TIPSY Economist contains a number of equations for calculating such things as haul costs 
and tree-to-truck harvest costs. While the module allows the user to change the value of the 
coefficients for some variables in the harvest cost equations, it does not allow the user to add 
variables. The module also provides district specific cost defaults for most silviculture, road 
development and harvest overhead costs .  These district boundaries, however, are no longer in 
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place.  The road development costs and overhead costs are based on   harvest conditions in each 
district. They are intended only as a starting point for the analysis, and the user should substitute 
better site specific data if available. This may be particularly important on the coast when 
harvesting second-growth stands where much of the necessary road development work may 
already be in place.  

3.5.2 FAN$Y in SYLVER 

This information is from DiLucca (1999).  FAN$Y uses stand, treatment and product 
information to evaluate the impact of selected silvicultural treatments on the discounted value 
returned by end products.  Some input parameters are: 

• land manager (i.e. crown or private); land ownership (i.e. crown or private);  and 
market type (i.e. log or lumber); 

• forestry costs (e.g. survey, land rent, brushing and weeding, spacing, fertilization, 
root rot control, site preparation, planting, pruning, etc.); 

• harvesting costs (e.g. infrastructure development, operation and administration 
overhead, tree-to-truck, hauling, etc.); 

• manufacturing costs (e.g. milling, drying, machine stress rating, etc.); 

• market prices for logs, lumber and wood chips; and 

• financial parameters (e.g. discount rate, U.S. dollar exchange rate, inflation rate, 
taxes, adjustments factors for future costs and prices, lumber premiums, appraisal 
data, etc.). 

3.6 Conclusions 

For SEDAs, that any information on pests, trees, or economics that we produce can potentially 
be incorporated.  There are two SEDAs relevant to our project:  Spruce Budworm Coastal 
(Heppner and Turner, 2006) and Spruce Budworm Southern Interior (Stock et alia, 2005).   

For SDAs (G&Y Models), it seems that it might be possible for the MoF to incorporate the tree 
and pest results into TASS, since TASS already uses a spruce weevil attack model developed by 
Alfaro.  For economic impact, MoF foresters can then use TIPSY or SYLVER to determine 
economic impact, but TIPSY might be the best because it appears to be designed to deal with 
future projections.   Any of these incorporations into SDAs would require work by the 
developers of the systems, not by us.  We should focus on relating our results to potential 
contributions to the relevant SEDA document(s). 
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4 Non-Spatial Optimization Model 

4.1 Introduction 

The purpose of this study is to analyze the bio-economic impact of climate change on Douglas fir 
and Spruce forests in BC.  The project is producing data that shows how increasing temperature 
and precipitation effect the Spruce Budworm (which attacks Doug Fir) and Spruce Bark Beetle 
(which attacks Spruce), and how these climate changes directly affect the  distribution of 
Douglas Fir and Spruce stands (see Figure 1).  Using this data, it is possible to model the bio-
economic impact and to learn about the effects of the critical decisions of whether to harvest the 
timber for revenue or leave the trees for their non-timber values.     

4.2 Non-Spatial Optimization Model (Multi-Objective Linear Programming) 

The first model is a non-spatial optimization model, using multi-objective and compromise 
programming.  This type of modelling has been applied to harvesting decisions in several 
studies, including van Kooten and Bulte (1999) and Krcmar et alia (2005). The geographic scope 
of the this model is the TSA, and the model is applied separately for each of the 29 TSA’s to 
produce a full picture of bio-economic impact in BC.  This model has the advantage of being 
represented by mathematical equations, but has the somewhat unrealistic assumptions of a highly 
aggregated spatial scale (TSA) and of harvesting decisions made by agents that can optimize 
across time.  The model is implemented using GAMS (General Algebraic Modeling System). 

4.2.1 Approach 

The geographic scope of the optimization model is the TSA.  Time periods are decades, and 
every time period has exogenous input for climate scenarios that are represented by pest 
probability (for Spruce Budworm and Spruce Bark Beetle) and tree probability (for Douglas Fir 
and Spruces).  Let g denote the tree species and the associated pest species.  For each climate 

scenario, there is a probability of tree occurrence ,

tree

g tP  and the probability of pest occurrence 

,

pest

g tP .  The impact of climate on tree occurrence is reflected in the model by a reduction in the 

ability of trees to be resetablished after harvesting.  The impact of the pests is reflected by a 
reduction in the volume density of the harvestable stands.     

4.2.2 Optimization Equations 

Inventory data 0

,g aI  and volume density data 0

,g aρ  is obtained for each TSA from the BC Ministry 

of Forests and the Pacific Forestry Centre.  The dynamic series for inventory and volume density 
are initialized to the data. 

 0

, ,1 ,g a g aI I=  (1) 

 0

, , ,g a t g aρ ρ=  (2) 

The age classes { }1,2,...10a = represent age ranges 0-10, 11-20, respectively.  The minimum age 

class that can be harvested is 8, representing trees that are 70-80 years old, so the harvest area 

, ,g a tH  constrained to zero for the younger age classes. Also, the harvested area is constrained to 

be less than the inventory. 

 , , [ 8]0g a t aH <= I  (3) 
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 , , , ,g a t g a tH I≤  (4) 

  The volume density decreases with increased probability of pests ,

pest

g tP  (Campbell et alia, 2005; 

Heppner and Turner, 2006) in proportion to the pest impact ,g aγ  on the species and ageclass.  

There is some indication that the impact of both Spruce Budworm and Spruce Bark Beetle both 
increase with stand age (Alfaro et alia, 2001; BC Ministry of Forests, 1995).  

 , , , , , ,(1 )pest

g a t g a t g t g aPρ ρ γ= −  (5) 

The total harvested volume tV  (required for calulating NPV) is the sum over species and age 

classes of the product of the harvested area and volume density. 

 , , , ,

,

t g a t g a t

g a

V H ρ=�  (6) 

A possible profit maximization strategy is to let the trees mature and then cut them all down 
when they are all in the oldest ageclass!  Since this is infeasible from an industry perspective, the 
model requires an even flow constraint and a ending inventory constraint. 

 ( )1t t
V Vλ λ+− < − <  (7) 

 All of the harvested area from higher classes is reforested ,g tR  (either because of planting or 

natural regeneration).  However, the success of both planting and regeneration is impacted by 
climate, and the climate impact is represented by the dynamic probability of trees.   

 , , , ,

tree

g t g t g a t

a

R P H= �  (8) 

  

The reforested area becomes ageclass 1 in the inventory for the next period.  The area that is not 
havested advances in ageclasses with a>1, and the highest ageclass (in this case a=10) includes 
trees previously in both ageclass 9 and 10.  

 

,1, , 1

, , , 1, 1 , 1, 1

, , , 1, 1 , 1, 1 , , 1 , , 1

, for 1< 10

+  for 10

g t g t

g a t g a t g a t

g a t g a t g a t g a t g a t

I R

I I H a

I I H I H a

−

− − − −

− − − − − −

� =
�

= − <�
� = − − =�

 (9) 

This final period (10) inventory is used to impose a constraint on the ending state of forest 

inventory.  At this time, the constraint is that the forest inventory must be at least a fraction α of 
the initial inventory. 

 , ,10 , ,0

, ,

g a g a

g a g a

I Iα≥� �  (10) 

Having adjusted the inventory for harvest, the model now calculates the new volumes (required 
for carbon sequestration value) and the mature forest inventory (required for non-timber product 
and wilderness values). 

 , , , , , ,g a t g a t g a tV I V
ρ=  (11)   
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 , , , [ 8]

M

g t g a t a

a

I I ≥=� I  (12) 

Using a constant lumber price p, constant cost of harvest c, and a time discount factor tβ ,1  the 

net present value of timber is calculated using the harvested volume. 

 ( )T H

t t

t

NPV p c V β= −�  (13) 

Non-timber net present value is the sum of the values of the non-timber products, wilderness 
values, and carbon sequestration value.  The non-timber product and wilderness per hectare 
values are taken from van Kooten and Bulte (1999)2.  The carbon content per tonne for each 
species are from van Kooten et alia (1993)3 and the carbon prices per tonne are from van Kooten 
and Bulte (1999)4. 

 ( ), , , , , ,3.2 105.51 20 0.225 0.190NT M M

t g t g t DF a t SP a t

t g g a

NPV I I V Vβ
� �

= + + +� 	

 �

� � � �  (14) 

4.2.3 Optimization Solution Methods 

The model equations are solved simultaneously using the GAMS software.  There are four 

solutions of interest:  maximize T
NPV and maximize NT

NPV  separately (individual 

optimizations),  maximize T
NPV  and NT

NPV  together (multiobjective optimization), and 

minimize the sum of the distances between T
NPV and NT

NPV  and their values from the 
individual optimizations (compromise optimization). 

                                                 
1 The price is set to $50/m3 and the cost to $32/ m3. 

2 The non-timber product value is $3.20/ha and the wilderness value is $105.51/ha. 

3 0.225 tonne/m3  for Douglas Fir and and average of about 0.190 tonne/m3 for the Spruce species. 

4 $20,  $50, and $100 per tonne. 
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4.3 Conclusion 

This model simply excludes too much.  Harvesting and conserving decisions depend strongly on 
spatial relationships.  We need to use a spatial model to account for green-up constraints and to 
model the requirement to provide large contiguous tracks of mature forest in order to achieve the 
required non-timber values. 

4.4 Figures 

Figure 1:  Non-Spatial Optimization 
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5 Spatial Cellular Automata Model 

5.1 Introduction 

The purpose of this in-progress study is to analyze the bio-economic impact of climate change on 
Douglas fir and Spruce forests in BC.  The project is producing data that shows how increasing 
temperature and precipitation effect the Spruce Budworm (which attacks Doug Fir) and Spruce 
Bark Beetle (which attacks Spruce), and how these climate changes directly affect the  
distribution of Douglas Fir and Spruce stands.  Using this data, it is possible to model the bio-
economic impact and to learn about the effects of the critical decisions of whether to harvest the 
timber for revenue or leave the trees for their non-timber values.  I develop and implement three 
types of bio-economic impact models and compare and assess the results from the three models.   

In the this model we represent the forest landscape as a collection of cells in a grid.  This spatial 
model is a spatial optimization model, using cellular automata (CA).  Cellular automata have 
been used recently to model land use (Walsh et alia, 2007; Soares-Filho et alia, 2002), forest fire 
behaviour (Yassemi et alia, 2007), pest infestations (Bone et alia, 2006; BenDor et alia, 2006; 
Lee et alia, 2007), and forest planning (Mathey et alia, 2007a; Mathey et alia, 2007b; Menard 
and Marceau, 2007).  This model is implemented in Java and GAMS.   

5.2 Cell Optimization Equations 

Inventory data 0

,g aI  and volume density data 0

,g aρ  is obtained for each TSA from the BC Ministry 

of Forests and the Pacific Forestry Centre.  The dynamic series for inventory and volume density 
are initialized to the data. 

 0

, ,1 ,g a g aI I=  (15) 

 0

, , ,g a t g aρ ρ=  (16) 

The age classes { }1,2,...10a = represent age ranges 0-10, 11-20, respectively.  The minimum age 

class that can be harvested is 8, representing trees that are 70-80 years old, so the harvest area 

, ,g a tH  constrained to zero for the younger age classes. Also, the harvested area is constrained to 

be less than the inventory. 

 , , [ 8]0g a t aH <= I  (17) 

 , , , ,g a t g a tH I≤  (18) 

  The volume density decreases with increased probability of pests ,

pest

g tP  (Campbell et alia, 2005; 

Heppner and Turner, 2006) in proportion to the pest impact ,g aγ  on the species and ageclass.  

There is some indication that the impact of both Spruce Budworm and Spruce Bark Beetle both 
increase with stand age (Alfaro et alia, 2001; BC Ministry of Forests, 1995).  

 , , , , , ,(1 )pest

g a t g a t g t g aPρ ρ γ= −  (19) 

The total harvested volume tV  (required for calulating NPV) is the sum over species and age 

classes of the product of the harvested area and volume density. 
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 , , , ,

,

t g a t g a t

g a

V H ρ=�  (20) 

A possible profit maximization strategy is to let the trees mature and then cut them all down 
when they are all in the oldest ageclass!  Since this is infeasible from an industry perspective, the 
model requires an even flow constraint and a ending inventory constraint. 

 ( )1t t
V Vλ λ+− < − <  (21) 

 All of the harvested area from higher classes is reforested ,g tR  (either because of planting or 

natural regeneration).  However, the success of both planting and regeneration is impacted by 
climate, and the climate impact is represented by the dynamic probability of trees.   

 , , , ,

tree

g t g t g a t

a

R P H= �  (22) 

  

The reforested area becomes ageclass 1 in the inventory for the next period.  The area that is not 
havested advances in ageclasses with a>1, and the highest ageclass (in this case a=10) includes 
trees previously in both ageclass 9 and 10.  

 

,1, , 1

, , , 1, 1 , 1, 1

, , , 1, 1 , 1, 1 , , 1 , , 1

, for 1< 10

+  for 10

g t g t

g a t g a t g a t

g a t g a t g a t g a t g a t

I R

I I H a

I I H I H a

−

− − − −

− − − − − −

� =
�

= − <�
� = − − =�

 (23) 

This final period (10) inventory is used to impose a constraint on the ending state of forest 
inventory.  At this time, the constraint is that the forest inventory must be at least a fraction α of 
the initial inventory. 

 , ,10 , ,0

, ,

g a g a

g a g a

I Iα≥� �  (24) 

Having adjusted the inventory for harvest, the model now calculates the new volumes (required 
for carbon sequestration value) and the mature forest inventory (required for non-timber product 
and wilderness values). 

 , , , , , ,g a t g a t g a tV I V
ρ=  (25)   

 , , , [ 8]

M

g t g a t a

a

I I ≥=� I  (26) 

Using a constant lumber price p, constant cost of harvest c, and a time discount factor tβ ,5  the 

net present value of timber is calculated using the harvested volume. 

 ( )T H

t t

t

NPV p c V β= −�  (27) 

Non-timber net present value is the sum of the values of the non-timber products, wilderness 
values, and carbon sequestration value.  The non-timber product and wilderness per hectare 

                                                 
5 The price is set to $50/m3 and the cost to $32/ m3. 
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values are taken from van Kooten and Bulte (1999)6.  The carbon content per tonne for each 
species are from van Kooten et alia (1993)7 and the carbon prices per tonne are from van Kooten 
and Bulte (1999)8. 

 ( ), , , , , ,3.2 105.51 20 0.225 0.190NT M M

t g t g t DF a t SP a t

t g g a

NPV I I V Vβ
� �

= + + +� 	

 �

� � � �  (28) 

5.3 Cellular Automata 

This model introduces the spatial relationships within a TSA  In the forest climate studies of the 
FSP project, the forest inventory has been analyzed as a grid of 16 ha cells (400m), and we will 
initially use this dimension in the optimization model.  However, it has been demonstrated that 
forest CA models are sensitive to cell size (Menard and Marceau, 2005) and it is therefore 
essential to perform sensitivity analysis.  Ideally, I will be able to obtain the inventory data not 
only for 400m cells but also for 200m and 800m.  Menard and Marceau’s analysis showed 
signficantly increasing forest area preservation as cell sizes increase.  However, they found that 
the results are insensitive to the neighbourhood configuration so we will use the Moore 
neigbourhoood.   Figure 1 illustrates the fact that the cells optimize themselves locally using the 
latest results from the adjacent cells.  At each iteration, one cell is updated, and the iterations 
continue to convergence. 

5.3.1 CA Coordinator Class 

Initialization 

The cellular automata (CA) coordinator loads data for all cells, creates each cell, and gives the 
data to the cell, as shown in Figure 2.  The coordinator reads in four datasets that contain data for 
each cell.  There are three lines of data for each cell:  the cell coordinates, the Douglas-Fir data 

for the ten time periods or age classes, and the similar Spruce data.  The coordinator reads 0t  

inventory area data (ha) for species and ageclass;  0t  volume density data (m3/ha) for species and 

ageclass;  tree probability data for species and time period; and pest probability data for species 
and time period. 

Iterative Updating 

The Coordinator class is the coordinator for the cells updating their states.  At each iteration the 
grid directs one cell to reoptimize its state.   

Global Constraints 

The Coordinator also provides the global constaints that each cell must use when trying to 
optimize its own condition. 

5.3.2 Cell 

Effects of Harvesting 

At time t0, each cell contains information about the current area and volume density for each 
species, the time series for tree probabilities, and the time series for pest probabilities.   

                                                 
6 The non-timber product value is $3.20/ha and the wilderness value is $105.51/ha. 

7 0.225 tonne/m3  for Douglas Fir and and average of about 0.190 tonne/m3 for the Spruce species. 

8 $20,  $50, and $100 per tonne. 
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At subsequent time periods, a cell decides if it should retain the trees or harvest them.  If the cell 
is not harvested, its trees advance one ageclass.  The retained trees’ volume density is reduced in 
proportion to the probability of pests.  When trees are harvested, replanting occurs, but the 
success of replanting is impacted by the probability of trees. 

In this spatial model, fire is added in as a climate-change impacted factor.  For example, Bond-
Laberty et alia (2007) have demonstrated that fire increasing in frequency in with climate 
change, and that this is detrimentally impacting the quality of the forest as a carbon sink. 

Harvesting Decision 

In the spatial model, the cell’s harvesting decision depends on its own values as well as the 
values of its neighbours.  Each cell keeps track of the current state of its inventory and volume.  
The timber value and nontimber values for each cell are calculated as shown in equations above.  

Each cell also obtains the average NT

nNPV of the nontimber values NT

nNPV  of the cells in its 

neighbourhood (indexed by n), where the neighbourhood is a Moore neighbourhood of eight 
cells.  Cells near edges have less than scale their neighbours’ values up.  For example, a cell on 
an edge that has 5 neighbours, scales the neighbour values up by 8/5.  Following Mathey et alia 

(2007), the neighbour values are weighed by [0,1]NW ∈ .  Thus, each cell c with neighbours n, 

has the following value functions for timber (T) and nontimber (NT) values: 
 

,( )T H

c c t t

t

NPV p c V β= −�  (29) 
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 �

� � � �  (30) 

Letting  [0,1]TW ∈  be the weight given on timber values, the cell’s objective is to choose 

harvesting decisions that maximize the weighted sum of the values. 

 
,

max  (1 )
H

c t

T T T NT

c C
V

W NPV W NPV� �+ −
 �  (31) 

New Forest 

The impact of climate change on reforestation of current inventory areas is described above.   
However, there is a possibility that climate change will create forest where no inventory 
previously existed.  Thus, each current non-inventory cell must contain a measure of its potential 
for forest.  This might be a function of sustrate, rurality, slope, etc. 

Updating Cell State (Optimization) 

At the direction of the Coordinator, the Stand Agent in a cell optimizes its dynamic harvesting 
decisions based on the current states of the other cells.  The Stand Agent combines its current 
data with the GAMS statements that implement the optimization described in Section 2 to 
produce a GAMS program that it writes to a file.  It then starts a GAMS process to execute this 
program.  The program writes the results to a file that is then read by the Stand Agent to 
complete the updating of the cell state. 

5.4 Figures 

Figure 1:  Spatial Cellular Automata 
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Figure 2.  Data, GAMS Tables, and GAMS Results 
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6 Spatial Optimization Model 

6.1 Introduction 

The purpose of this in-progress study is to analyze the bio-economic impact of climate change on 
Douglas fir and Spruce forests in BC.  The project is producing data that shows how increasing 
temperature and precipitation effect the Spruce Budworm (which attacks Doug Fir) and Spruce 
Bark Beetle (which attacks Spruce), and how these climate changes directly affect the  
distribution of Douglas Fir and Spruce stands.  Using this data, it is possible to model the bio-
economic impact and to learn about the effects of the critical decisions of whether to harvest the 
timber for revenue or leave the trees for their non-timber values.   

Non-spatial optimization models have been applied to harvesting decisions in several studies, 
including van Kooten and Bulte (1999) and Krcmar et alia (2005).  Spatial optimization for 
forestry planning has been approximately solved using heuristic methods such as simulated 
annealing, tabu search, genetic algorithms, and cellular automata (Mathey et alia, 2007a; Mathey 
et alia, 2007b; Menard and Marceau, 2007).   

6.2 Model Equations 

The geographic scope of the optimization model is a gridded TSA, and I anticipate that the 
model will be run separately for each of the 29 TSA’s to produce a full picture of bio-bio-
economic impact in BC.  Time periods are decades, and every time period has exogenous input 
for climate scenarios that are represented by pest probability (for Spruce Budworm and Spruce 
Bark Beetle) and tree probability (for Douglas Fir and Spruces).  In the forest climate studies of 
the FSP project, the forest inventory has been analyzed as a grid of 16 ha cells (400m), and we 
will initially use this dimension in the optimization model.  However, it has been demonstrated 
that forest CA models are sensitive to cell size (Menard and Marceau, 2005) and it is therefore 
essential to perform sensitivity analysis.  Menard and Marceau’s analysis showed signficantly 
increasing forest area preservation as cell sizes increase.  However, they found that the results 
are insensitive to the neighbourhood configuration so we will use the Moore neigbourhoood.   

6.2.1 Data 

Let c denote the cell,  g denote the tree species and its associated pest species, and t denote the 

time period.  Each cell has an area cA , which in this study is uniform 16 ha for each cell. Each 

cell contains species g with percent coverage ,c gC  and age class ,C ta .  The age classes 

{ }, 1,2,...20C ta = represent age ranges 1-10, 11-20, … 190+ respectively.  The current  ( 0t = ) 

Ministry of Forests inventory area for the species g in cell c thus thus , ,1 ,c g c c gI A C= .  The current 

Ministry of Forests volume density is denoted 0

,c gρ  and thus 0

, ,1 ,c g c gρ ρ=  and the total starting 

volume in a cell is , , , ,c g t c g tI ρ .    For each climate scenario, the FSP project by the Pacific Climate 

Impact Consortium has developed a probability of tree occurrence , ,

tree

c g tP  and a probability of pest 

occurrence , ,

pest

c g tP .  

6.2.2 Equations for Climate Impact 

  The impact of climate on tree occurrence is reflected in the model by a reduction in the ability 
of trees to be resetablished after harvesting.  The impact of the pests is reflected by a reduction in 
the volume density of the harvestable stands.  The volume density decreases with increased 
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probability of pests , ,

pest

c g tP  (Campbell et alia, 2005; Heppner and Turner, 2006) in proportion to 

the pest impact ,g aγ  on the species and ageclass.  There is some indication that the impact of 

both Spruce Budworm and Spruce Bark Beetle both increase with stand age (Alfaro et alia, 
2001; BC Ministry of Forests, 1995).  The volume density is therefore adjusted for the 

probability of pests and their impact, using the appropriage ,g aγ , namely , Cg aγ . 

 , , , , , , ,(1 )
C

pest

c g t c g t c g t g aPρ ρ γ= −  (32) 

The variable , , {0,1}c g tX ∈  indicates whether species g has been harvested from cell c at time t.   

Following harvest, a cell is assumed to be planted or regenerated naturally, but the success of 
new growth is impacted by climate as represented by the dynamic probability of trees.  The 

regenerated area , ,c g tR , which is in ageclass 1 (see next section), may thus be smaller than the 

original area for this species.  Thus we have: 

 , , , , , , , ,

tree

c g t c g t c c g t c g tR P A X I=  (33) 

6.2.3 Equations for Harvesting 

We define two ageclasses.  We consider a mature cell to be 100+ years, so that a cell is mature if 

, 11C t Ma a≥ = .  We consider an old stand to be 140+ years, so that a cell is old if , 15C t Oa a≥ = .  

The minimum age class that can be harvested is Ma , so a cell is harvested only if ,C t Ma a≥ .  

Thus we have the constraint   

 , , 0c g tX =  if ,C t Ma a<  (34) 

A cell’s ageclass becomes 1 in the next period if the cell is harvested.  The time periods t are ten 
years, a cell advances in age if it is not harvested every other .  The reforested area becomes 
ageclass 1 in the inventory for the next period.  The area that is not harvested advances in 
ageclasses with a>1, and the highest ageclass (20) includes trees previously in both ageclass 19 
and 20.  

 

, , , 1

, , 1 , , 1 , 1

, , 1 , , 1 , 1

1 if  0

1 if  0 and < 20 

 if  0 and = 20 

c t c g t

c t c t c g t c t

c t c t c g t c t

a X

a a X a

a a X a

−

− − −

− − −

� = =
�

= + =�
� = =�

 (35) 

Now we consider three important constraints on harvesting:  even-flow of harvested volume, 
greenup of harvested cells, and large contiguous blocks of non-forested cells.   

The flow of harvested volume must be within bounds λ , where λ  can be zero for exactly even 
flow of harvested volume.  The even flow constraint is therefore: 

 ( )1t t
V Vλ λ+− < − <  (36) 

The Forest Practices Code requires greenup of adjacent clearcuts before another clearcut can be 
made in an adjacent stand.  To achieve this constraint, each cell must have a record of its 

neighbours, denoted cN .  We use a Moore neighbourhood.  This greenup constraint is most 

simply written: 
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Also, the harvested area is constrained to be less than the inventory area. 

 , , , , , ,c g a t c g a tH I≤  (37) 

The total harvested volume tV is the sum over cells, species, and age classes of the product of the 

harvested area and volume density. 

 , , , , , ,

, ,

t c g a t c g a t

c g a

V H ρ= �  (38) 
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