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killed stands before the wood quality could deteriorate to 

the point o f  being unsalvageable. 

As beetle populations declined, and more forest health 

personnel were assigned to operational positions, the op- 

portunity arose to pro-actively manage lodgepole pine 

stands and small beetle infestations to reduce the magni- 

tude o f  losses. A number o f  strategies and tactics for re- 

ducing losses from mountain pine beetle have been 

developed (McMullen et al. 1986; Safranyik and Hall 1990). 

These fall into two main categories: direct control and pre- 

ventative management. 

Direct control includes tactics aimed at reducing the 

beetle population in infested trees and stands such as har- 

vesting and processing, debarking, felling and burning, and 

treatment with the silvicide/insecticide monosodium 

methanearsonate (MSMA). Synthetic pheromones some- 

times are used in combination with these treatments to 

concentrate populations in trees or stands scheduled for 

treatment (McMullen et al. 1986). Preventative manage- 

ment deals primarily with creating stand conditions unfa- 

vourable to mountain pine beetle through silvicultural 

methods. These include alteration o f  stand density, species 

composition, age class structure, and microclimate through 

thinning and spacing (Safranyik et al. 1974; Cole and Am- 

man 1980; Shore and Safranyik 1992). 

Some challenges in effectively managing lodgepole pine 

stands to minimize mountain pine beetle damage are: 

1) An increasingly complicated set o f  rules for 

resource management. 

2) An increasing amount o f  information about the 

mountain pine beetle and the management 

strategies and tactics for dealing with it. 

3) Mobility, and hence lack o f  continuity, of  

district level operational forest health personnel. 

4) Inability to predict where infestations will occur. 

5) Difficulty in estimating losses as a result o f  a 

beetle epidemic. 

6) Lack o f  a system for evaluating the relative merits 

o f  alternate management strategies and tactics. 

7) Difficulty in being able to justify management 

decisions to other forest managers and the general 

public as they relate to management o f  mountain 

pine beetle and lodgepole pine. 

In 1990 we began a research project to address these 

deficiencies. This paper presents the current status o f  our 

work on the development o f  a decision support system for 

the mountain pine beetle. 

the IBM personal computer or compatible using a Mi- 

crosoft Windows graphical user interface is the stand- 

ard computer environment; therefore our system is 

designed for this platform. 

The system components can be grouped into three 

types o f  tools: database tools, including beetle and stand 

databases and a geographic information system (GIS); 

knowledge tools consisting o f  models and an expert sys- 

tem; and user interface tools to assist the user in accessing, 

viewing, and reporting information (Figure 1 ), 

Database Tools 

Databases and Geographic Information System. 

Data from a number o f  sources are input to the system. 

Digital maps and data describing the forest resource are 

maintained by the Resources Inventory Branch o f  the 

BCMoF. This database contains collected or estimated data 

on  a large number o f  administrative and operational forest 

management attributes including ownership, operability, 

resource use priorities, stand area, species composition, age, 

volume, etc. The MPBDSS utilizes only a small subset o f  

this database, for viewing stand attributes and as inputs to 

the various system modules. This subset, which we call the 

System Database, is extracted from the BCMoF database 

into a Microsoft Access database. 

Spatial data (forest cover map features) are stored by 

the Resource Inventory Branch in Interactive Graphics De- 

sign System (IGDS) (Intergraph Ltd., Huntsville, AL) for- 

mat which can be downloaded, translated, and imported 

into a GIS. Currently the GIS used in the system is Terra- 

soft which is being integrated into the PAMAP GIS (PCI 

Pacific, Victoria, BC). 

The format o f  maps and data related to mountain pine 

beetle infestations and management are much less struc- 

tured and standardized within the BCMoF than those for 

the forest resource. Mountain pine beetle infestation maps 

are commonly hand-sketched from the air onto 1:20 000 

scale maps, but this scale may vary depending on the agency 

conducting the survey. Similarly aerial and ground survey 

data are collected and recorded in a variety o f  formats and 

may exist only as a paper record in many forest districts. 

Currently there is an effort to develop a standardized bark 

beetle database within the BCMoF. A prototype o f  this 

database, also in Access, is implemented in the MPBDSS 

and called the MPB database. This database holds infor- 

mation on each infestation, including links to mapsheets 

and the System database; aerial and ground survey data, 

including estimates o f  the number o f  live and killed trees; 

and administrative data on contractors, treatments, etc. 

The GIS serves a number o f  important functions in 

the system. It is used for digitizing beetle infestations taken 

from sketch maps or aerial photographs. It allows the user 

to do spatial calculations for determining infested areas, 

System Design 
The principal clients for the mountain pine beetle de- 

cision support system (MPBDSS) product were identified 

as district level forest health officers with the BC Ministry 

o f  Forests (BCMoF). At the operational level o f  BCMoF 
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Figure 1. An overview o f  the Mountain Pine Beetle Decision Support System (MPBDSS) showing groupings o f  tools 

into database, knowledge, and user interface tools. 

distances between infestations (used in risk calculations), 

and road access. It also allows for estimation o f  numbers 

o f  trees and volumes affected by a beetle infestation from 

the intersection o f  the infestation and forest resource lay- 

ers. Additional functions not yet utilized include the ability 

to recognize stand adjacencies—which is important for 

modelling infestation spread—and the three-dimensional 

functions used in digital terrain modelling. These functions 

could be useful in examining the impacts o f  beetle infesta- 

tions on visual quality objectives and in risk rating and in- 

festation spread models in mountainous terrain. 

Knowledge Tools 

There are three components grouped as knowledge 

tools, the susceptibility and risk rating system, a manage- 

ment decisions expert system, and an infestation and im- 

pact model (Figure 1). 

Susceptibility and Risk Rating System. The sus- 

ceptibility and risk rating system utilized in the MPBDSS 

is that o f  Shore and Safranyik (1992). In this system, sus- 

ceptibility is calculated as a function o f  species composi- 

tion, basal area, stand density, elevation, latitude, and 

longitude. Software has been developed in Microsoft Visual 

Basic to allow the user to calculate the susceptibility index 

for a single stand or a group o f  stands. Data can either be 

input by the user or estimated from variables in the System 

Database. Resulting susceptibility indices are entered into 

the System Database and classes can be assigned, displayed, 

and printed using the GIS. Risk is defined as a function o f  

stand susceptibility and beetle population pressure (Shore 

and Safranyik 1992). Beetle population pressure is deter- 

mined within the GIS by determining the number and prox- 

imity o f  infested trees within certain radii o f  the stand 

being evaluated. A risk index is then calculated from the 

beetle population pressure index and the susceptibility in- 

dex (Shore and Safranyik 1992). Like the susceptibility in- 

dex, the risk index can be assigned to classes, coloured, 

viewed, or printed in the GIS. Although susceptibility is 

evaluated independently o f  the mountain pine beetle popu- 

lation, the susceptibility index is currently more widely used 

than the risk index for mountain pine beetle management 

in BC. There are three likely reasons for this: the risk index 

is more difficult to calculate, it is a complex variable and 

therefore not as readily understood, and stand susceptibil- 

ity and beetle population levels are often dealt with as sepa- 

rate management issues, especially for long-term planning. 
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Management Decisions Expert System. The man- 

agement decisions expert system is a key component o f  

the MPBDSS. Through an interactive dialogue the user 

works his way through a knowledge base to arrive first at a 

recommended strategy and from there to recommended 

tactics for dealing with current or imminent mountain pine 

beetle infestations. Recommendations of a task force 

(Safranyik and Hall 1990; Maclauchlan and Brooks 1994) 

form the backbone o f  the strategy and tactic selection pro- 

cedure. The strategies are: 

1) Suppression - Aggressive, direct control action is 

required to keep an area uninfested 

2) Maintain low - Deal with chronic or new 

infestations within the normal planning process. 

3) Holding Action - Try to limit or delay expansion 

o f  beetle infestations in areas that are lower 

priority or where resources are inadequate to deal 

with the whole problem. 

4) Salvage - Direct harvesting efforts at recovery 

o f  beetle-killed trees while they still have value. 

5) Abandon - No action is specified where access 

is very limited or  where resource use, such as parks 

or wilderness areas, restrict management activities. 

6) Prevention - Silvicultural methods may be used 

to reduce the susceptibility to mountain pine beetle 

infestations in moderate-to-high-susceptibility 

stands not yet infested. 

13) Thinning and spacing stands for 

preventative management. 

14) Salvaging dead trees. 

15) Doing nothing. 

The management decisions expert system will rule out 

inappropriate tactics for the selected strategy. The soft- 

ware used for the expert system is M4 (Teknowledge Corp., 

Palo Alto, CA) using a Visual Basic interface. 

Much o f  the information required by the user to re- 

spond to questions posed by the expert system can be ob- 

tained from either the MPB or System databases. A record 

of decisions made in arriving at recommended strategies 

and tactics can be printed. The suggested tactics output by 

the system and selected by the user can be examined by 

inputting them to the infestation and impact model; result- 

ing tree and volume mortality over time can then be com- 

pared with other tactics, including the “do nothing’’ option. 

Infestation and Impact Model. The infestation and 

impact model simulates a mountain pine beetle infestation 

in a host stand o f  any size and tracks tree mortality over 

the course o f  the epidemic. The model can accommodate 

a mixed species stand, and is designed to simulate the ef- 

fects o f  management strategies and tactics as recommended 

by the expert system. This allows the user to compare the 

impacts that various management strategies have on re- 

sidual stand structure, beetle populations, and stand sus- 

ceptibility. The model is written as a Windows dynamic 

link library (DLL), so that it can be called from different 

Windows programs. A graphical user interface is supplied 

which facilitates the entry o f  input data and provides view- 

ers for output data, but the model itself can be called di- 

rectly from any Windows product that supports calls to 

external DLLs. 

The supplied graphical user interface provides a sim- 

ple data entry facility for basic stand and beetle inputs, and 

a means to interactively apply changes to the host stand or 

beetle population for modelling management intervention. 

After a simulation is complete, the user can view the year- 

by-year changes in stand structure in both a graphical and 

tabular fashion. Likewise, annual changes to the beetle popu- 

lation and an overall summary o f  the infestation can be 

viewed or printed. 

The model is iterative in nature, and employs some 

random effects related to weather. Work is in progress to 

provide the user with finer control over weather conditions. 

In normal use, the model simulates an infestation 25 

times using the same inputs. Due to the random weather 

components in the model, there will be some variation in 

outcomes for each o f  the different iterations. This enables 

exploration o f  best- and worst-case scenarios for a given 

set o f  inputs, and can provide the user with estimates o f  a 

range o f  likely outcomes for an infestation (which is more 

useful and realistic than a single point estimate). 

Strategies are determined by a number o f  factors re- 

lating to the size o f  the infestations, ownership o f  the af- 

fected resources, management objectives for the affected 

resources, accessibility o f  the infestation, and the ability 

of the district to deal with the infested trees within its al- 

lowable cut and mill capacity. There are a number o f  tac- 

tics for dealing with mountain pine beetle infestations, but 

not all are appropriate for each strategy; and, depending 

on circumstances, some will be preferred within a given 

strategy. The tactics include: 

1) Aerial overview survey and mapping. 

2) Detailed aerial sketch mapping. 

3) Aerial photography. 

4) Ground surveys. 

5) Develop road access. 

6) Susceptibility and risk rating. 

7) Harvesting blocks either by clearcut or 

selective cutting. 

8) Single tree or small patch cuts. 

9) Felling and burning infested trees. 

10) Treating infested trees with MSMA. 

11) Debarking infested trees. 

12) Using pheromones to hold beetle populations 

in a given area possible in combination with 

7-11 above to contain and concentrate beetles 

prior to treatment. 
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The model requires the following six inputs: 

1) Stems per hectare. 

2) Percentage lodgepole pine (by stems). 

3) Size o f  stand (area, in hectares). 

4) Number o f  infested trees. 

5) Site Index for lodgepole pine (in metres, at 

reference age 50). 

6) Stand age. 

to a map with symbols or icons, so  that at a glance the user 

can visualize where various activities are taking place. By 

clicking on an icon the user can bring up the database for 

an individual polygon, to view the details o f  the operation. 

Literature Database. A mountain pine beetle litera- 

ture database has also been developed as a component o f  

the MPBDSS. This is especially valuable for users in re- 

mote locations who have no direct access to libraries. This 

database holds most o f  the current references on moun- 

tain pine beetle including many with abstracts. This pro- 

gram is a stand-alone Windows executable with a built-in 

search engine. Literature can be searched by author, title, 

subject, keywords, or date o f  publication. It also provides 

an interface for the user to add references. 

Reporting Tools. Many o f  the software tools de- 

scribed above have built-in reporting capabilities. For ex- 

ample, the expert system can generate a report detailing 

the responses made by the user during the question and 

answer session, and the resultant strategy and tactic selec- 

tions. The risk rating system can produce a report with 

stand identifier, susceptibility index, beetle pressure index, 

and risk index. The literature program can generate a re- 

port summarizing the results o f  the literature search. In 

addition, custom reports to some standard database que- 

ries are being developed for the mountain pine beetle and 

system databases. 

When complete, the model prints simulation results 

1) Year-by-year change in the number o f  live stems 

per diameter class. 

2) Total number o f  trees killed by the beetle per year. 

3) Year-by-year total standing live trees. 

4) Annual number o f  surviving beetles. 

5) Annual number o f  attacking beetles. 

to a series o f  ASCII files. These outputs include: 

Work is in progress to estimate the tree volume killed, 

as well as to provide a tighter integration between the ex- 

pert system and the model. This will allow the expert sys- 

tem to directly call the model and possibly use the simulation 

results as a part of the decision making process. 

User Interface Tools 

User Interface. The main MPBDSS user interface 

was developed in Visual Basic and consists o f  simple group- 

ings o f  icons providing access to the tools described here. 

The tools are all stand-alone products with optional link- 

ages, where applicable, built into their separate interfaces. 

Map Viewer. The map viewer serves a number o f  

rent complexity o f  the software, users will be reliant on 

Current Status and 
Future Directions 

important purposes in the system. In most cases, users o f  

MPBDSS will not be proficient with GIS. Given the cur- 

district GIS specialists to conduct much o f  the initial analy- 

sis and generate outputs such as susceptibility and risk maps. 

Once generated, however, these maps and associated data- 

bases can be accessed and displayed with map viewing soft- 

ware. 

Several map-viewing products are utilized by the BC- 

MoF. One o f  these is a system developed “in house” called 

MapView (BCMoF 1996). With MapView, the user can dis- 

play BCMoF forest cover maps and, by selecting a polygon 

label, bring up a database associated with it. This provides 

a more user-friendly and less-memory-intensive means o f  

dealing with map and database information than with cur- 

rent GIS software and PC hardware technology, although 

it does restrict interactive map and data analysis. 

Another use o f  map viewers in the MPBDSS is for 

geographically referencing management activities. With 

Mapview, symbols o r  icons can be placed on maps and 

linked to databases. Within the MPB database, manage- 

ment activities such as ground surveys, pheromone bait 

placement, and direct control treatments are recorded and 

geographically referenced. These activities can be linked 

Current Status 

The MPBDSS project is now entering the final phase 

o f  development. The design phase o f  the project has been 

completed and prototypes o f  all system components have 

been developed. Current work is aimed at adding more 

detail to the expert system and infestation and impact model, 

completing linkages between system components and im- 

proving the software interfaces. Efforts to finalize a stand- 

ard format for the mountain pine beetle database in the 

BCMoF are nearing completion. We have to make choices 

on map viewing and GIS software because these systems 

are not standardized among districts and many changes are 

occurring within the GIS industry. Our system must re- 

main flexible so that it can adapt to other software. The 

system as described above is expected to be completed and 

transferred to clients by 1997. 

Future Directions 

The spread o f  mountain pine beetle infestations from 

stand to stand is not represented in this version o f  the 

infestation and impact model. It is our opinion that spread 
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is best modelled in a GIS environment in which the prox- 

imity and characteristics o f  neighbouring stands are recog- 

nized. Some o f  the key model components o f  spread are 

proximity, stand characteristics, prevailing wind direction, 

and mountain pine beetle population size. Development 

o f  a spread component to the MPBDSS is high priority 

and will be addressed in the near future. The ability to roll 

up stand level model outputs to the forest landscape level 

is also considered a high priority. 

The management decisions expert system requires ad- 

ditional work to expand the rulebase to include more de- 

tailed information on management constraints and 

appropriate strategies and tactics. For example, the current 

system may suggest “beetle proofing”, which is silvicul- 

tural modification o f  stand structure, as a possible tactic 

for a “prevention” strategy. A more detailed system would 

add rules such as the slope o f  the land and information on 

adjacent stands to determine if this tactic was appropriate 

for the stand. This additional detail will be developed over 

the next year. 

It is our intention to expand the MPBDSS to include 

the other major bark beetle species in BC, Douglas-fir bee- 

tle D. pseudotsugae Hopkins, spruce beetle D. rufipennis (Kirby), 

and western balsam bark beetle Dryocoetes confusus Swaine. 

Preliminary work has been done on development o f  risk 

rating systems for spruce beetle and Douglas-fir beetle, and 

a spruce beetle population model has been initiated. 
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Adult P. strobi overwinter in the duff, usually near the 

tree from which they emerged in the previous fall (Silver 

1968). Early in the spring (late April, May), adults fly o r  

crawl to the terminal leader o f  host trees and commence 

feeding and mating. Oviposition begins soon after. Eggs 

are laid on the leader, usually just under the apical bud, in 

feeding punctures that are then covered with a fecal plug. 

After hatching, the larvae move downwards in synchrony, 

consuming the phloem around the circumference o f  the 

leader and causing its destruction. Pupation takes place in 

chambers excavated in the xylem. New adults emerge from 

late July to September. After emergence, adults feed for a 

while, disperse, and when temperatures drop and the pho- 

toperiod shortens, they g o  into hibernation in the duff. 

Depending on availability o f  leaders for colonization, 

P. strobi can re-attack trees that were damaged in the previ- 

ous year but which have not yet developed a new leader 

(Cozens 1987). In this case, oviposition occurs in sections 

o f  the main stem below emergence holes o f  the previous 

generation. After successful attack, a tree may take from 

one to several years to  resume normal height growth, de- 

pending on  the severity o f  the attack, growing conditions, 

and other factors. Fast-growing trees, on  good  sites, are 

able to develop a new leader in one year. In the process o f  

recovery, branches below the damaged terminal compete 

for dominance and the tree remains with multiple leaders 

for one or more years. Most commonly only one leader 

will succeed; however, forks sometimes develop. Depend- 

ing on  the number o f  internodes destroyed and the growth 

characteristics o f  the tree, a permanent stem defect could 

form at the point o f  injury. Alfaro (l989a) described the 

Abstract 

This paper summarizes the development o f  a compu- 

ter decision support system to estimate the impacts o f  

spruce weevil (=white pine weevil) Pissodes strobi Peck, in 

spruce (Picea spp.) regeneration in British Columbia. 

The program, named Spruce Weevil Attack (SWAT), 

works with the Tree and Stand Simulator (TASS) model 

developed by the BC Ministry o f  Forests to forecast growth 

and yield o f  the major tree species o f  the province. SWAT 

simulates the damage to individual trees, including destruc- 

tion o f  the leader, crown recovery, and the formation o f  

stem defects. The program reports tables representing stand 

development under different scenarios o f  weevil intensity 

and duration, and under several weevil management op-  

tions. The latter include direct control with insecticides, 

using stock with genetic resistance, sanitation thinning, vari- 

ation in spacing, and overstory shade conservation. 

Introduction 
The spruce weevil Pissodes strobi Peck, is a serious pest 

o f  reforestation and natural regeneration, causing severe 

damage to Sitka spruce Picea sitchensis (Bong) Carr., Engel- 

mann spruce Picea engelmannii Parry, white spruce Picea glauca 

(Moench) Voss, and their hybrids, in British Columbia (BC). 

This weevil is widely distributed in North America, 

being found in most provinces o f  Canada (Humble et al. 

1994), as well as in the United States. In eastern North 

America the main hosts include eastern white pine Pinus 

strobus L., jack pine Pinus banksiana Lamb., and Norway 

spruce Picea abies (L . )  Karst. 
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defects caused by the spruce weevil. 

Assessing the impacts o f  the spruce weevil is a critical 

prerequisite to determining the levels of expenditures to 

be committed for weevil management and research. This 

report summarizes the development o f  a computer model to 

estimate the impacts of spruce weevil on the productivity o f  

spruce forests o f  BC. 

asymmetrically to account for natural processes, such as 

crown competition, and cultural practices, such as thin- 

ning and pruning. The bole volume increment is produced 

by the crown and distributed over the bole o f  the tree. 

TASS is part o f  a larger system, called SYLVER, that simu- 

lates the growth, harvesting, bucking, sawing, and financial 

analysis o f  forest stands. SYLVER will allow for the analy- 

sis o f  weevil impacts and control strategies on  stand vol- 

ume and product yield, lumber value, and economic return. Methods 
The program, named Spruce Weevil Attack (SWAT,), 

(TASS) model developed by the BC Ministry of Forests to 

forecast growth and yield o f  the major tree species o f  the 

province. SWAT estimates losses in productivity under dif- 

ferent scenarios o f  weevil hazard or epidemiology, simu- 

lating leader attack, crown recovery, and stem defect 

formation. The TASS model produces tabular output indi- 

cating the expected net yield after weevil-induced defects 

are removed from the stem. Using this system it is also 

possible to test the effects on  yield o f  several weevil man- 

agement options (Figure 1 ), such as direct control, use o f  

resistant stock, modifying silvicultural systems, and sanita- 

tion thinning. The system allows the study o f  the yield trade- 

o f f  when plantation density is increased or overstory shade 

is maintained to reduce weevil attacks 

British Columbia Tree and 
Stand Simulator (TASS) 

works as a subroutine o f  the Tree and Stand Simulator SWAT - TASS Interaction 

The combined SWAT - TASS system runs on  a one- 

year iteration. Every year the TASS model passes on  to 

SWAT a population of leaders grown by the plantation 

trees in the previous year. In SWAT, leaders are classified 

as attackable or not attackable according to a number o f  

rules. Attackable leaders are assigned a probability of at- 

tack based on leader length and the overall attack level for 

the year. Attacked trees can develop various stem defects 

at the base o f  each attacked leader, according to probabili- 

ties observed in field studies. A modified leader popula- 

tion is passed back to TASS indicating whether the leader 

was attacked or not, the severity o f  the attack (number of 

internodes destroyed), leader recovery type, and defect type 

(if any) that will be formed in the stem (Figure 2). 

The equations representing the probability o f  attack, 

probability o f  defect, and crown recovery models were 

based, for interior spruce, on  a detailed assessment of one 

plantation containing a mixture of genotypes (over 4000 

trees) located near Clearwater, BC. For Sitka spruce, five 

plantations on Vancouver Island were assessed, involving 

the measurement o f  several thousand trees. 

Simulation of Epidemiology and Hazard 

The SWAT system simulates the effects of user-de- 

fined scenarios o f  weevil epidemiology. The epidemiol- 

ogy pattern depends on the level o f  weevil hazard for the 

site. Being a native insect, P. strobi is always present in spruce 

forests; however, in natural, undisturbed stands it is a rare 

insect. In natural stands the weevil can be found mostly in 

exposed regeneration occurring near stand edges or in open- 

ings, such as those created by the falling of older trees. In 

natural conditions, outbreaks develop in response to cata- 

strophic events such as fire or wind storms, which create 

conditions for the development of large patches o f  open- 

grown spruce regeneration. 

Currently, SWAT can simulate the effects of weevil 

only on  the productivity of even-aged, single-species plan- 

tations. The epidemiology of the spruce weevil in single- 

species Sitka spruce plantations in coastal BC was described 

by Alfaro and Omule (1990) and is similar to  a description 

for coastal Oregon (Mitchell et al. 1990). Outbreaks of the 

spruce weevil begin when plantations are 5 to 10 years old. 

TASS is a single-tree distance-dependent model that 

calculates tree volume growth based on height and branch 

growth and inter-tree competition (Mitchell 1975, 1988). 

TASS grows trees in a three-dimensional simulation space. 

A tree's height and branch increments are drawn from a 

height-age curve and then modified to account for tree-to- 

tree genetic variation. Crowns can expand and contract 

Figure 1. Flow chart showing the subroutines developed 

to assess weevil impacts on spruce yield, and 

the effects o f  management options. 
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TASS/ SWAT 

SWAT TASS 

INPUT 
SIMULATION 

PARAMETERS: 
Site index, spacing, 

treatments 

GROW TREES & 

UPDATE 
DATA BASE 

REPORT 

RESULTS 

INFEST LEADERS: 
Leader length 

weevil attack rate 

CROWN RECOVERY 
TYPE: genetics, spacing 

STEM DEFECT TYPE: 
spacing 

Figure 2. Interaction o f  the Tree and Stand Simulator model (TASS) and the Spruce Weevil Attack model (SWAT). 

Small font indicates factors that are important at each stage. 

First a few trees are attacked, then the population grows 

rapidly to rates o f  30-50% o f  the trees attacked per year 

(Figure 3). The rapid increase in this initial stage is due to 

the large proportion o f  trees available for attack, and to 

the fact that many attacks result in multiple leaders, which 

further increases oviposition sites and larval food supply. 

After this period of invasion, the percentage o f  trees at- 

tacked each year stabilizes at high levels, with annual fluc- 

tuations due to the variable effects o f  the mortality factors 

operating on the population such as weather, natural en- 

emies, larval crowding, and others. This stability phase may 

last for 10 to 20 years and is caused by an equilibrium 

between the weevil population level and the supply of ovi- 

position sites and larval food, i.e., the number o f  attack- 

able leaders. 

Gradually, this equilibrium gives way to a population 

decline phase, in which the rate o f  attack drops to about 

5% per year by plantation age 30-40 years. This seems to 

be the endemic level for the spruce weevil in coastal BC. 

There are probably several reasons for the decline. By this 

age, the plantation has passed its stage o f  most rapid height 

growth and inter-tree competition increases. This brings 

about a gradual reduction in leader length and larval food 

supply. It is also possible, with the onset of canopy clo- 

sure, that there may be changes in the stand microclimate 

Figure 3. Schematic representation o f  spruce weevil 

outbreaks on  monocultures of Sitka spruce in 

stands located in high, moderate, and low 

weevil hazard zones o f  BC. 

and these may have a negative impact on  weevil survival. 

In addition to food supply and oviposition sites, cli- 

mate also plays a regulatory role in the population dynam- 

ics o f  the spruce weevil. For Sitka spruce, the highest hazard 

areas are the interior o f  Vancouver Island, and mainland 

localities away from the ocean. The weevil gradually be- 

comes less frequent in close proximity to the coast where 

33 



Decision Support Systems for Forest Pest Management, Proceedings 

the cooling influence o f  the ocean prevents the accumula- 

tion of sufficient heat for development. McMullen (1976) 

calculated that a minimum heat accumulation o f  888 degree- 

days above 7.2°C was necessary for completion of weevil de- 

velopment on Sitka spruce (785 degree-days for white spruce). 

Weevil hazard is represented in SWAT by different 

levels o f  the equilibrium phase (Figure 3). These scenarios 

are set by the user, and they are based on the hazard level 

for the plantation. Plantations located in high weevil haz- 

ard areas have a higher equilibrium level than those lo- 

cated in low hazard areas. Hazard is maximum in 

fast-growing plantations, located on good sites, sustaining 

above-threshold heat accumulation. Here vigorous growth 

ensures a rapid development o f  new leaders. Running the 

program under alternative epidemiology scenarios allows 

the user to respond to “what if” questions, such as what 

could be the yield reductions if attack rates were reduced 

o r  increased by a given percentage, either by natural fluc- 

tuations or as a result o f  pest management. 

Food supply and climate gradient regulation indicate 

that outbreaks o f  the spruce weevil are pulse gradient, as 

defined by Berryman (1987). In these outbreaks, popula- 

tions d o  not spread from local epicentres to cover new 

areas but increase in situ, in response to changes in the 

favourability o f  the environment, in this case the availabil- 

ity of vigorous leaders. Population pulses originate by sud- 

den environmental changes that increase the number o f  

available oviposition sites and food  supply for the lar- 

vae, such as establishment o f  plantations o f  single-spe- 

cies stands, the release of young trees from brush 

c o mpetition, and fertilization. 

Intra-Stand Dynamics 

Attacks by the spruce weevil d o  not occur at random 

within a plantation. The dynamics o f  attack and spread 

within stands are determined by three characteristics of P. 

strobi: preference for the most vigorous (longest and thick- 

est) leaders (Silver 1968; Gara et al. 1971; McLean 1989; 

Alfaro 1989b), preference for a mid-range o f  tree heights, 

and population aggregation (He and Alfaro unpublished 

observations). Research has indicated that aggregation is 

most important at low population levels. However, so far 

we have implemented attack probabilities based only on  

leader length. Once interactions between these factors are 

understood we plan to refine the attack routines to include 

tree height and aggregation. 

The preference for attacking the longest leaders is a 

behaviour of high fitness value for P. strobi. Oviposition 

on  vigorous leaders ensures abundant food supply and, 

therefore, high larval survival. Calculations based on the 

9-year record presented by Alfaro (1989b) for a Sitka spruce 

stand near Nitinat Lake on Vancouver Island, indicate that, 

over the entire period, attacked leaders were 31% longer 

than those that remained unattacked. In the simulation, 

leader length is transformed to percentiles o f  the normal 

leader dstribution for the year. Then, the probability o f  

attack is calculated according to equations such as the fol- 

lowing, which were developed for Sitka spruce on  south- 

ern Vancouver Island (Alfaro 1989b): 

1) I f  infestation rate for the year is low (1 to 10%), 

the probability o f  attack on a leader is 

Probability o f  attack = 

0.002 • leader length percentile. 

2) I f  infestation for the year is moderate (10.1 to 

20%), then 

Probability o f  attack = 

-0.121 + 0.006 leader length percentile. 

3) I f  infestation for the year is severe (>20%), then 

Probability o f  attack = 

0.006 • leader length percentile. 

Similar equations have been developed for interior 

spruce. Attacked leaders in an interior spruce plantation 

near Clearwater, BC were approximately 30% longer than 

the unattacked leaders (Alfaro 1994). Leader attack occurs 

using a Monte Carlo stochastic process in which a leader is 

attacked or not, depending on its probability function (Fig- 

ure 4). In the simulation, leaders below 5 cm in length are 

considered not attackable by P. strobi, i.e., they have an at- 

tack probability o f  zero. 

Not all weevil attacks have the potential o f  creating a 

stem defect. Re-attacks o f  leaderless trees and attacks on 

multiple tops d o  not usually increase defect. In fact, at- 

tacks on some multiple leaders may even be beneficial for 

the tree by speeding the recovery process to a single leader 

condition. A survey o f  over 4000 trees at the Clearwater 

plantation indicated that approximately 12% o f  the attacks 

in a year were actually re-attacks below the previous year’s 

kill. Re-attacks o f  leaderless trees are less frequent in Sitka 

spruce. To account for these harmless attacks, when simu- 

lating weevil attacks in interior spruce, the user-specified 

attack rate for the year is reduced by 12%. 

Observations at the Clearwater plantation also indi- 

cated that, in the year after an attack, 19% o f  the trees 

remained without leader; 30% developed a new, single 

leader; and 51% had multiple leaders. After the stochastic 

process o f  attacking the trees is completed, these percent- 

ages are used, again stochastically, to set up crown condi- 

tion indicators for each tree, i.e., the tree will survive to the 

next year leaderless, with a single leader, or with a multiple 

top. Leaderless trees are considered not attackable by the 

weevil, except for the small portion that is attacked below 

the previous year’s kill. In the simulation, multiple-top trees 

remain in this condition for five years, unless they are at- 

tacked. I f  attacked, multiple-top trees return to a single- 

leader condition in the next year. 
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User-requested and simulated weevil attack 

Stand age 

Figure 4. User-requested and simulated weevil attack scenarios. The simulated attack rate represents the attacks with 

potential of creating a defect; this is lower than the attack rate requested by the user. During periods o f  high 

infestation rate, many trees have no leaders or are in a multi-leader condition; therefore, they are either not 

attackable or attacks produce no defect. 

Simulation of Crown Recovery ratio (Table 1). However, a linear equation was used t o  pre- 

dict the size o f  the first order whorl lateral from the leader. 

Measurements at the Clearwater plantation indicated 

struction (Figure 5). Some attacks destroy only portions o f  

an internode, hence recovery can occur from a whorl branch 

or from an internodal branch (a new shoot develops be- 

tween internodes). A classification o f  attacks by length de- 

stroyed, to the nearest 1 /10 internode, indicated that 

damage ranged from a simple destruction of the apical 

part o f  the leader (attack type 1), to the destruction o f  up 

to 5 internodes (type 9). The most common cases were 

destruction of 1.3 internodes (in 17% o f  the attacks), o f  2 

internodes (51%), 2.3 internodes (14.9%), and 3 internodes 

(1 3.9%). In the simulation, attacks are randomly assigned 

to the various attack types according to proportions ob- 

served in the field. For interior spruce, proportions are 

shown in Figure 5. Similar proportions were developed for 

Sitka spruce. 

Lateral branches normally grow at a slower rate than 

the leader. Hence, a loss o f  height growth occurs when a 

leader is killed. Detailed measurements o f  thousands o f  

attacked Sitka and interior spruce were conducted to de- 

termine how crowns recover from weevil attack. The ob- 

jective was to estimate the loss o f  growth occurring when 

laterals, originating from a whorl or in between whorls, re- 

place the leader. In most cases the loss was expressed as a 

that attacked trees sustained nine levels o f  internodal de- Simulation of Stem Defects 

Alfaro (1989a) studied the types o f  stem defects that 

originate from weevil damage and found that attacks could 

result in no defect, scars, minor crooks, major crooks, and 

forks (in increasing order o f  severity). Alfaro (1989a) found 

that of 441 attacks followed for 24 years at Nitinat Lake 

on Vancouver Island, 36% recovered completely and did 

not develop into any significant stem defect. Of  the re- 

mainder, 9% developed into minor scars, 45% into minor 

crooks, 7.3% into major crooks and 2.7% into forks. SWAT 

can simulate the development of stem defects with prob- 

ability according to the number of internodes killed by an 

attack. However, this is an area where data are still needed. 

To obtain this information, long-term follow-up o f  infes- 

tations is required. In the meantime, defect probabilities 

by attack type were estimated based on experience (Table 

1). However, the overall proportions o f  the various defect 

types were maintained at what was observed in the field: 

for interior spruce 27.6% o f  attacks result in no defect, 

53.5% result in a scar, 12.8% result in a minor crook, 

4.7% are major crooks, and 1.3% result in permanent 

forks (Table 1). 

The reporting routines o f  TASS were modified to re- 

duce net volumes by removing major defects. In the case 
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Interior spruce recovery from weevil attack, Clearwater, 1993 

Figure 5. Number o f  internodes killed and types o f  leader recovery observed in interior spruce attacked by the spruce weevil. 

o f  major crooks, a stem section 0.3-m below and 0.9-m 

above the point of injury is considered waste. In the case 

of forks, the entire section, from 0.5-m below the point of 

injury to the top of the tree, is wasted. 

Simulation of Management Options 

Several management options are simulated by modi- 

fying the epidemiology pattern, or the probabilities o f  at- 

tack, crown recovery, or probability of defect. The shading 

subroutine, for example, reduces the probability of attack 

on a tree according to the degree o f  shade in the stand. 

Taylor et al. (1995) demonstrated that the weevil is nega- 

tively affected by shade. In eastern Canada, Wallace and 

Sullivan (1 985) concluded that dense, shaded habitats were 

unfavourable for the weevil. They suggested that adult wee- 

vils may require certain conditions o f  temperature and hu- 

midity for feeding and oviposition, which are suboptimal 

in the shade. Leader growth, as predicted by TASS is also 

reduced in the shade as per Taylor et al. (1995). Hence, this 

routine allows the calculation o f  the trade-off between re- 

duced weevil attack if shade is conserved, versus the loss 

o f  growth which occurs if too much shade is maintained. 

Simulation of genetic resistance (Alfaro andYing 1990) 

and direct control by insecticide implants is performed by 

lowering attack probabilities according to user-defined pa- 

rameters. Plantations can be designed to contain a variable 
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Table. 1. Effects o f  spruce weevil on interior spruce, crown recovery factors and probability of stem defects. Data from Clearwater, BC used in TASS/SWAT model. 

Attack Internodes Lateral Probability o f  defect 

recovery Weevil Internodes killed by leader yeara turned Lateral to leader recovery ratios, by year N 0 Minor Major 

type attacks killed N-4 N-3 N-2 N-l N leader N-4 N-3 N-2 N-1 N N+1 N + 2  N+3 N+4 defect Scar Crook Crook Fork 

(%)  (mean no.) (%) (%) (%) (%) (%) (%) o f  normal TASS leader length alive a ) (%) E (%) E (%) E (%) E (% E 

1  1  6 2  1 .30 1.00 0 0 0 0 100 lst whorl 100 100 100 100 80" 100 100 100 100 90 
year N 

2 17.02 1.33 0 0 0 33 100 Int. lat. on 100 100 100 67 41 63 90 96 100 50 40 8 1 1  
Ldr N-l 

3 51.05 2.00 0 0 0 100 100 2nd whorl 100 100 100 b 60 52 67 95 100 25 60 1 1  3 1  
year N-l 

4 14.91 2.28 0 0 28 100 100 Int. lat. on 100 100 72 49 54 52 64 100 100 25 60 1 1  3 1  
Ldr N-2 

5 13.89 3.00 0 0 100 100 100 3rd whorl 100 100 b 48 52 34 57 90 E 100 E 15 45 25 12 3 
year N-2 

6 1.62 3.32 0 32 100 100 100 Int. lat. 100 68 40'' 30 E 35 E 50 E 60 E 90 E 100 E 15 45 25 12 3 
on Ldr N-3 

7 1.02 4.00 0 100 100 100 100 4th whorl 100 b 48 36 40 E 50 E 60 E 90 E 100 E 1 10 25 60 4 
year N-3 

8 0.12 4.40 40 100 100 100 100 Int. lat. on 60 40 E 30 E 20 E 25 E 40 E 60 E 90 E 100 E 1 10 25 60 4 
Ldr N-4 

9 0.06 5.00 100 100 100 100 100 5th whorl b 48 36 28 30 E 40 E 60 E 90 E 100 E 1 4 20 70 5 
year N-4 

Observed number of defects resulting per 100 attacks = 27.6 53.5 12.8 4.7 1.3 
a Year N = year o f  attack. Weevils attack leader grown in year N-1. 
b Use equation to derive the new TASS leader from the original TASS leader. I.e., whorl lateral internode 1 (adjacent to leader) from its leadcr (grown in same year). 

E Estimated due to lack of data. 
New leader (cm) = 3.257 + .421 • original leadcr (cm). (Based on 1996 samples, R2 = .71) 
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proportion of resistant trees. In the sanitation thinning rou- 

tine, trees with major defects (major crooks and forks) are 

removed from the plantation at user-defined intervals to 

concentrate growth on the best trees in the stand, there- 

fore reducing damage. 

has been considered as a control possibility (Fraser and 

Heppner 1993). To test this option, simulations were con- 

ducted o f  four insecticide injections to 400 trees/ha, rep- 

resenting less than 30% of the trees in the plantation, 

applied at ages 9, 12, 18, and 21 years. Protection effec- 

tiveness was set at 100%, i.e., injected trees become im- 

mune in the year o f  application, and reducing to 75% and 

25% protection, in years 2 and 3 after application. This 

run was conducted assuming the infestation rates observed 

at the Klanawa River plantation (Figure 8) and assuming a 

Site Index o f  33 m. As a result o f  this simulated treatment, 

net volume at age 80 increased by 7.25% with respect to 

the untreated plantation (Figure 9). This relatively small 

increase in yield suggests that insecticide injections should 

not be considered as the sole control method, but that they 

could perhaps be a component in an integrated pest man- 

agement system. 

The sanitation thinning option was also tested under 

the same stand options as for insecticide injections. This 

option lets the user specify the thinning regime: propor- 

tion to remove by either basal area or number o f  trees. 

During thinning, the heavily attacked trees are removed, 

thus concentrating growth rates o n  the best trees. Thin- 

ning to maintain the largest 600 trees/ha (by basal area) 

increased volume at rotation by 11.4% (Figure 10). The 

proportion o f  trees with major crooks in the stand was 

reduced from 7.8 to 3.2%, and the percentage of forked 

trees was reduced from 2.5 to 0.3% No results from 

the genetic resistance or the shading conservation op- 
tions are presented because these subroutines are cur- 

rently being evaluated. 

Results and Discussion 
A series o f  simulations were run o f  weevil outbreaks 

on  Sitka spruce planted at close spacing (2.74 m) on a site 

with Site Index 30 (reference age 50 years at breast height). 

To study the possible impacts o f  weevil attack on yield, 

different attack rates were used in the epidemiology equi- 

librium phase. The rates were 10, 20, and 30% of the trees 

attacked per year. The outbreak was assumed to begin at 

plantation age 6 and to last until age 40. The infestation 

rate was maintained constant in this period. Trees were al- 

lowed to grow to age 80, at which time net volumes (free 

from major defects), as well as other stand parameters, were 

calculated. Reductions in net volume by age 80 were 16.6, 

27.2, and 37.2%, with respect to the no attack scenario 

(Figure 6). Tree height, as measured by the average o f  the 

100 trees/ha with largest diameter, was reduced from 38.7 

m with no  attack, to 35.1, 33.1, and 32.0 m (losses o f  3.6, 

5.6, and 6.7 m respectively) (Figure 7). 

Interestingly, more trees/ha survived in a plantation 

subjected to weevil attack than in a healthy plantation. Be- 

cause the weevil has a preference for the tallest trees in a 

plantation, the higher survival was interpreted as the wee- 

vi1 preventing the tallest trees from dominating and sup- 

pressing the less vigorous trees. 

Direct control by injection with systemic insecticides 

Figure 6. Merchantable volume per hectare versus stand age in a Sitka spruce plantation after simulated weevil infesta- 

tions. Weevil attack began at age 6 and lasted until age 40 years. Plantation was started at close spacing (2.74 

m), on  a site index o f  30 m at breast height age o f  50 years. 
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Figure 7 .  Average height of 100 trees/ha with the largest diameter versus stand age in a Sitka spruce plantation after 

simulated weevil infestations. Weevil attack began at age 6 and lasted until age 40 years. Plantation was started 

at close spacing (2.74 m), on  a site index o f  30 m at a breast height age of 50 years. 

Figure 8. Epidemiology pattern used to test the insecticide injection option. Little change occurred in the epidemiology 

o f  P. strobi when four simulated insecticide injections were applied to 400 trees/ha (less than 30% of the trees). 
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Figure 9. Merchantable volume per hectare versus stand age in a simulation o f  a Sitka spruce plantation treated four 

times with systemic insecticide implants. Treatments were applied at ages 9, 12, 18, and 21 years. Insecticide 

was assumed to be 100% effective in the year o f  application (i.e., tree was immune), and 75 and 25% effective 

in years 2 and 3 after application. Treatment was applied to 400 trees/ha (less than 30% of the trees). 

Figure 10. Merchantable volume/ha versus stand age in a simulation of a Sitka spruce plantation thinned at age 25 to 

remove 25% o f  the basal area, biasing the thinning to give priority to removal of trees with major crooks 

and forks. 
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pine weevil, Pissodes strobi, on  Sitka spruce using im- 

plants containing insecticides. For. Chron. 69: 600-603. 

Gara, R.I., R.L Carlson, and B.F. Hrutfiord. 1971. Influ- 

ence o f  some physical and host factors on the behaviour 

of  the Sitka spruce weevil, Pissodes sitchensis, in south- 

western Washington. Ann. Ent. Soc. Am. 64  467-471. 

Humble, L.M., N. Humphreys, and G.A. Van Sickle. 1994. 

Distribution and hosts o f  the white pine weevil, Pis- 

sodes strobi in Canada. Pp. 68-75 in: The White Pine 

Weevil: Biology, Damage and Management. Proc. Meet- 

ing Jan. 19-21,1994, Richmond, BC. Edited by R.I. Alfaro, 

G. Kiss, and R.G. Fraser. Can. For. Serv. FRDA Report 

No. 226. 

Conclusion 

Validation o f  this program is difficult because no re- 

search plots exist in BC with a long enough record to verify 

these results. However, managers need to make decisions 

now on how deal with the large number o f  infested inte- 

rior and coastal plantations. This program will be useful to 

gain an understanding o f  the significance of weevil infes- 

tations and the possible effectiveness o f  management op- 

tions in reducing losses. 
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through development (rates and pathways), mortality (pros- 

tration, desiccation, freezing), reproduction (ovogenesis, 

mating, oviposition, adult longevity), and migration (trig- 

gers, rates of  departure and arrival). It can also have com- 

plex indirect effects through its influence on the synchrony 

between organisms (host plants, consumers, pathogens, 

natural enemies), on the activity (efficacy) o f  natural en- 

emies as well as on the quality o f  host plants (palatability, 

nutritional value, defences). 

Because o f  the importance o f  temperature as a driv- 

ing variable in ecology and pest management, consider- 

able effort has been devoted to the development and use 

o f  temperature-driven models to predict plant, pathogen, 

and insect seasonal biology (phenology and population dy- 

namics). A wide diversity o f  modelling approaches has been 

used (Wagner et al. 1984a, l984b; Schaalge and van der Vaart 

1988; Wagner et al. 1991) and model-development tools are 

available (Logan 1988, 1989; Dallwitz and Higgins 1992). 

There have been several recent attempts to use these 

models to forecast seasonal biology o f  poikilothermic or- 

ganisms over large heterogeneous areas (landscape level) 

(Gage et al. 1982; Ross et al. 1989; Pickering et al. 1990; 

Rock et al. 1993; Russo et al. 1993; Schaub et al. 1995). 

Much o f  this work has been concerned with wide-area pest 

management planning (efficient deployment o f  human and 

material resources for monitoring and control operations). 

Consideration o f  landscape-level processes in ecology is only 

beginning. These efforts have had to deal with two problems: 

Abstract 

A new approach to the landscape-wide projection o f  

temperature-driven simulation model outputs has been in- 

corporated into a software package named BioSIM. The pack- 

age is intended for two user groups: ecologists studying 

poikilothermic systems through the analysis o f  temperature- 

driven models; and governmental or industrial organiza- 

tions responsible for optimizing the efficiency, efficacy, and 

innocuousness o f  pest management programs. Essentially it 

consists o f  a generalization o f  the t-function method o f  

Schaub et al. ( 1995). In this paper, the approach used in BioSIM 

and the structure o f  the BioSIM software are briefly described. 

Current and potential applications in ecological research and 

pest management decision support are discussed. 

Introduction 
Insects, pathogens, and their host plants are affected 

by climate through most o f  the key biological processes, and 

population-level processes determine their abundance patterns 

in space and in time. The ability to understand, model, and 

predict the outcome o f  weather-dependent ecological proc- 

esses is key to efficient and effective ecosystem management. 

By far the most pervasive weather factor that influ- 

ences natural ecosystems is temperature, because most o f  

the organisms involved (plants, microbes, invertebrates and 

many vertebrates), are poikilotherms (or exothermic). Tem- 

perature can affect basic ecological processes directly 
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providing models with adequate input weather data, and pro- 

jecting model predictions to the landscape level. 

The first problem has two main components. First, 

there is usually a paucity o f  sources o f  weather data, and 

there are several causes o f  geographical variation in weather 

(particularly temperature). These include location (latitude 

and longitude), elevation, slope and aspect, cold-air drain- 

age, and terrain shading (Rosenberg et al. 1983). Another 

source o f  variation is the proximity o f  a significant body 

o f  water, the maritime effect. Thus, methods to identify 

adequate data sources and to compensate for differences 

in geographical context must be developed. Second, meth- 

ods must be available to forecast daily temperature fluc- 

tuations from normals.1 This problem stems from the 

so-called Kaufmann effect (Worner 1992): insect responses 

to temperature are most often nonlinear, with discontinui- 

ties near the extremes (thresholds). This prevents the use 

of normals as input to seasonal biology models because 

normals are averages and do not represent the natural vari- 

ability o f  actual weather. This problem has only recently 

been fully recognized, and few methods are available to 

restore daily variation around normals (Bruhn 1980; 

Régnière and Bolstad 1994). 

This paper is a review o f  the methods that have been 

proposed to project the outcome o f  temperature-driven 

seasonal models to the landscape level. It is also a general 

discussion o f  BioSIM, a software tool (Régnière et al. 1995a) 

designed to facilitate the development o f  landscape-wide 

projections o f  seasonal model outputs for pest manage- 

ment and ecological research. 

hatch should have occurred (the “target event”). While this 

is clearly a feasible technique, it presents three main draw- 

backs. First, the computational cost can be prohibitive when 

a relatively complex simulation model is being used. For 

example, running the spruce budworm, Choristoneura fumif- 

erana (Clem.), seasonal biology model (Régnière 1987; 

Régnière and You 1991) on a computer with a Pentium- 

133 processor requires about 3 seconds. To produce a mod- 

est 400 x 400 grid-cell map would require at least 133 hours! 

Second, this approach does not take into consideration 

sources o f  geographical variation in temperature other than 

latitude, longitude, and elevation. Finally, the Kaufmann 

effect is not considered when generating temperature re- 

gimes from normals to predict future events. 

A second approach published by Schaub et al. (1995) 

consisted o f  four steps (Figure 2). First, the seasonal biol- 

ogy model was provided with temperature data from a sin- 

gle nearby source, the base station. The model was run for 

an array o f  elevations, compensating for differences be- 

tween the simulation point and the source o f  weather data, 

with a constant elevational lapse rate (-0.5°C per 100 m). A 

linear regression model was used to relate the predicted 

target event (the date at which gypsy moth should reach 

50%  second instar) to elevation. That relationship was then 

applied to a DEM o f  the area of interest to generate a 

target-event map by simple algebraic transformation. 

Schaub et al. (1995) coined the term t-function to name 

the regression between the target event and elevation. This 

simple and efficient approach presents three main weak- 

nesses. First, the criteria used to select an adequate base 

weather station are not clearly defined, and selection of a 

single source implies a loss o f  information associated with 

dropping the other potential sources o f  weather data from 

an area. Second, the only source of geographical variation 

in temperature considered is elevation, although the ap- 

proach can be generalized. Finally, Schaub et al. (1995) did 

not address the Kaufmann effect. 

A third approach was proposed by Régnière (1996). It 

borrows some concepts from Russo et al. (1993) and is a 

generalization o f  the t-function concept of Schaub et al. 

(1 995) that allows the consideration o f  additional sources 

of geographical variation in temperature (Figure 3). It also 

deals explicitly with issues o f  weather-station selection and 

the Kaufmann effect. In this approach, simulations are run 

for a limited series of locations scattered throughout the 

area o f  interest. For example, simulation points can consti- 

tute a low-density rectangular grid, or can correspond to 

the location of weather stations in the area. At each loca- 

tion, elevation, slope and aspect are varied systematically. 

The number of simulations required is thus considerably 

reduced compared with the Russo et al. method. For ex- 

ample, simulations with the spruce budworm seasonal bi- 

ology model for a rectangular grid o f  25 points, with five 

Review of Available 
Landscape Projection Methods 

The first concerted effort to project seasonal model 

output to the landscape level was published by Russo et al. 

(1993). Their approach consisted in using multiple regres- 

sion to relate daily minimum and maximum air tempera- 

ture to the latitude, longitude, and elevation o f  all weather 

data sources in an area and generating a temperature re- 

gime for each grid cell on  a digital elevation model (DEM) 

of the area (Figure 1). 

The same approach was used whether real-time data 

or long-term averages (normals) were being used. The re- 

sulting temperature regimes were then used as input to their 

seasonal biology model. Thus one set of temperature data 

was generated and one model run was carried out for each 

cell of the DEM. The output produced was a map o f  the 

date at which 50% gypsy moth, Lymantria dispar (L.),  egg 

1 Normals are statistics (averages, extremes) taken over long periods. The 

standard normal-generating period is 30 years, starting at the beginning 

of a decade. The most recent is 1961-1990. 
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Figure 1. Diagram o f  the Russo et al. (1 993) approach to landscape-wide simulation o f  temperature-driven processes. T: 

temperature; Lat: latitude; Lon: longitude; Elev: elevation; e: error. 

elevations and seven combinations of slope and aspect, would 

require less than 45 min with a Pentium-133 processor. 

Sources o f  weather data for each simulation are se- 

lected on the basis o f  three criteria: climatic zones parti- 

tioning the area according to broad climatic considerations 

such as the maritime effect, elevational difference between 

simulation location and weather data source, and Cartesian 

distance. Differences in latitude and elevation between 

source and simulation point are compensated for by vari- 

able elevational and latitudinal lapse rates (Régnière and 

Bolstad 1994). The influence o f  slope and aspect on air 

temperature is simulated from incident radiation calcula- 

1996; Régnière 1996). Temperature forecasts from normals 

are generated stochastically to restore natural daily varia- 

tion (Régnière and Bolstad 1994) and thus accommodate 

the Kaufmann effect. Once the series o f  simulations has 

been run, a polynomial regression model is used to relate 

the “target event’’ to latitude, longitude, elevation, and slope 

and aspect. This multivariate “t-function” is then used to 

transform a DEM o f  the area into a target-event map. This 

approach is in no  way limited to the issue o f  timing. How- 

ever, for the sake of simplicity and to maintain terminol- 

ogy used by other authors, the term “target event” is 

intended here to represent any feature o f  simulation model 

output that is o f  interest. 

tions (Paltridge and Platt 1976; Hottel 1976; Bolstad et al. Description of BioSlM 
The generalized approach developed by Régnière 

(1996) offers considerable flexibility in the types of proc- 
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Figure 2. Diagram o f  the Schaub et al. (1 995) approach to landscape-wide simulation o f  temperature-driven processes. 

T: temperature; Elev: elevation; e: error. 

esses that can be investigated. Because o f  its large applica- 

tion potential in ecological research and pest management, 

this method has been implemented in a versatile and user- 

friendly computer software package called BioSIM 

(Régnière et al. 1995a). This package is intended for two 

user groups: ecologists studying poikilothermic systems 

through the analysis o f  temperature-driven models, and 

government or industry organizations responsible for op- 

timizing the efficiency, efficacy, and innocuousness o f  pest 

BioSIM consists o f  four modules, integrated through 

a graphical user interface (GUI). The first module is a da- 

tabase manager designed to develop and maintain weather 

databases, as well as the simulation models themselves. The 

second module controls the simulation models, allowing 

the user to run large numbers o f  simulations while system- 

atically varying model parameters. The third module is a 

set of analytical tools used to generate graphs, compile 

summary tables, and fit regression equations (t-functions) 

to features extracted from model output. The fourth is an 

interface between analysis results and geographical infor- 

mation systems (GIS), for further integration into the de- 

cision-making process. 

management programs. Module 1 

This component o f  BioSIM helps the user to develop 

and maintain the system’s weather databases, lists o f  simu- 

lation location coordinates, and models. BioSIM uses three 

weather databases: 

1) Normals, that are long-term statistics about 
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