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IIASA STATUS REPORT

Ecology/EnvironmentProject

21 June 1974

EXTENDED OUTLINE

1. GENERAL REVIEW

1.1 BACKGROUND

- The alternateapproachesto innovation at IIASA:
- global problems -- e.g., energy, food,population,
resourcesand their interaction; global climatic change;
Law of the Sea,

or

universal problems -- e.g., new universal conceptsand
methods for regional problems occurring in all countries.

- we have chosen to focus on the latter regional problems.

- Rationale: The past managementof ecological systems
(e.g., agricultural, forest, fish, water) has been a
successfulapplication of the trial-and-errorapproach
of dealing with ignorance -- interventionsare incre-
mental and if problems arise, then a revised incremental
action can be made.
- The result has been phenomenalincreasesin production
of food and fibre.
- But now incrementalacts produce more extensiveand
intensive consequences(witness the unexpectedresults
of some insecticidepest control experience; the scale
of unexpectedconsequencesof some large hydroelectric
developments;the possible scale of some man-induced
climatic shifts)
- And other consequencesare emerging from accumulation
of past incrementaldecisions (witness resistanceto
insecticide; sudden pollution "episodes,"emergenceof
"new" pest species)

- Presentremedial responsesto these "emergencies"
are as ad hoc as their original cause (witness restrictions
on DDT use)

- Conclusion: Trial-and-error seems to be an increasingly
dangerousstrategy for deallng wlth the unknown. we need
a new strategy for dealing with ignorance.
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1.2 STRATEGY

Goal: To develop, test, and transfer the interrelated
conceptsand techniquesneeded for a new science
of ecosystemmanagement/engineering.

Aims:
1. Conceptual:

to representand categorizethe resilience and
stability behavior of ecological systems
(how do such systemsabsorb the "unexpected"?
What structuresresult in highly resilient
systems, i.e., ones capableof absorbing large
shocks?)

2. Methodological:

to link and apply the existing set of systems
analytic techniques (modelling, mathematical
analysis, policy analysis, decision theory)

to develop and apply new techniquesto cope
with the unknown (qualitative modelling and
analysis, resilience indicators, generation
of strategicalternates(from fail-safe to
safe-failure))

to develop communication ｦ ｯ ｲ ｾ ｡ ｴ ｳ that can link
the analyst, decision-maker,and constituents.

1.3 TACTICS

The above goals and aims are the long term necessitiesif
IIASA is to make a significant and lasting contribution.
But there are short term needs -- immediate problems,
immediate demands.

Hence, a tactic is needed

- to assureshort term results within the framework
of the long term objective,

- to maintain realism re sourcesof data, validation,
testing and policy relevance,

- to maintain an applied and not abstractfocus,

- to assuregenerality and transferability of results
of short term applied subprojects.
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Figure 1: Matrix Organizationof Ecology and Environment
Project,

showing the interrelationshipbetween applied
problems and the fundamentalconceptualand
methodologicalareas.
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The solution is a matrix ｯ ｲ ｧ ｡ ｮ ｩ ｺ ｡ ｴ ｾ ｯ ｮ (Figure 1) which
relates applied problems with fundamental issues,
so that each applied problem Cdn contribute to the
fundamental issuesand still provide a specific case
study of linking ecology/economics,modelling, policy
analysis, and decision theory.

- ｾ｡｣ｨ case study must have the following ingredients:

(1) A regional problem of:

single speciesmanagement:pest, disease,fisc, wildlife
ecosystemmanagement:multiple land and resourceuse in a

region (hydroelectric, fisheries,
hunting, mining, forestry,
tourism)

environmentalmanagement:industrial pollution

(2) Good data -- both extensive and intensive

(3) Universal, Le., sharedby a numb·'!: of nations

(4) Client(s) with managementexperienceand interest

(5) Intersectsthe interestsof at least one other IIASA
proiect.

1.4 TASKS CHOSEN IN THE FIRST YEAR

(the ones starredare selectedfor detailed discussion
in our status report)

FUNDAMENTAL

(1) Resilience and Stability Behavior of ResourceSystems

*-- theore .cal analysesof multi-equilibria
･ ｾ ｯ ｬ ｯ ｧ ｾ ｣ ｡ ｬ models,

retrospectivestudies demonstratingresponseto
stressof ecological, anthropological,and
resourcesystems,

measuresof resilience (ecological "Reynolds"
numbers)

a framework for generatingresilience indicators.



-5-

(2)* Environmental Standardsand Management for
Resilient Systems

APPLICATION

(1) Modelling and Simulation for Environmental
Impact Assessment(with SCOPE, UNEP)

(2) Developmentand Use of Ecological Modules for
ResourceDevelopmentSimulation ("A Module
Library" )

CASE STUDIES

(1)* Regional EcosystemManagement: A Case Study of
Forest and Pest Mangement (with CanadaDepartment
of the Environment)

(2) Regional EcosystemAnalysis and Policy Options:
A Case Study of Human Impact on High Mountain Areas
(with MAB)
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2. A CASE STUDY OF ECOSYSTEM MANAGEMENT

2.1 THE BUOWORM PROBLEM, THE SETTING, THE GOAL

Universality

- the budworm-pestcomplex is a classic example
of pest managementwithin an ecosystem,whether
the pest is one of agricultural or forest crops

- budworm speciespresentsignificant economic
problems throughout the whole of the north-
easternpart of North America (Fig. 2), the
Pacific region, the U.S.S.R., forested regions
of Europe (e.g. Poland) and Japan

Data:

a group of 25 entomologists,foresters, economists
have been eXhaustively studying this problem in
Canada for the past 30 years - the first sig-
nificant example of interdisciplinary research
in ecology

the best of sampling proceduresand statistical
analysis; detailed understandingof many causative
links

extensiveand intensive validation data: a
14,310 sq. mile area (approximately the size of
the Republic of Moldavia (USSR) or of the
Nether1ands)wasdivided into 265 sUbregions
each of 54 sq. miles; key variables (pest
densities, forest condition, harvestingand
spraying activity) were measuredin each sub-
region, every year for the past 30 years.

Clients and Collaborators:

Scientific: CanadaDept. of the Environment
researchteam; Institute of Resource
Eco1ogy,Universityof British Columbia
modelling team.

Managementand Policy: CanadaDept. of the En-
vironment Policy Branch; Province
of New Brunswick, Forest Industry.



Figure 2: Map of EasternNorth America
showing the area of spruce bud\'/orrn infestationssince 1909.
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Interest for Other IIASA Projects

Methodology - provides a test bed for

a) developing optimization techniquesfor
more complex systems

b) interfacing utility theory with a complex
simulation model

c) developing compressedpolicy analytic
techniquesfor more complex systems.

Conclusion: An admirable case study for demonstrating
the way to combIne the best of ecology/economics,
modelling, poltcy analysis and decision theory.

2.2. BOUNDING THE PROBLEM

- It is essentialto bound the problem in space,
time and key speciesand still retain the key
propertiesof behavior and the key needs for
management.

Time:

The pattern in time has been traced back to
1770 - typical pattern in Fig. 3

Le.

- 34-72 years periodicity of outbreaks
- betweenoutbreaksthe pest is extremely

rare

- outbreakdensities increaseby 2-3 orders
of magnitude

- outbreakslast 6-17 years.

Bounding time:

We need a (1) time horizon which can contain two
outbreaks,i.e. 150-200 years

(2) time resolution of one year
with seasonalevents represented.
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The Pattern in Time
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Pigure 3: Representativehistorical pattern of spruce
budworm outbreak. There have been four major
outbreakssince 1770.



-10-

Space:

- As in many pest species, the budworm
dispersesover long distances:a
modal distanceof 50 miles from one
site;

- therefore, it is essentialto have a
minimum area at least twice that radius,
i.e., 14,000 - 15,000 sq. miles;

- the area chosen is therefore a
14,310 sq. mile area which contains
most of the CanadianProvince of New
Brunswick (Fig. 4).

Spatial Resolution:

Behavior of the system is highly
heterogeneousin space and in time
(Fig. 5). Therefore, spatial dis-
aggregationis essential.

All elementsof the systemare similarly
heterogeneous:

distribution of primary host
species; ｢ ｡ ｬ ｳ ｡ ｾ fir (Fig. 6),

- distribution of harvestingactivities
is heterogeneous(Fig. 7),

- distribution of recreationalpotential
is heterogeneous(Fig. 8).
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Figure 4: Study area within the ProvAnce of New Brunswick used
in the current study. The hatchedarea includes the
primary forested regions of New Brunswick.
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FIGURE Sa: THIS FIGURE SHOWS ATYPICAL OUTBREAK IN A SEQUENCE OF COMPUTER-
DRAWN MAPS OF BUDWORM DENSITY AS GENERATED WITH THE SIMULA-
TION MODEL.EACH SQUARE REPRESENTS ONE OF lHE 265 SITESTHE VERTI-
CAL DIMENSION IS THE LOGARITHM OF BUDWORM EGG DENSITY FOR THAT
SIMULATED YEAR.IN THIS SEQUENCE NO SPRAYING OCCURS BUT LOGGING
FOLLOWS THE HISTORICAL PATTERN NOTE THE GROWTH. SPREAD.
AND COLLAPSE DURING THE SIX YEARS SHOWN.
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FIGURE 5 b; FIGURES 5b AND 5c SHOW A LONGER SIMULATION SEQUENCE.
THE OUTBREAK IN THE FIRST DECADE IS THE SAME AS THAT
OF FIGURE 5a.A SECOND OUTBREAK BEGINS IN THE FOURTH
DECADE AND FOLLOWS A SIMILAR PATIERN.
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NO SPRAYING

FIGURE 5c
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Figure 7: The logging intensity is also spatially hetero-
geneous. This map shows the mileage from each
site to the nearest?rocessingmill.
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:i?ure 8: This map shows the spatial distrlbution of the
present recreationpotential for each site. Currenl
preferencesstrano]" favor the areas ｾ ｩ ｴ ｨ coastal or
lake recreationopportunities.
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These heterogeneitieshave emerged from the
dynamic historic interplay between the forest and
the budworm as a consequenceof the dispersalpowers
of the pest. The 50 mile modal probability of
dispersalsuggestsa minimum resolution of about
1/5 - 1/10 that distance.

Rence the area is divided into 265 6x9 mile areas.
(Fig. 9)

Species

An ecosystemof this extent has hundredsofthousands
of species.The understandingof the dynamics is
so detailed, however, that the essentialbehavior
can be capturedby the interrelation between 5 sets
of species,each of which representthe key species
(roles) that determine the major dynamics of the
forest ecosystemand its resulting diversity, species
mixture and structure.

The principal tree speciesare birch, spruce
and balsam (Fig. 10);

in the absenceof budworm and its ｡ ｳ ｳ ｯ ｣ ｩ ｡ ｾ ･ ､

natural enemiesbalsam outcompetesspruce and
birch and so would tend to result in a mono-
culture of low spatial diversity;

budworm shifts that competitive edge since
balsam is most susceptible,spruce less so
and birch not at all. Thus there is a dynamic
rhythm with balsamhaving the advantagebetween
outbreaksand spruce and birch during outbreaks
- this producesa diverse speciesmix and great
spatial and temporal variability;

betweenoutbreaksthe budworm is rare but not
extinct - its numbers are controlled by natural
enemies (insectivorousbirds, parasites) - but
the key characteristic of this control is that
there is an upper thresholdof budworm ntmiliers,
which, if exceeded,allows the budworm to "escape",
i.e. there is a distinct but limited stability
region at low budworm densities;



Figure 9:
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This figure shows the numbering and indexing system
for the 265 subregions,or "sites," in the study
area.
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Figure 10: The key roles or variables and their interrelations in the natural
ecosystem. The principal tree species (birch, spruce and balsam fir)
have a dynamic interaction of their own. This interaction is altered<by
the presenceof budworm which consumessome spruce but primarily balsam.
The budworm is in turn affected by a complex of natural enemiesand the
random effects of weather.
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- in a deterministicworld, the budworm would
never escape. But there is a stochastic
driving variable, weather, which can flip
the budworm out of this stability region.

Outbreakscannot occur unless the forest has
partially recoveredfrom the previous out-
break (enough food, therefore). When that
happens, the budworrn then remains in control
by natural enemiesuntil the weather shifts
to years with warm dry summers. In those
conditions, the larvae develop so rapidly
they reduce the period of vulnerability to
predation and can achieve densitiesabove
the escapethreshold.

At that point, an outbreak is inevitable
irrespectiveof weather.

Conclusion:

1. Time horizon 150 - 200 years

2. Time resolution 1 year with seasonalcausation

3. Spatial area 14,000+ sq. miles

4. Spatial resolution 265 5x9 mile subregions

5. Key variables to capture the behavior: ideally

three tree species,budworm, natural enemies,

and weather.
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How many state variables emerge from this bounding
of the problem?

IDEAL NUMBER OF STATE VARIABLES

In one subregion 1

Birch 1

Spruce by age 30

Balsam by age 70

Budworm 1

Natural enemies 1

Weather 1)
) retains memory

Tree stress 1)

Foliage new 1

Foliage old 1

Number of statevariables
per subregion 107

Total number of state variables
in all 265 subregions 107 x 265 28,355

Therefore, even this drastic simplification
generatesan impossible number of state
variables -- further simplification is necessary.
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SIMPLIFIED NUMBER OF STATE VARIABLES

THE GOAL: A Well TestedModel of the System for Tes-
ting of Behavior and of Policy Alternates

(a} Full Simulation Model

Subregion

Balsam 25

Budworm 1

Weather 1

Foliage New 1

Foliage Old 1

29

Full Region

7,685

The test of the statevariables represented
implicitly rather than explicitly.

(b} Simplified Simulation Model

Subregion

Balsam 2

Budworm 1

Weather 1

Stress 1

5

Full Region

1,325

- Any further simplification destroys the
behavior in space and time, and eliminates
managementoptions.
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Conclusion:

(1) Spatial heterogeneityproducesthis

curse of dimensionality.

(2) Spatial heterogeneityis an essential

property here and in all ecological systems

managementproblems.

(3) Therefore, this representsa major

methodological issue.
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2.3 BUDWORM ECOSYSTEM MODEL

An early, first-cut simulation model of the spruce budwormj
balsam fir ecosystemdemonstratedthe feasibility of modelling that
systemwith a high degree of realism (Stander, 1973). However,
before that model could be used for seriousmanagementplanning,
some major revisions and refinementswere required. Many
important featureswere only implicit in the first version and
had to become explicit before the model could be a proper vehicle
for policy analysis. In early 1973, the first iteration of a
more precise and explicit model was designed (Jones, 1974).
This document served as the basis for a workshop sponsoredby
EnvironmentCanadaheld in Fredericton,New Brunswick, in
May 1974. The refined model of that workshop became the basis
for the IIASA budworm project and is describedbriefly in this
section. Full documentationand detailed analysesof the bud-
worm model will be preparedfor publication in a subsequent
IIASA researchreport.

The general features of the natural budwormjforest system have
been describedin previous sections. The model used here only
incorporatesthe two major species-- spruce budworm and balsam
fir. The normal life history events occurring in New Brunswick
are illustrated in Figure 11. This figure shows the approximate
time for various life stagesthroughout the year. In reality,
of course, there is some variation in the dates for each event
as well as some overlap between the various events among the
tree and budworm populations. In the model, we take the sequence
of events to be that as shown in Figure 11. The budworm
generationtime is one year, making that a convenient iteration
time for the model.

The basic structureof the model is ｩ ｾ ｬ ｵ ｳ ｴ ｲ ｡ ｴ ･ ､ in Figure 12.
For each of the 265 sites there is a budworm survival model
and a forest responsemodel which run in parallel. These
models compute for each site the various effects of the bud-
worm upon the forest and the forest upon the budworm. These
computationsare repeatedfor all sites. Once each iteration,
dispersaloccurs betweenall sites and the model advancesone
time step. The various possiblepolicies are arbitrarily
designatedas budworm control policy or forest management
policy. These are distinguishedas to where the policy levers
are attachedin the model algorithms.

The fine structure of the budworm and forest models is
illustrated in Figure 13. The yearly sequenceof computation
for the forest is shown as the inner cycle and that for the
budworm as the outer cycle. The format of Figure 13 is meant
to illustrate the continuity of the process. There is no one
unique starting point in this system, but for purposesof model
construction, and comparisonwith field data, the simulation
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model starts its yearly iteration in the fall, i.e., with the
initial egg density for each site. The computationalse-
quence is basedon the conceptof survivals. The functions
which relate the survival from one stage to another appear
in the small circles of the budworm cycle. Weather, of course,
affects all stagesof the budworm and many aspectsof forest
growth. However, it has been determinedby field experiment
that 86% of the variance in the total generationsurvival can
be explained by the variation in large larval survival (SL).
It is at this stage that weather has its most pronouncedeffect.
Milder climate affects survival by shortening the development
time and thus reducing parasiteand predator attack. Warm-
dry weather at this time of year promotes survival while
cool-damp weather retards it. It is at this point that weather,
and thereby stochasticvariation, enters the model.

The propensity to dispersefrom one site to another increases
when conditions on the native site deteriorate. Additionally,
successfulegg laying in a new home site dependsupon the
local conditions there. The budworm can dispersefor long
distances; some reports indicate over 100 miles. The
probability function used in this model has a maximum distance
of 75 miles and an averagedistanceof approximately 50 miles.

There is a separatebut equivalent forest responsemodel for
each of the 265 sites. On each site the proportion of land
in fir is fixed. Trees on each site are subdivided into 25
different age classesand a simple bookkeepingaLgorithm
maintains an updated inventory of the amount in each class.
Mortality to balsam fir is consideredto be both "natural"
and budworm induced. An empirical relationship is used to
translatethe amount of accumulatedstressfrom previous de-
foliation to actual tree mortality. This is an age specific
response. Forest acreageupon which the balsam fir have dled
reverts back to the first age class.

Let us now refer again to Figure 13 and review the major budworm-
fir interactions. At (a) we have the effect of branch surface
area and foliage quantity upon the survival of small larvae.
At (b) the large larvae remove foliage. The amount available
affects the large larval survival and subsequentadult
fecundity. At (c) the amount of forest available and the
level of defoliation affect adult egg laying success.

The policy models are flexible, limited only by the imagination
of the model user. The essentialpolicy attachmentpoints can
be manipulated in any way desired. For instance, the policy
can change the survival of the budworm at any stage to depict
such things as spraying, introduction of parasitesand mani-
pulation of the micro-climate. The age structure of the
forest can be changedto depict logging or burning. The amount
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of forest cover on any site can be changedby clearing or
cultivation of alternatespecies. The density of foliage in
a stand could be reduced by thinning. Traditionally, the
policies used in New Brunswick have been spraying and logging.
Some spraying has been tried on adults but most has been
directed against large larvae. Spraying is employed at a
level to kill between 80 and 90% of the large larvae. But
even at this high mortality level, they can still eat a con-
siderableamount of foliage. Logging and other silva culture
tactics have been used, but the reality of the situation is
that the logging capacity is too small to affect much of the
province in any year.

Policies which are not in the traditional repertoire can, of
course, be included in the simulation model. All that we re-
quire is some knowledge or estimation of the relationship
between the action proposedand its subsequenteffect on the
elementsof the simulation model.

References
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CALENDAR OF EVENTS

Eggs hatch into instar I

First dispersal

Overwintering hibernaculaformed

Emergenceas instar II

Seconddispersal

Trees begin developmentof spring

foliage and flowers

Transformationto instar III

Developmentto instars IV

V

VI

Destructivedefoliation

Pupation

Adult moth emergence

Mating

Dispersal

Egg laying complete

Figure 11: Sequenceof life history events for the spruce
budworm and balsam fir forest in New Brunswick.
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BUDWORM BUDWORM FOREST FOREST
CONTROL SURVIVAL RESPONSE MANAGEMENT
POLICY MODE L MODEL POLl CY

tor each tor each
site site

DIS PER SAL

BETWEEN
SITE S

Figure 12: The basic model structure for the budworm/forest
simulation model. Budworm survival, forest response
and control policies are independentfor each of the
265 sites. Once each year dispersaloccurs between
the sites and then the processis repeatedfor the next
simulatedyear.
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Figure 13:

THE BUDWORM- FOREST CYCLE. The outer ring
depicts the budworm survival model. Each small circle representsa
survival function relating one stage to the next. A stochastic
weather parameterenters through large larval survival, SL. The inner
ring depicts the forest growth and responsemodel. Aging and mortality
to trees as well as growth and defoliation of needlesoccur in this
model. At (a), (b) and (c) are points of important model linkages
(see text). Attachment points for control and managementpolicies
are not shown.
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Stochasticmodel of the weather

1. Need for a Model of the Weather

a) temporal persistencetriggers outbreaks

b) degreeof spatial homogeneitydeterminesnature of
spreadand dispersal

c) clarify whether long runs are due to persistenceor
to the fact that marginal probability of some weathers
is high

d) if significant persistencecan be shown, what is the
length of the memory

e) use of 3 classesof weather

f) initial results using 100-year ｳ ･ ｱ ｵ ･ ｮ ｣ ｾ

2. Various Models Used in the Study

a) trinomial distribution - independenttrials - use in
programming solution

b) Markov matrix for stand model - modal and average
values versus end-to-end

c) synthesisusing raw data - lags, offsets in space
and time, log transform - 1000 year production at
9 sites.

3. Tests on the Data

a) turning point

b) runs

c) lag-l and lag-2 matrices.

4. Generationof Synthetic Sequences

a) basis for the technique in principal components

b) results of correlation analysis, showing positive
effects within groups (heat and precipitation) and
negativeeffects across them

c) comparisonwith moments calculatedfrom 33-year
historical records is quite satisfactory

d) use of averagetrace seems justified.

KEY POINTS

The few simulation runs which have already been made,
including those made with incorrect models of weather,
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show the important influence of weather patternson
system response. It therefore follows that a thorough
study of temporal and spatial characteristicsis warranted
if our long simulation runs are to generatevalid sta-
tistical measuresof performance. The records available
in New Brunswick are not long enough to reach definite
conclusionsabout thesepatterns,but strongly suggest
(negative) correlation structureswhich imply fluctuating
time seriesand a consequentoutbreak frequency.
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Records from these nine weather gauge stationswere
used to investigatethe statisticalpatternsof
weather.

N

1

o 10 20 30 40 50 60 70 80 90 100

SCALE IN MILES
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2.4 MODEL ANALYSIS

2.4.1 The site model

Before an attempt was made to look at the entire
regional simulation model, it was worthwhile to examine the
behavior of the budworm model for d single site. Additionally,
the severaldifficulties with the IIASA computational
facilities preventedthe ｦ ｾ ｬ ｬ simulation model's implemen-
tation during the course of this project. Thus, the ｡ ｶ ｡ ｾ ｬ ｡ ｢ ｬ ･

capacity limited us to the single site model. From the many
possible examples and scenarios,two are chosen for illustration.

The first simulates the behavior of a single site with no
immigration. That is, it is as if the site were an ｩ ｳ ｬ ｡ ｾ ､

surroundedby an area with no potential hosts. The initial
conditions assumedwere a mature forest with an average tree
age of 50 years. A one hundred year synthetic weather trace
\,as applied; no external policies were used. Becausethere
are 28 statevariables included in the forest and budworm,
it is impossible to depict accurately the state space for
this system. Instead, we resort to a pseudo-statevariable
the amount of foliage per acre. This variable ･ ｸ ｾ ｩ ｢ ｩ ｴ ｳ some
of the propertieswe would ｾ ｩ ｫ ･ in a true state variable.
Figure 15 shows the time history of egg density plotted
logarithmically against ｦ ｏ ｾ ｬ ｡ ｧ ･ per acre. The initial con-
dition is marked with the X. Note the two large swings with
a maximum change in budworm of 5 orders of rnaqnltJde. Figure 16
shows a time plot of the number of eggs (drlthmetic scale)
and the amount of ｦ ｯ ｬ ｾ ｡ ｧ ･ per tree. As it happens in this
particular simulation run, in year 71 the budworm level reached
such a high point that all the available foliage was removed
and all the adults emigrated from the site, leaving none for
the following year.

As the budworm has not gone extinct in New Brunswick, this
example shows the important effect of dispersal in the spatial
mosaic of the problem. As is, this model servesas an ｾ ｮ ､ ｩ ﾭ

cation of the initial outbreak on a single site before dis-
persal becomesa dominant feature. Figure 17 is a phase
plot with the same initial conditions as the above example.
But this time we allow ,11 the emigrating budworm to re-enter
the plot as if we had a large uniform forest. Additionally,
we have placed a lower limit on the budworm population. This
limit of 10-5 budworm per acre is equivalent to 1 budworm in
500 sq. km. Note that the swings in this phase plot are much
wider and that the average length of time between outbreaks
becomes longer. Figure 18 shows the time plot for the variables
of the first example.
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Analysis of a single site model indicates that for most
purposesthe model can be collapsed into 4 primary dimensions.
First ｩ ｾ the level of budworm; this can be taken at any stage,
but the most convenienthas turned out to be ｴ ｾ ･ density of
large larvae. The secondprimary dimension is the total amount
of new foliage (i.e., green needles) which appearsin the
spring. The third dimension is the surface area of branches
per acre of forest; this effectively collapsesthe tree age
structure into a single quantity. Finally, the fourth primary
dimension is the weather. The weather is taken to be one of
three categoriesra'her than a continuousvariable. The use
of these primary dimensionsmakes it possible to develop
ｳ ･ ｶ ･ ｲ ｾ ｾ qualitative measuresof system behavior. These are
ｵ ｾ ｳ ｣ ｵ ｳ ｳ ･ ､ in subsequentsections.
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Stalesof the system

The managementquestionsare ･ ｳ ｳ ･ ｮ ｴ ｬ ｡ ｬ ｾ ｹ qualitative;
the behavior of the system is essentiallydescribed
by shifts betweenqualitative states.

Hence a major compressioncan be made by redefining
the system into a small number of qualitatively
distinct states,each of which has a specific
ecological meaning and a specific set of appropriate
managementactions.

The key criterion: the system is dominatedby
thresholdswhich define distinct stability regions
behavior betweenthresholdsis qualitatively the
same.

Examples:

Recruitment curves for budworm (i.e., population
changebetween t + t+l vs. density), Figure 19.

Thus the three weather types can produce a number
of different thresholdswhich separateregions of
increasingpopulation from those of decreasing
population.

The same phenomenonoccurs with follage, Figure 20.
This simply illustrates thresholdsin one dimension.
There are, in reality, four essentialdimensions:
foliage, surface area covered by susceptibletrees,
budworm, and weather -- and other thresholdsappear
in these dimensions.

The result of carving up this four-dimensionalspace
is a potential 25 distinct statesdefined by all
possible combinationsof increaseand decreasefor
foliage, surfacearea, and budworm at each of the
three weather types. Figure 21.

But we may compress further since the dynamics of
the system cluster these 25 statesinto distinct
and unique groupings and each of these groupings
implies specific levels of impact and specific
intensitiesand kinds of managementactions. Fig.22.

Figure 16 provides an illustrative example of an
application of these conditions in defining the
statesat one particular surface area.
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Conclusion:

The gualitative behavior of the system can be

representedby eight distinct stages. This, then,

makes it possible:

(1) to succinctly representthe dynamics as

transition and residenceprobabilities

among the states;

(2) to provide an environment for compressed

policy analysis outside the simulation

model and interacting with the model only

as a check. (See section 2.5.5)
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FLgure 19a: necruitment ｣ ｵ ｲ ｶ ｾ for egg density in one
year ｡ ｧ ｡ ｩ ｾ ｳ ｴ egg density in the previous
year ｾ ｯ ｲ ｴ Ｎ ｾ Ｇ ｲ ･ Ｂ Ｌ ··/eatl'er classes.
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Fig1U'!f ±lb: Ratio of larval density in one year to that
in the previous year for various levels of
branch surface area. (Also 1tc, 19d)
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Figure 20: The recruitment factor for foliage for
various levels of budworm expressed as
their defoliation rate D.
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POTENTIAL STATES OF THE BUDWORM SYSTEM

Foliage Surface
area Larvae Weather

1 + 1
2 + 2
3 + 3
4 + 1
5 + 2
6 + 3
7 1
8 2
9 3

10 + + 1
11 + + 2
12 + + 3
13 + 1
14 + 2
15 + 3
16 + + + 1
17 + + + 2
18 + + + 3
19 + 1
20 + 2
21 + 3
22 + + + 1
23 + + + 2
24 + + + 3
25 ? ? ? ?

F < 0.90 + .0074 * L

Figure 21: The potential 25 distinct statesdefined by
all possiblecombinationsof increaseand
decreasefor foliage, surfacearea, and bud-
worm at each of the three weather types.
State 25 representsirreversible tree mortality.
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QUALITATIVE STATES OF THE SYSTEM

Conditions

No. Super state Foliage Surface Larvaearea

Sl Endemic +,0 +,0 -,0 if o.k. or poor
weather

+ if good weather

S2 Threat +,0 +,0 -,0 if poor weather
+ if o.k. or good

weather

S3 Outbreak 1 +,0 +,n + all weather

I
I

S4 Outbreak 2 - +,0 +,- or 0
i
I S5 Outbreak 3 - - +,- or 0,,

S6 Postoutbreak1 +,0 - -,0 if poor or o.k.
weather

+ if good weather

S7 Postoutbreak2 +,0 +,0 -,0 all weather

S8 Irreversible Foliage < Irreversible mortallty
tree mortality threshold

+ Increase

Decrease

o No change

Figure 22: The 25 statescluster into 8 distinct and unique
groupings. Each of these groupings implies specific
levels of impact and specific intensitiesand kinds
of managementactions.



FIGURE 23: AN ILLUSTRATIVE EXAMPLE OF THE CONDITIONS THAT DEFINE THE 8
QUALITATIVE STATES FOR ONE PARTICULAR SURFACE AREA AND WEATHER.
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Validation of multi-site model

Validation data available

egg densities, foliage condition, spraying, and
harvestingacts in each of 265 regions for each
of 30 years.

validation is necessaryof the pattern in space
and time, and of the numerical ranges

NOT site and year specific numerical agreement

- Thus choice of statistics:

egg densities, tree hazard
3 moments and why.

Difficulties in Validation

- dispersalthe major unknown
testing alternatehypotheses

- size of model

needs for timing

- limitations of computer -- PDP o.k. when linked
with big machine.

Preliminary Example of PatternPredictedand Relation to
Real World. (Figures 24, 25.)
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HISTORICAL DATA

Egden Hazard

MU SO MU SO SKEW KURT

1945 0.300 0.000

1946 2.550 0.000

1947 15.000 0.000

1948 75.000 0.000

1949 150.000 0.000 1.792 2.706 9.705 10.705

1950 499.385 400.413 2.766 4.625 5.058 6.111

1951 1270.816 955.167 3.955 5.576 1.935 3.027

1952 1062.825 948.155 4.181 5.603 1. 296 2.417

1953 572.811 522.321 2.796 4.542 2.689 4.160

1954 462.911 310.688 7.770 5.790 0.028 1.540

1955 564.549 420.328 6.487 5.100 0.013 1. 527

1956 579.530 1052.807 8.309 6.054 0.096 1.276

1957 144.767 187.055 8.694 4.449 0.033 2.088

1958 41.906 69.856 2.509 4.056 0.805 2.765

1959 168.964 168.704 2.151 3.608 2.666 4.185

1960 218.543 221.842 3.577 4.375 2.027 3.652

1961 137.283 136.193 3.562 3.821 0.788 1.994

1962 142.343 243.681 3.351 4.278 0.860 2.402

1963 320.461 1474.181 2.762 4.040 1.411 2.757

1964 180.500 203.408 2.321 3.252 2.528 3.863

1965 219.729 272.177 3.887 4.249 0.723 1.938

1966 156.441 145.215 3.672 4.062 0.512 1.659

1967 171.774 134.370 2.223 3.434 2.043 3.416

1968 362.551 361.551 2.811 3.998 1.876 3.226

1969 645.495 493.483 6.845 4.840 0.043 1.477

1970 809.866 576.693 5.574 4.037 0.189 2.073

1971 709.960 454.841 7.947 4.445 0.143 2.031

1972 317.036 232.043 9.528 3.919 0.750 3.398

1973 716.558 458.090 8.951 3.683 0.000 2.048

Figure 24: Historical trend of statisticalmeasuresfor
egg density and hazard for the study area.



FIGURE 25a:COMPUTER SIMULATION MAPS OF BUDWORM EGG DENSITY
FOR THREE SCENARIOS. (1) NO SPRAYING ;(2) SPRAYING
AT INTENSITY 2; (3) SPRAYING AT INTENSITY 6.
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2.5 POLICY ANALYSIS

2.5.1 Introduction

(A) The oroblem: How do we use our understanding

of the ecosystemto evaluateand improve our managementof the

resource?

- the validated model as a source of
potential standing of budworm-forest
ecosystembehaviors and its response
to managementoptions;

- the techniquesof systemsanalysis as
ways of manipulatingmodel options to
realize that potential;

- the goal of policy analysis described
here as the reconciliation of manage-
ment feasibility (defined by the model)
and social desirability of managed
system behavior.

(B) The nature of policy analysis

- the point to be made here is that policy
questionsare design questions;

- a managementpolicy is a set of rules
which specifies the conditions under
which various managementoptions will
be applied to the ecosystem;

- those rules thus determine the system's
behavior in the same way as, say,
feeding responsecurves of budworm larvae;

- by designingour managementrules
appropriately,we may influence the way
the managedsystem functions; i.e., we
design its behavior;



-55-

- this "appropriate" design of management
rules to achieve some desiredpattern
of system behavior can only result from
an analysis of our ecosystemmodel;
policy is consequenceof, not a condition
to, that analysis.

(C) The processof policy design

the design of managementpolicy is seen
as a process in which we seek to in-
fluence the managedsystem behavior,
bringing what is technically feasible
into line with what is socially desirable;

- there are clearly many issuesat stake
here: a rigorous exploration of possible
managementalternatives; an estimation of
their effects on the system behavior; the
whole intractableproblem of defining
social goalsandpreferences;

- no single approachcan bring about a
particularly satisfactoryreconciliation
of these contrastingdimensionsof the
policy design problem, and it is only
through the judicious combination of a
variety of techniquesand methodologies
that we have been able to make incremental
progress;

- the presentationswhich follow will deal
with a number of thesemethods in some
detail:

(1) Indicators -- ways of speakingabout and quantifying
systemsbehavior (responseto policy) in a manner
which is meaningful to us, which relatesas directly
as possible to the implicit and explicit criteria we
use in our judgmentsof "social desirability."

(2) Preferences-- given that we can satisfactorily
describesystemsbehavior with our indicators, it
remains to develop techniqueswhich allow us to
consistently"rank" alternativebehaviors on a
social desirability scale.

(3) Optimization -- application of various mathematical
programming techniquesunder the assumptionthat you
can specify goals and wish to explore management
options which will realize the goals.
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(4) Simulation and CPA -- sort of the converseof
optimization in which you take certain management
policies as given and seek to trace their implica-
tions for system behaviors.

(5) Generationof policies -- where to combine all of
the above in various combinationsto yield a small
number of qualitatively different managementpolicies
for considerationof the policy maker and society
in general.

(D) Other miscellaneousworries

- Recall that at the beginning of this
section we defined our overall concern as
one of investigating ｾ ｯ ｷ the detailed
technical information and understanding
concernedin our model of the budworm
system could be used to evaluateand im-
prove our managementpolicies.

- In the sectionswhich follow, we treat the
ideal case in which the model is assumed
to cover the entire field of relevanceto
the managerandpolicy maker, and the
policy maker is assumedto have an
"appropriate" degreeof faith in the model.

- We note, however, without further comment
for the present, two areas in which these
assumptionsmay commonly and significantly
be violated:

(1) Credibility -- no matter how "valid" it may be, the
model -- and technical information in general
will not be used in the managementand policy making
context unless it is credible to its intended user.
Keeping information credible as it is processed
through simulations, dynamic proqrams, and dimension-
reducing transforms is an often ｾ ｭ ｰ ｯ ｳ ｳ ｩ ｢ ｬ ･ and always
difficult task.

(2) Completeness-- no model is complete, as everyonehas
remarked often enough. A problem hardly anyone has
dealt with is how this incompleteness can be explicitly
taken into account in the formulation of management
ｰ ｯ ｬ ｩ ｾ ｹ Ｎ Our indicator work touches briefly here, as
we try to provide easy points of contact between the
user'smental models of a wide range of concernsand
our explicit model of one particular C8ncern. The
issue of "too much" specification, as raised by
Lindblom and his followers, remains untouched.
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(E) Summary

Policy analysis is the processof designing
rules for the application of management
options. It combines a variety of method-
ologies and techniquesto organize technically
feasible managementoptions in a way which
induces the managedsystem to behave in a
desiredmanner. As policies must be imple-
mented within a broader institutional context,
questionsof credibility and inclusivenessare
central to any policy analysis effort.
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(1) to develop a graded series of information displays
from very general and comprehensibleto very
detailed and diagnostic so that the decision maker
can choose the appropriate level

(2) to design a specific set for one "decision maker"
as an example.

Tactical, Primary Indicators

(1) Economic:

Profit of logging
Cost of spraying

(2) Resource:

Potential merchantablewood
Proportion harvested

(3) Recreational,Wildlife

Detectablebudworm damage
Tree mortality
Observed logging effects
Recreational/wildlifediversity

(4) Social

Unemployment (forest industry)

StrategicIndicators

(1) Known relationshipswith known form

EcosystemState Indicators

residenceprobabilities r) in 8 states
- spatial variation of Pr
- temporal variation of Pro

(2) Known relationshipswith unknown form

Persistenceof Forest SpeciesMix

- surrogate= life span of fir
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Micro Diversity

- surrogate= age diversity of fir

Macro Diversity

- surrogate= ecological patch size

Insecticide "side-effects"

- surrogates averagedosageper sprayedplot
areal extent of spraying
duration of spraying

(3) Unknown relations, impacts, objectives

The effort to prepare the above list makes brutally clear
how much knowledge is missing from the available data and the
model. There will always be relationshipsleft out whose
existencewe know but whose form we do not. There will, as
well, be missing relationshipswhose existencewe do not even
suspect. And what is true of these relationshipsis equally
true of the overall objectives of the development. The societal
objectiveswhich seem soclearat the moment can dramatically
shift, leaving society with a policy and a systemwhich cannot
itself shift to meet these new needs. The growing demand for
environmental impact assessmentproceduresis one clear
symptom of such a shift of objectives. An assessmentbased
solely on the presumptionof sufficient knowledge can therefore
lead to approval of a plan that could not be adaptedto absorb
the unexpected.

Few systems-- ecological, economic, and social -- are in a
stateof delicatebalance, poised precariously in some optimum
state. The ones that are do not last, for all systemsexperience
traumas and shocks over their period of existence. The ones
that survive have explicitly been those that have been able to
absorb these changes. They have, therefore, an internal re-
silience. Resilience, in this sense,determineshow much
arbitrary disturbance,both of rate and of intensity, a system
can absorb before it suddenly shifts into a fundamentally
different behavior. A review of resilience and stability can
be found in Holling, 1973.

In addition to the traditional indicators, it would therefore
be useful to have a categorywhich gave some senseof the
resilienceof a plan -- of its capacity itself to absorb the
unexpected. The key requirementof these resilience indicators
is that they measurethe degree to which alternateoptions are
foreclosed.

But how can these indicators be developed? There are three
mutually exclusive classesof resilience indicators:
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(a) Resilience in environmentalcapital

At any point in time, there exists a reservecapital
of resourcesthat are drawn upon for any policy. This reserve
capital has a certain existing quantity and quality. Therefore,
those indicators which measurethe amount and kind of resources
used should also be given a resiliencedimension, so that the
remaining environmentalcapital can be measured. It is this
remaining capital inventory that buffers the developmentin
case of the appearanceof unexpectedand unhappy consequences.
Modified developmentsor new developmentsof the future draw
from this reserve. Example: a recreationalland development
will produce certain effects which can be evaluatedby tra-
ditional recreationalsocial indicators. But the land used
is drawn from a reserveof a certain size and with certain
intrinsic qualitites for absorbingrecreation. These quantities
and qualities of the remaining reserveshould be measuredby
adding a resiliencedimension to existing recreational
indicators.

(b) Resiliencewith respectto systemsboundaries

Social-ecologicalsystemsare dynamic systems in
which the structureand functional interrelationsthemselves
establishintrinsic boundariesor thresholdsof stability.
Phosphatesadded to an aquatic ecosystemare incorporatedinto
existing biogeochemicalcycles. But there is a limit to the
amount that can be added without destroying the integrity of the
cycle. Therefore, a measureof an indicator that expressed
the absoluteamount of phosphateadded should be matchedwith
one that expressedthe total amount in relation to the system
boundary for phosphate. In some cases, the model itself can
be used to identify some of these thresholds. In other cases,
with less knowledge, the boundary would be expressedas a guess
a standardor threshold similar to public health standards.
Again, the task will be first to identify those social, physical,
and ecological variableswhich are statevariables for the
system,and second, to add a resiliencedimension which measures
the amount in relation to the system boundary or standard.

(c) Resilienceof benefits

Major emphasisis now placed on indicators which
explicitly measurethe net economic and social benefits of a
development. But there is a resilience counterpartto these
as well. If the developmentplan or policies fail unexpectedly,
or if social objectives shift to require their removal, there
will be a cost attachedto this failure. A model provides an

, explicit way to measurecost of failure. After a simulation
has run long enough with a specific policy to generatea con-
sistentbehavior of the indicators, sensitiveelementsof that
policy can be arbitrarily removed, and the same cost and bene-
fit indicators can reflect the consequencesof this policy
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failure. Example: regional insect pest control projects can
have a number of forms. One might be intensive and extensive
insecticide spraying. Another might mix cultural practices
with limited and controlled application of insecticideat
critical times or in critical places. Both policies, during
their implementation,might achieve similar benefits, but
sudden removal of insecticide could occur as result of rising
costs or government regulation. In the first policy, such
removal could produce intensive outbreakscovering large
areas,with disastrouseffects on benefits. In the second
policy, the loss of benefits could be minor. The impact of
policy failure can thereforebe expressedby this loss of
benefits. These indicators measurenot the relative fail-safe
features of different plans, but the degree of safe-failure
of those plans.

Resilience Indicators:

(1) EnvironmentalCapital

unutilized resource
unutilized recreationalareas

(2) UnexpectedStates

distanceto irretrievable tree death
distanceto budworm extinction

(3) Cost of Failure

cost of selective removal of spraying acts
cost of removal of harvestingacts.
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1. What do we want out of the forest?

There are two aims of a decision analysis -- the second
is the more formal aim, the first the more realistic.

(a) to help the decision maker understandhis
own preferences,perhapsclearing up
inconsistenciesand misconceptions;

(b) to define a criterion by which forest
policies may be evaluated.

What are the factors which affect preferences?
(Fig. 26)

It has become clear that the aim is to maintain a high
level of income from the logging industry whilst at the
same time keeping the employment level high and pre-
serving (or improving) the recreationalvalue of the
forest.

Hence the value of the forest may be determinedfrom
the history

t=O,1 , 2 , 3 , 4 ,•..

profit in year t

level of unemployment in year t

recreationalvalue of forest in year t.

2. How does the theory work in practice?

It is not appropriateto discuss the theoretical
possibilities here. The following relatesbriefly
what happened,and predicts what will happen as the
work proceeds.

The decision maker first evaluateda recreationalindex.
(Figs. 27,28)

It was establishedthat preferencesfor the recreation
aspectswere independentof the profit and unemployment
levels. ({Rt}and ({p t }, {Uti) are mutually utility

independent . )
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Thus one subproblemis to find a utility function for the
time series

The factors involved here are the mean level, maximum
level, minimum level, variance, variability, and so on.
It seems to be difficult to evaluatea time series
where interdependencyis very strong, particularly
when the idea of time preference (discounting) is
introduced. A guess is that the utility function
will be something such as

tL a u (Rt Rt - l )
t

for some simpler function u.

Similarly for the profit and unemployment.

3. Where did the simulation model come in?

It is possible to establishtrade-offs between P, U, R
just by inventing figures out of one's head. However,
it is of the utmost importance to keep the decision
maker's feet firmly on the ground. He must be able
to see how his decisionsaffect the real world (the
simulation model) .

For example, it can be easy to discard or overemphasize
the recreationalaspects,or to forget that a decision
which leads to lossesand unemploymentnow in favor of
high gains later will be hard to implement.

By getting results from the model, it may be possible to
see that simplifying assumptionsare in order (unemploy-
ment is always zero in any sensiblepolicy for example),
and to check the accuracyof the utility function for
values that it will meet most often.

The drawback of a simulation model is that it can make
the decision analysisharder. With a lack of information
concerninghow histories develop, it is much easier for
the decision maker to make simplifying assumptions.

Increasedaccuracyshould not be a drawback, but it is
in terms of finding an optimal policy.

The more complex the objective function, the more difficult
will be the optimization.

There is a procedural trade-off between accuracy in the
objective and the optimization.
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4. Conclusions

A decision analysis can be performedwith the modest aim
of merely clarifying the decision maker's attitude towards
the subject matter,andfor a complex problem a real world
model is essentialfor testing a decision maker's
formal preferencesagainst his intuitive feeling.

If the aim of the decision analysis is to find an optimal
policy by an optimization procedure, it may be that
oversophisticationleads to an intractableproblem.
Approximation has to come in somewhere.

An analysis of such a problem should include a sensitivity
analysis of the optimal policy to the objective function.
(It may be that any policy keeping a good profit over
50 years ensuresfull employment and suitable recreation.)



-65-

FIGURE 26
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FIGURE 27
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FIGU RE 28
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2.5.4 Budworm-forestoptimization model

1. The Problem

The simulation model describedearlier in this report
representsthe behavior of the budworm-forestsystem on any
given site and in any given year through a relatively small
number of variables and nonlinear relations. The state
variables are the forest compositionvariables, the egg
density, and an index comprising the effects of budworm
attacks on the forest in the past. Complicationsarise
mainly due to the dispersionof adult budworm moths,
which by laying eggs on sites different from those of
their origin provide the only link betweendifferent sites.
If it were not for this, each site would be independent
of the others and could- be optimized independently.

Let N be the number of sites under consideration(N = 265)
and N: the number of time periods ｵ ｾ ､ ･ ｲ considerati8n
(around 100). When consideringthe whole area and
including contaminationsdue to dispersalof adult bud-
worm moths, the total number of variables and relations
is N x N x (number of variables (and relations) per site
and timesperiod) and the problem becomesuntractablefor
generalnonlinear programmingmethods. Also a more
specializeddynamic programming approachgets into trouble
due to the large number of statevariables (N x (mll--nber of
statevariables in one site). s

t
t

2. Simplifying Assumptions

If we representthe relations of a model by a box, the
information neededas arrows pointing into the box, and
the information calculatedby the model as outgoing
arrows, we can representthe processon any given site

- and time period t by

where superscriptt refers to the time period and

t t t t
X = (Xl I X 2' ••• , ｾ ) is thetvectorof forest composition,

i.e. Xi area covered by trees of age
i in tIme period t. N number of
tree age classesin forest
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It index condensingpast budworm attack history

Et egg density (egg/acre)

wt weather type

t t t t t
P (Pl, P2' ... , PN) logging vector, i.e. Pi acres of age

group i trees logged in period t

spraying policy on larvae

spraying policy on adults

eggs laid on other sites by moths originating
from the site

eggs laid by moths from other sites who dispersed
into site under consideration.

With this notation we can then representthe processin
the whole area by the information flow diagram in Figure29,
where the subscriptsrefer to ｴ ｾ ･ site. In Figure29 only
2 sites are shown explicitly. All the others interact through
the dispersionmodel (OM) and are taken collectively into
account by the arrows E from other sites, and EIN to other
sites. 0

Observe from Figure29 that if on any given site, say site j,
we have a good ･ ｳ ｴ ｩ ｭ ｡ ｾ ･ of ErN. for all t we can solve site
j independentlyand forget ] about the interactions.

On the heuristics that an optimal policy would keep the
budworm under control in the whole area, and hence the
proportion of adults dispersedwould be relatively small and
would not vary wildly from one site to another,it is
reasonableto expect that

E
t

- EiN
i
I

°i

is small with respect to Ef and that the error introducedby
assuming

is negligible.

ａ ｳ ｳ ｾ ｰ ｴ ｩ ｯ ｮ 1: For an optimal policy Et

i 1, ... ,265andt=1,... ,N
t

• °i

tEIN for all
i
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It is important to point out that the validity of this
assumptioncan be checked a posteriori by testing the
optimal policies obtained from the site optimization on
the simulation model.

The site model has a dynamic structureand could be solved by
applying a dynamic ｰ ｲ ｯ ｧ ｲ ｾ ｮ ｭ ｩ ｮ ｧ technique. There are
N + 1 statevariables, where N is the number of age classes
in the forest (Et , It and N-l of the componentsof
Xt = (Xi, X5"'" ｾ Ｉ Ｌ since one of them is dependenton
the others ｾ ｨ ｲ ｯ ｵ ｧ ｨ

N
t

i=l
ｘ ｾ
ｾ

constant forest area. To successfully

apply the dynamic programming technique it is important to
have a small number of statevariables, say no more than
6 or 8. This requires a high degreeof aggregationin the
forest model which necessarilydistorts somewhat the
economics. Instead an alternativeapproachcan be pursued
which does not require aggregatingthe forest age classes
and which allows the computationalrequirementsto be re-
duced considerably. The details of this approachwill be
containedin the final report and in the presentstatus
report only the simplifying assumptionsmade will be
stated:

Assumption 2: The value of the forest is the sum of the
value of its trees, i.e.

V(X t , Et , It) =
N
E

i=l
X t. (t tp. E, I )
ｾ ｾ

where V(X t , Et , It) ｩ ｓ ｴ ｴ ｨ ･ ｴ ｶ ｡ ｬ ｾ ･ of the forest when its
state is defined by (X , E , I ) and

t t
PiCE , I )

Assumption 3:

value of an acrr of i year old trees when
egg density = E and foliage index = It.

ap. (E,I)
ｾ

dE

ap. (E,I)
ｾ

aI

< 0

<

i.e. the value of a tree is highest in the absenceof any
budworm effect and diminishes as the index on past history
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increasesor the egg density increases(becauseof po-
tential damage in the future).

As was mentioned, the problem solution simplifies con-
siderably when making these last two assumptions. This
simplified method was programmedand run using data provided
by the CanadianForest Service as to spraying costs and
benefits from the lumber industry.

3. Results

The results of the computer runs can be conveniently
presentedin form of policy tables, as in Figures30 and 31.
There is one policy table for each age group and it tells
what the optimal policy is on an area covered by trees of
age i, as a function of the values of the index I
(F in Figures30 and 3]) and the egg density (E in Figures

30 Ind 31). Thus for an area coveredwith 51 ｹ ･ ｾ ｲ old trees
(see Figure 30), according to the values for ｆ ｾ and ED it
tells us to a) None, i.e. do nothing this year, b)Log or
c) Spray. In this last case the computer also specifies the
dosageand whether larvae or adults should be sprayed.

Such tables were generatedfor different assumptionsas
to the selling price of one cubic unit (cunit)-of lumber
and for differentvalues for the discount rate.

It turns out from the optimization that there is an optimal
cutting age for undamagedtreesand that it is optimal
to always log all trees this age and older, no matter what
the contaminationeffect is or has been. This optimal
cutting age is given in Figure 32as a function of the value
of a cubic unit of wood and in Figure 33 as a function of
the interest rate.

Preliminary runs done in Vancouver using the above policies
in the simulation program seem to justify the simplifying
assumptionsmade and give a considerableimprovementover
managementpolicies currently in use, as can be seen in
Figure 34 which gives the fraction of bad recreationalsites
as a function of time for both policies over the next
hundred years as predictedby the simulation model (a
definition of bad recreationalsites is presentedin
Section 2.5.3).
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FI GURE 30
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FIGURE 31
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2.5.5 Compressedpolicy analysis

1. Justification

(al The Winkler-Dantzig procedure,which emphasizes
dynamic programming, was necessitatedbecauseof the non-
linearity of the biological system. Each forest sub-region
is characterizedby a manageablenumber of state variables,
but if the forest is disaggregatedinto even a few sub-regions,
the total number of system variables is enormous. Linear
programming cannot be used, so we compromiseby running an
aggregatedmodel. This gives a global optimum in a mathe-
matical sense,but this optimum is highly local in a spatial
sense.

(bl One procedure is to impose this global policy
on the simulation program and then systematicallyto monitor
the outputs and to make appropriateadjustments. But even
this is very time-consuming-- a 200-year simulation run
requires nine hours on the PDP 11/45. So we seek comple-
mentary descriptionsof the forest ecosystemwhich
accommodateinteractive algorithms for policy generationand
testing.

2. Simple approaches

(al Regressionanalysis - estimate larval
density by the first order autoregressivefunction

a i + b.Lt .
1 ,1

with values Lt taken from a 30,OOO-yearrun of the stand model.
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Migration No Migration

i ni a. b. Pi a. b. Pi1 1 1 1

1 7510 -1.85 .111 .240 -5.43 .191 .429 linear

2 14807 -3.41 .224 .232 -11.6 .414 .435 linear

3 7682 -4.70 .377 .252 -14.9 .576 .409 linear

The use of bivariate linear regressionfunctions obviously
should not be promoted, although estimatorsof higher degree
might be more appropriate. A few trial fits show that quad-
ratic functions are not significantly better.

(b) Autocorrelationanalysis

Migration and No Migration peak near 50, but
their characteristicssupport different underlying processes.
The correlogramis shown as Figure 35.

(c) Single stand Markov analysis

As a prelude to more relevant forms of policy
analysis, note that policy is specifiedby a rule to perform
one or more acts when a particular system state is attained.
This gives a new Markov matrix for each policy, and a new
cost. Benefits may be estimatedas functions of (i) mean
transition times betweenpairs of states,and (ii) mean de-
tention times in states. These may be summed and discounted,
then shown as net of cost (or however). This gives a preliminary
formalism for ranking policies. Autocorrelationverifies
applicability of single lags. Figures 36, 37, and 38 show the
statisticsof the consolidationof all systemconditions into
8 states,and the Markov transitionsbetween them.

3. Spatial disaggregation

(a)
of the system.

(b)
(c)

detention time.
(d) Advantageswith regard to policy.
(e) Computationalexperience.
(f) Figure 39 shows the notation used in the

policy analysis.
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FIGURE 35
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Figure 36

1 2 3 4 5 6 7 8

1 927 673 9 5 Endemic

2 108 6257 646 50 2 Threat

3 20 9971 599 35 Outbreak 1

4 4 7 167 198 19 445 Outbreak 2

5 3 270 148 84 Outbreak 3

6 28 7 733 642 Post-outbreak

7 544 98 19 3767 Post-outbreak

81
529 2984 Destruction

TRANSITION FREQUENCIES, 30,000 years, MIGRATION

1 2 3 4 5 6 7 8

1 1272 719 4 11

2 ill 10886 418 1267 109

3 41 5920 377 5

4 16 392 1 1142 1034 13 212

5 33 272 161 842 6

6 315 425 5 686 315

7 269 56 13 1535

8 218 907

TRANSITION FREQUENCIES, 30,000 years, NO MIGRATION
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Figure 37

1 2 3 4 5 6 7 8

1 .574 .417 .006 .003

2 .015 .886 .091 .007

3 .002 .938 .056 .003

4 .005 .008 .199 .236 .023 .530
5 .006 .535 .293 .166

6 .020 .005 .520 .455

7 .123 .022 .004 .851

8 .151 .849

S.S. .054 .235 .354 .028 .017 .047 .148 .117

TRANSITION AND STEADY STATE PROBABILITIES

MIGRATION

1 2 3 4 5 6 7 8

1 .634 .358 .002 .005

2 .009 .851 .033 .099 .009

3 .006 .933 .059 .001

4 .006 .140 .406 .368 .005 .075

5 .025 .207 .123 .641 .005

6 .180 .243 .003 .393 .180

7 .139 .030 .007 .824

8 .194 .806

S.S. .067 .426 .211 .094 .044 .058 .062 .038

TRANSITION AND STEADY STATE PROBABILITIES

NO MIGRATION
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Figure 38

1 2 3 4 5 6 7 8 Resid.

1 19 3 15 31 119 37 40 43 2.4
2 42 4 13 29 117 35 38 41 8.9
3 39 34 3 36 94 9 12 13 6.4
4 22 16 28 42 61 5 9 34 1.3
5 18 30 36 94 9 12 13 13 2.2
6 20 16 28 42 61 5 9 34 2.1
7 15 11 23 38 126 21 4 50 6.7
8 13 10 22 36 124 43 7 49 6.6

MEAN FIRST PASSAGE (yrs)

MIGRATION

3 4 5 6 7 8 Resid.

1 15 3 53 15 24 26 86 132 2.7
2 38 2 50 12 21 24 84 129 6.7

3 46 21 5 17 27 29 89 133 5.2

4 30 6 56 11 11 13 73 117 1.7

5 26 5 55 17 23 8 69 133 1.1

6 21 5 55 17 26 17 61 134 1.7

7 13 8 58 19 29 31 16 136 5.8

8 26 10 60 22 31 5 66 27 5.2

MEAN FIRST PASSAGE (yrs)

NO MIGRATION
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FIGURE 39
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4. Policy manipulation

(a) Based on treating so as to move residence
probabilities toward a given target vector.

(b) Pose as a 0,1 problem, where the decision is
to apply act Ai in regions characterizedby Si' or not.

(c) Assumptionsof ergodicity and additivity are
tenable; subsequentwork must prove this.

(d) Developmentof Aijk array, and 0,1 approxima-
tion -- the influence coefficients across all states. The
definition of time and transientprobability levels is
difficult.

(e) Weighted objective function and cost
function (Figure 40).

(f) Random sampling, systematicsweeteningand
mathematicalprogramming as tools for locating the optimal
solution; deficienciesof the procedures.

(g) Computationalexperience.

Key Points

Becauseof the high dimensionality of the full system, it is
prudent to seek compressionsof system descriptionand per-
formance which retain the richnessand variety necessaryto
discriminate among policies and which are sufficiently
descriptive to reflect and convey ecological values, while
being appropriatefor simple searchprocedures. Elementary
theory of Markov matrices provides the basis for economic
valuation; this is elaboratedby linkages which model spatial
disaggregation. A linear model of system responseis developed
to identify near-optimalpolicies under a quadraticobjective.
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Figure 40

Initial residenceprobabilities:

Final residenceprobabilities:

Desired residenceprobabilities:

Initial deviations: ｾ Ｎ
]

Final deviations: ｾ ｾ
]

Budgetaryconstraint:

Weighting factors:

c*

w.
]

H' k ｾ｡ｯ ok ｾｯＮ
j] i l] l]

this defines ｾ ｫ

subject to:

-1 < aijk < 1
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2.5.6 Generatingpolicy alternatives

(A) Overview

- Under CPA, we discussedthe general approachof
policy analysis through incremental improvementson exogenously
determinedpolicies.

- At the presentstage of our researchwe have
generateda set of 6 extreme managementpolicies for imple-
mentation on the full simulation model. The long term behavior
of the forest system under each of thesepolicies is monitored
and evaluated,using the indicators, preferenceanalysis, and
statistical indices discussedearlier. Desirableaspectsof
each policy are isolated and used as the basis for further
policy design improvement.

- We have no policy evaluation results to demonstrate
at ｰ ｲ ･ ｳ ･ ｮ ｾ simply becausethe ecosystemsimulation model plus
policy rules form a packagewhich exceedsthe memory capacity
of IIASA's PDP system. What we can do, however, is briefly
outline the program we intend to implement on our own facilities
in Vancouver.

(B) The first generationpolicy alternatives

(1) No management;

(2) Unconstrainedstand optlmization;

(3) Constrainedstand optimization, where the
maximum processingcapacity of the existing
logging industry is set externally on (2);

(4) Recreationmaximization, acting as an
additional constrainton (3) above;

(5) Budworm minimization, replacing the spraying
policy of (3) above;

(6) Variability transformation,operatedindependently
of (2) above; this will rely heavily upon
approachesdiscussedunder CPA.
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(C) The secondgenerationpolicy alternatives

- This is where we will begin to modify and integrate
the six extreme policies discussedabove. It is pointless to
speculateat any length about anticipatedresults, but one
example may provide some flavor of the direction the work will
take.

- Preliminary analysis suggeststhat once policy
(6) has transformedthe forest system from high temporal-low
spatial variability to low temporal-highspatial variability,
the latter statewill be ｲ ･ ｬ ｾ ｴ ｩ ｶ ･ ｬ ｹ persistent. That is, we
expect it to drift only slowly back into a time-variant system
and believe this trend will be easily reversiblewith minor
policy interventions. The systemwill thus be transformed
from its present,delicately poised state -- artificially
maintainedat high spraying cost and in constantrisk of
massive outbreak -- into an almost self-sustainingsystem in
which the inevitable local outbreaksfail to propagate,and
thus constitutean acceptableaspectof system behavior. Once
more, insteadof massive investmentsin a fail-safe system,
we will have designedone which is safe for failure.

- If these hopes for the developmentof variability
transforming policies turn out to be Justified, then the next
stage of policy design will begin to test the economic and re-
creationalpolicy packagesdescribedearlier on the transformed
system. It is not unreasonableto suspectthat the almost self-
sustainingnature of the transformedsystemwill allow us to
pursue such "social benefit" policies most of the time, reverting
to variability-orientedpolicies only as circumstancesdemand
that the systembe nudged back towards its desired long term
state.

- Now, this sounds suspiciouslylike a case of
having your cake and eating it too, but optimism isn't quite
heresy even in ecology, and we find it a pleasantway to end
a story.


