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PREFACE 

With recent developments in the application of mathematics and policy 
analysis to ecological problems, the last five years have also witnessed an 
increasing effort to apply systems analysis techniques to  problems of pest 
management. Developments in this field have taken place in various parts of 
the world, including IIASA, where the EcologyIEnvironment program has 
focussed attention on the management problems associated with spruce 
budworm in North American forests as a prototypical example. 

Since it was felt that this research had reached the stage when workers 
could usefully exchange experiences, IIASA decided to  hold a Pest 
Management Conference at Schloss Laxenburg from the 25th to  the 29th 
October 1976. The conference was attended by 31 participants, represent- 
ing 10 national member organizations (see Appendix 1). During the first 
three days, papers were presented by the IIASAIUniversity of British 
Columbia group, the Environmental Management Unit of Imperial College, 
London and by other workers from IIASA, France, Japan, the USA and the 
USSR. The fourth day was devoted to working sessions, when participants 
discussed where developments in modelling techniques should be encouraged 
and how their use in pest management might be improved. Finally, recom- 
mendations were made concerning the future role that IIASA might play in 
applying systems analysis to pest management. 
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RECOMMENDATIONS 

To stimulate discussion within IIASA concerning its future 
role in pest management, the following recommendations were 
made : 

1. An IIASA Team 

Pest management should be continued as a major activity 
within IIASA. It should concentrate on the development and 
fostering of case studies and particularly on the role of 
implementation. The feasibility of this option clearly depends 
upon the presence of a small core of expertise. Such a core 
could be comprised of a revolving set of individuals drawn from 
existing projects in various countries. The emphasis would be 
upon distilling general lessons and encouraging the application 
of tested methodologies and concepts. 

2. An IIASA Pest Management Network (PMN) 

It is suggested that IIASA should act as the central focus 
of an institutional network, concentrating on the exchange of 
information between various pest management modelling groups. 
By performing this function, IIASA could remove some of the 
difficulties involved in communication between ongoing 
modelling programs. It is recommended that: 

(i) IIASA sponsor a biennial conference/workshop on pest 
management to be held at Schloss Laxenburg. 

(ii) IIASA act as a clearing house for information on pest 
management modelling. First, a list of workers 
actively engaged in the field should be compiled; 
a start has already been made (see Appendix 2). As 
preprints of these workers become available, they 
should be sent to IIASA where they would be' 
duplicated and disseminated as working papers in 
the IIASA Pest Management Network Series. 

3. An IIASA Focus on.Methodologica1 Problems in Pest 
Management Modelling 

From discussions in the working groups several areas were 
identified where it was thought that methodological development, 
particularly within IIASA, should be encouraged. It is 
suggested that the following areas should be given priority: 

(a) qualitative modelling techniques 
(b) control and modelling of stochastic systems 
(c) mathematical techniques of compression 
(d) robust identification methods 
(e) methods for dealing with spatially distributed systems. 



REPORTS OF WORKING GROUPS 

During the working session on the fourth day, participants 
divided into two discussion groups. The first discussion group 
(reporter - Dr. Don DeMichele) concentrated on the descriptive 
role of modelling and its use as a research tool. The second 
group (reporter - Dr. Christine Shoemaker) discussed the 
prescriptive role of modelling and its value in pest management. 
A summary of these discussions is given below. 

Report of Working Group 1 

The use of mathematical modelling techniques in the natural 
sciences is a relatively recent development and yet several 
distinct phases in its evolution can already be identified, 
depending on the dominant school of thought in the modelling 
community at the time. Initially, the regression modelling 
school held the stage. Here, large data sets were used to 
recall past observations as a means of predicting expected 
responses in the future. The subsequent school was concerned 
with attempts to construct giant, one-td-one models, involving 
contributions from various collaborators to detailed components 
of the overall model. This, in turn, was followed by a 
simplified modelling approach. In this case, and in contrast 
to the previous school, a simple notion is used as the basis of 
the model, additional components being added until an acceptable 
model response is achieved. 

Upon evaluation, however, each approach, in some sense, 
has been found to be lacking, and it now appears that the 
modelling community in the natural sciences is beginning to 
accept the possibility that there is no one best modelling 
method. From the diversity of approach and range of modelling 
objectives found in the papers presented at this meeting, it is 
clear that the objectives of the modeller, the level of detail 
considered and the structure of the system itself have dictated 
the approach. 

In attempting to model pest management problems, the 
purpose of modelling is to develop a coherent and logical proce- 
dure to deal with a complex system, described by incomplete 
knowledge and data. Faced with this situation, the modeller 
attempts to reconcile noisy data and hazy concepts within a 
consistent and robust model. His task is made more difficult 
with the ever increasing variety of techniques being introduced 
into pest management modelling. 

Nevertheless, without new techniques, progress in pest 
management modelling would decline. Consequently, several 
research areas have been identified where the development of 
better modelling techniques is thought.to be both feasible 
and desirable: 



1. Competition 

Competition occurs at a specific trophic level and can be 
inter- or intra-specific in nature. The problem is confounded 
by age structure considerations, by trophic switching and by 
feeding preferences. Although current mathematical formulations 
encapsulate certain aspects, they are unable to compress or 
fully integrate these biological processes. 

2. Structural Stability 

Discussions also indicated that the general area of eco- 
system structural stability was one which deserved serious 
analytical study. The need for such studies arises from the 
fact that ecosystems are manipulated to control pest populations. 
By changing ecosystem parameters, however, radical changes in 
other populations within the ecosystem may occur. Hence, it is 
important that the structural stability of these systems, in 
the face of management perturbations, be investigated. 

3. Qualitative Factors 

The qualitative differences that occur between individuals 
in plant and animal populations can greatly influence their 
population dynamics; a classic example of the importance of 
qualitative differences in a pest population being found in 
the migratory locust. Qualitative differences can occur 
within individuals as they age, and within populations over 
time. However, even though the physiological basis for many 
of the processes involved are well investigated (e.g. morph 
determination in aphids), no conceptual framework for handling 
this class of problem exists at present. More effort should be 
devoted to the measurement of these qualitative changes in 
populations and to the development of a concise, yet robust, 
mathematical description that can be incorporated in the 
general framework of population dynamics. 

4. Communication Techniques 

As demonstrated in these proceedings, the level of 
complexity of pest management models varies considerably, 
depending in part on the modeller's experience and mathematical 
expertise. In most cases, the modeller attempts to reduce the 
complexity of a model, while retaining the essence of the 
problem. In attempting to compress information contained in 
and derived from complex models, we feel there is considerable 
room for developing appropriate descriptive techniques--such 
as graphical techniques, manifold analysis and parametric 
analysis. This would not only improve communication within 
the modelling community but also between the modeller and the 
pest manager. 

5. Component Library 

It is suggested that the modelling of ecological as well as 
individual animal and plant systems has reached such a stage 



that it would be feasible to outline generally accepted notions 
and procedures. This component library, in the form of a text- 
book or extensive review paper, would be of significant help 
in developing standard lines of communication between workers 
in the field. 

Conclusion 

As the field of pest management modelling continues to 
develop, attention will focus on the techniques of modelling and 
their use. To handle populations with diverse and time dependent 
characteristics, more powerful analytical techniques need to be 
developed. Analysis methods must also be developed for study- 
ing the stability properties of the ecosystems involved. In 
the future, emphasis must be placed on the general nature of 
modelling effort rather than the specifics of a particular 
case. Where possible, universal components and notions should 
be utilized to reduce the degree of complexity for the rest of 
the modelling community and their clients. Of equal importance 
is the need to develop general methods of analyzing the accuracy 
and robustness of pest management models. Agreement with data 
does not of itself validate a model, data can only disprove the 
notions of the model. 

Report of Working Group 2 

To investigate the prescriptive role of pest management 
modelling, discussion was directed towards three fundamental 
questions: (1) why build a model? (2) which factors determine 
its structure and complexity? and (3) what impact has pest 
management modelling had in the past? 

Why construct a model to deal with a pest management 
problem? 

Modelling in a pest management context may not only 
improve our understanding of the biology of the system involved 
but may also assist in the prescription of improved pest manage- 
ment strategies. In a research role, models can serve as a 
means of organizing currently available data as well as 
indicating those areas which require further studies. In the 
area of prescription, models can help to determine more 
efficient ways of using currently available technology (e.g. 
improved timing of insecticide treatment), in predicting the 
usefulness of possible new technology (e.g. resistant plant 
varieties), and in examining the effects of government inter- 
vention on pest management (e.g. taxes on environmentally 
hazardous insecticides or land use controls). 

At this conference, the areas that have been most 
thoroughly explored are those of scientific description and 
the improved use of existing technology. For instance, the 
papers by Gutierrez and Kiritani have illustrated the way in 
which models can increase biological understanding. Those by 
Norton and Shoemaker show how models can be used to improve 



the application of existing control measures, such as insecti- 
cide application and time of harvesting. Wider policy issues 
associated with pest management are discussed by Holling 
et al. 

Which factors determine the structure and complexity of a 
pest management model? 

With available resources and data, the system analyst's 
task is to determine which of a number of possible objectives 
the model can realistically hope to meet. Thus, the objectives 
of modelling will depend upon: 

(a) the data currently available, that which can be 
collected during the study, and data that is avail- 
able to the grower, such as a forecast or monitored 
information, 

(b) the feasible management alternatives, 

(c) the effect of these alternatives on biological inter- 
actions. 

The structure and complexity of the model, and the extent 
to which it provides a quantitative description of the effect 
of pest management variables on agricultural or forest eco- 
systems depends upon these three variables, but particularly 
the data available. For instance, detailed information on 
development rates and age specific mortality, both from natural 
causes and from insecticide treatment, is necessary for con- 
structing a model to determine the best timing of insecticide 
treatments. If the model is to be of the economic threshold 
type, then monitored or forecast information must also be 
available. 

What impact on actual pest control practice has modelling 
effort had in the past? 

Without detailed information on the value of past 
modelling efforts in pest management, it was felt that a 
rigorous analysis of pest management models should be under- 
taken to assess the factors that determine successful implemen- 
tation or failure. It would be hoped that such an analysis 
would be of value in the future in allocating resources between 
data collection, model construction and implementation. 

The types of questions that might be asked in setting 
suitable guidelines for current and future projects would include: 

(i) Does the study promote a demonstrably superior re- 
distribution of resources in terms of research priorities? 

(ii) Does the study allow a more effective use of available 
information in providing a critical understanding of a complex 
situation? 



(iii) Does the study lead the decision maker to an apprecia- 
tion of a wider range of management alternatives? 

(iv) Have decision makers expressed a confidence in the 
approach, as reflected through a commitment of time and resources? 



The Institute of Resource Ecology; 

University of British Columbia, Vancouver, B.C., Canada 

INTRODUCTION 

As the very broad scope of environmental and resource 
problems became clear in the mid-1960s, two trends began to 
emerge. First, a number of countries began to formalize an 
ecological policy design process whereby attempts were made 
to predict the impacts of specific proposed developments. 
These policy designs were derived largely from data surveys and 
the use of crude predictive techniques. The second trend that 
emerged in parallel to this one was the formation of large 
interdisciplinary teams to address resource management 
problems by drawing upon a diverse range of information and 
expertise from a number of disciplines. Some of these teams 
began to use the techniques emerging from computer applica- 
tions to develop models they hoped would incorporate reasonable 
representations of ecological processes and produce realistic 
behavior. These were nobly motivated efforts, often expensive 
and experimental because they were so new. It is that history 
of experience, of success and of failures, that has led to 
tested concepts and techniques that deserve broader application 
The failures were both expected and necessary; that is how we 
learn. These failures were the consequences of inexperience in 
ways to bridge the gaps between disciplines, data, techniques, 
knowledge, institutions, and people. 

The Early Stages of the Institute of Resource Ecology (IRE) 
Program 

We formally began to explore ways to bridge these gaps 
in 1967, concentrating on a sequence of steps, starting with 
disciplinary gaps (the easiest to bridge) and continuing to 
institutional gaps (the most difficult). Throughout, the steps 
which were most useful were the ones that were biased toward 
being practical, of short duration, involving a small core of 
people, and modest in their scope, resources, and objectives. 
But as a consequence, we found each step covered progressively 
more ground leading ultimately to a framework for a new science 
of ecological policy design. That bias colors much of what 
follows. 

The first step was to apply and test techniques to bridge 
gaps between disciplines and between data sources. The IRE 
addressed particular, well defined resource management 
problems by drawing upon available expertise in a series of 
intense workshops. These early meetings led to techniques 



to integrate and focus the research of subject matter specialists 
by translating their various conceptual models and data into 
computer models. The resulting models, however, were less 
important in themselves than as a useful focus for discussion 
and for data organization. 

The second step expanded the effort to begin bridging 
not just disciplines but some of the roles played in different 
institutions--between scientist, manager, and decision maker. 
That led to ways not only to describe more confidently the 
ecological and social dimensions of a problem but to define 
as well alternative management objectives, actions, and policies 
As techniques were modified and tested, the subsequent workshops 
evolved from ones that required weekly meetings for many months 
to five-day exercises, which in themselves wroduced a product 
that could be viewed as a very preliminary but broad evaluation 
of a proposed policy or development. The workshops covered a 
variety of topics--recreational development, fisheries and 
wildlife policies, watershed and forest management, pest 
management, regional resource development, and hydroelectric 
power development. 

That set of experiences established an approach to simula- 
tion modelling that emphasized (1) management questions, 
( 2 )  a concise description of the dynamics of the biological 
and economic parts of the problem, and (3) the comparison of 
time streams of indicators generated by alternative policies. 
All these activities could be done by a core group of three 
or four analysts, in a period of one week, drawing upon the 
expertise of up to twenty specialists--scientists, managers, 
and decision makers. Most examples involved government agencies, 
but a few included industrial groups (e.g., hydroelectric 
development in Canada's north) and one included a group of 
citizens (high alpine development in Austria). But although 
the techniques were developed in this environment, they could 
not be viewed as tested or as useful for anything other than 
to focus dialogue. 

That led to the third step--to undertake two thorough, 
long-term case studies to test rigorously the existing methods 
and to add others where necessary. And testing meant testing 
both theoretical rigour and practical usefulness. The best 
approach is hardly worthwhile unless someone can use it. And 
the most usable technique is dangerous if it lacks substance. 
Hence the ultimate goal of each case study was both a rigorous 
testing and analysis of methods and, as well, formal implemen- 
tation within operating management agencies. Two case studies 
were chosen as prototypical examples--one of a forest insect 
pest system and one of a multi-species fisheries management 
and enhancement problem. The spruce budworm/forest problem in 
eastern North America has gone the furthest in coping with 
existing management questions, validating alternative modelling 
techniques, generating management alternatives, and evaluating 
their consequences. It has resulted in agencies of two Canadian 
provinces adopting the approach for the setting of research 



p r i o r i t i e s  and t h e  development and e v a l u a t i o n  o f  management 
o p t i o n s .  The P a c i f i c  salmon c a s e  s t u d y  has  gone f u r t h e s t  i n  
a f f e c t i n g  and modifying a  proposed new development t o  enhance 
f i s h e r i e s  p o p u l a t i o n s .  

T h i s  t e s t i n g  has  l e d  t o  t h e  framework of  an e c o l o g i c a l  
p o l i c y  d e s i g n  p r o c e s s  of which impact  a s s e s s m e n t  i s  o n l y  a  
p a r t .  But i n  o r d e r  t o  s u b j e c t  t h a t  approach t o  a  b r o a d e r  
e v a l u a t i o n  a  f o u r t h  s t e p  was t a k e n .  

The P r e s e n t  S t a g e  o f  t h e  IRE 

That  f o u r t h  s t e p  formed what w e  u n i m a g i n a t i v e l y  c a l l e d  
Group X ,  a  g roup  whose purpose  was t o  t e s t  and e v a l u a t e  t h e  
t e c h n i q u e s  and c o n c e p t s  ment ioned above,  add ing  o t h e r s  where 
n e c e s s a r y  and f e a s i b l e .  I t  drew upon a  network of  e x p e r t i s e  
deve loped  a t  IIASA and ex tended  t h e  e x p e r i e n c e  o f  t h e  Canadian 
group  of t h e  IRE and Environment Canada, t o  i n c l u d e  e x p e r i e n c e  
w i t h  renewable  r e s o u r c e  problems i n  d i f f e r e n t  n a t i o n a l  s e t t i n g s :  
renewable  r e s o u r c e  management and d i s e a s e  c o n t r o l  i n  Venezuela 
and A r g e n t i n a ;  range  and w i l d l i f e  management i n  t h e  USA; 
o c e a n o g r a p h i c  problems i n  Europe; e c o l o g i c a l  p r o c e s s  s t u d i e s  
i n  t h e  USSR. 

Any s m a l l  g roup  i s  b i a s e d ,  and i n d e e d  t h e  i n d i v i d u a l s  
w e r e  chosen ,  i d e a l l y ,  f o r  a  d e f i n e d  and f o c u s s e d  b i a s .  I n  
t h i s  c a s e  t h e  b i a s e s  took  t h e  f o l l o w i n g  form: 

(1) No one was an  e x p e r t  i n  i n s t i t u t i o n a l  o r g a n i z a t i o n  
and d e s i g n .  

( 2 )  There was a  b i a s  towards  e x p e r i e n c e  and competence 
i n  mathemat ics ,  e c o l o g y ,  and i n  d e a l i n g  w i t h  government 
management agenc ies - - in  s h o r t  a  s i m u l t a n e o u s  emphasis  on 
r i g o u r  o f  a n a l y s i s ,  r e l e v a n c e  o f  c o n c e p t s ,  and u s e f u l n e s s  o f  
t e c h n i q u e .  

( 3 )  There was a  b i a s  t h a t  b o t h  t h e o r e t i c a l  and a p p l i e d  
t e c h n i q u e s  had gone f a r  beyond t h e  s t a t e - o f - t h e - a r t  a s  it i s  
p r a c t i c e d  i n  e c o l o g i c a l  p o l i c y  d e s i g n .  There  a r e  t e s t e d  and 
p r a c t i c a l  q u a n t i t a t i v e  t e c h n i q u e s  t o  model e s s e n t i a l  e lements  
of e c o l o g i c a l  p rob lems ,  and t h e s e  a r e  n o t  e x p e n s i v e  i n  
r e s o u r c e s  o r  e x p e r t i s e .  These t e c h n i q u e s  can be combined w i t h  
p r e s c r i p t i v e  t e c h n i q u e s  f o r  p o l i c y  d e s i g n  and e v a l u a t i o n  t h a t  
t o g e t h e r  r e s u l t  i n  a  framework f o r  an a d a p t i v e  management 
p r o c e s s .  F i n a l l y ,  i n  a d d i t i o n  t o  t h e s e  t e s t e d  t e c h n i q u e s ,  
t h e r e  seemed t o  be a  g r e a t  p o t e n t i a l  f o r  t h e  development  o f  
q u a l i t a t i v e ,  b u t  s y s t e m a t i c ,  t e c h n i q u e s  t h a t  c o u l d  c e r t a i n l y  
be used t o  compress u n d e r s t a n d i n g  o f  complex sys tems  and 
perhaps  even  be used  t o  model p o o r l y  known sys tems .  

( 4 )  There  was a  b i a s  t h a t  t h e  p r o c e s s  and t h e  p r o d u c t  
a r e  i n e x t r i c a b l y  l i n k e d ;  t h e  sequence  and d e s i g n  o f  t h e  



workshops,  t h e  emphasis  on a d a p t i v e  a p p r o a c h e s ,  and t h e  d e s i g n  
of  d i f f e r e n t  modes o f  communication a r e  a s  i m p o r t a n t  a s  t h e  
models and t h e  a n a l y s e s .  

(5) F i n a l l y ,  u n d e r s t a n d i n g  t h e  way sys tems  respond t o  
d i s t u r b a n c e  i s  an e s s e n t i a l  s t e p  i n  i d e n t i f y i n g ,  c l a s s i f y i n g ,  
and l i v i n g  w i t h  t h e  unexpected.  

These b i a s e s  matched t h e  purpose  o f  o u r  p r e s e n t  program. 
F i r s t ,  we wished t o  s y n t h e s i z e  and g e n e r a l i z e  o u r  e x p e r i e n c e  
and knowledge of  e c o l o g i c a l  sys tems  a s  t h e y  r e l a t e  t o  p o l i c y  
d e s i g n .  T h i s  h a s  l e d  t o  some c o n c e p t u a l i z a t i o n s  t h a t  emphasize  
t h e  key s t r u c t u r e  and behav iour  o f  e c o l o g i c a l  sys tems  u n d e r l y i n g  
any e f f o r t  t o  manage them. 

The second  g o a l  was t o  e v a l u a t e  e x p e r i m e n t a l l y  t h e  use-  
f u l n e s s  of  a  number o f  m o d e l l i n g  and mathemat ica l  t e c h n i q u e s  
t h a t  have been used  o r  p o t e n t i a l l y  c o u l d  b e  used  i n  e c o l o g i c a l  
p o l i c y  d e s i g n .  These e x p e r i m e n t s  used  groups  o f  i n d i v i d u a l s  
t o  t es t  t h e  p r e d i c t i v e  power o f  a  range  o f  t e c h n i q u e s  s e l e c t e d  
t o  c o v e r  a  spec t rum from h i g h l y  q u a l i t a t i v e  t o  h i g h l y  q u a n t i -  
t a t i v e .  The s t r e n g t h s  and weaknesses  of e a c h  t e c h n i q u e  were 
t e s t e d  u s i n g  s e v e r a l  s p e c i f i c  c a s e  s t u d i e s  and f o r  d i f f e r e n t  
amounts of  i n f o r m a t i o n .  

T h i r d ,  we wished  t o  summarize and e v a l u a t e  o u r  e x p e r i e n c e  
w i t h  b o t h  t h e  p r o c e s s  and methods o f  p o l i c y  d e s i g n .  W e  found 
t h a t  t o  d e f i n e  and f o c u s  a problem,  t h e  workshop p r o c e s s ,  
i n v o l v i n g  s c i e n t i s t s ,  managers ,  and p o l i c y  p e o p l e ,  worked v e r y  
w e l l .  During such  a  workshop, impac t  c a t e g o r i e s  and o b j e c t i v e s  
a r e  c l a s s i f i e d ,  key i n f o r m a t i o n  needs  d e f i n e d ,  a l t e r n a t i v e  
a c t i o n s  d e s c r i b e d ,  and t h e  framework and c r u d e  work,ing v e r s i o n  
o f  a  model developed.  Hence a t  t h e  v e r y  b e g i n n i n g  o f  t h e  s t u d y ,  
a l l  e l e m e n t s - - v a r i a b l e s ,  management a c t s ,  o b j e c t i v e s ,  and 
i n d i c a t o r s - - a r e  j o i n t l y  c o n s i d e r e d  and i n t e g r a t e d .  

I n  a d d i t i o n  t o  d e f i n i n g  r e s e a r c h  needs and d e v e l o p i n g  a  
model,  t h e  same o r  subsequent  workshops can  f u r t h e r  d e f i n e  
management o b j e c t i v e s ,  c o n s t r u c t  a l t e r n a t i v e  h y p o t h e s e s  i n  
t h e  model, d e f i n e  and e v a l u a t e  a l t e r n a t i v e  p o l i c i e s ,  and 
r e c o g n i z e  u n c e r t a i n t i e s .  I n  many ways, u n c e r t a i n t i e s  i n  
management o b j e c t i v e s  and i n  outcomes of  d e c i s i o n s  and i n t e r -  
a c t i o n s  a r e  a t  t h e  s o u r c e  o f  many p r e s e n t  env i ronmenta l  manage- 
ment problems.  

But  b e f o r e  a  model c a n  b e  used  a s  a  k i n d  of  l a b o r a t o r y  
wor ld  t o  tes t  t h e  consequences  o f  t h e s e  a l t e r n a t i v e  p o l i c i e s ,  
i t s  d e g r e e  o f  c r e d i b i l i t y  must b e  e x p l o r e d .  Note t h a t  no 
model--mental o r  mathemat ica l - - i s  " t r u e . "  But d e g r e e s  o f  
c r e d i b i l i t y  and u s e f u l n e s s  c a n  b e  d e f i n e d .  

There  may b e  many ways o f  a t t e m p t i n g  t o  a c h i e v e  a  g i v e n  
o b j e c t i v e .  For  example,  maximum s u s t a i n e d  y i e l d s  from a  
f i s h e r y  c a n  b e  r e a c h e d  by c o n t r o l l i n g  f i s h i n g  e f f o r t  t h r o u g h  
m a n i p u l a t i o n  o f  open f i s h i n g  d a y s  o r  by s e t t i n g  c a t c h  q u o t a s .  



The role of the model at this point becomes the generation of 
those indicators which will enable managers to decide which 
set of actions will best achieve the objective. Because costs 
and benefits arise in many forms, the manager usually needs a 
large number of indicators. One necessary step at this point 
becomes the compression of this massive amount of information 
to a comprehensible form. The relative merits of alternative 
management actions can be evaluated using the indicator output 
from the model. Both formal and informal evaluation techniques 
are useful here but, in either case, the only value is to point 
out policies that should be more thoroughly explored. The 
object is not to derive some mythical "optimal" policy, but 
rather to compare and combine alternative policies in order 
to illuminate the range and nature of available choice. Such 
sensitivity analyses play an important part in the evaluation 
process. 

But methodologies are only parts of the process. Commu- 
nication holds these parts together. The thick volumes which 
characterize the products of many impact .assessment programs 
are an inefficient and ineffective way to communicate results. 
There are other ways to present the information, such as 
hierarchical information packages, compressed graphical 
configurations, and even audio-visual packages, each of which 
can be designed for specific audiences. 

Despite the breadth and depth of these adaptive design 
approaches, the cost is small. An experienced core group of 
two analysts and two support staff could comfortably undertake 
one major policy design a year together with perhaps four to 
six preliminary "rough cut" ones. Each, of course, would draw 
heavily on available expertise within the agencies concerned 
with the problem. Hence the benefit is not only the policy 
design itself but a growing body of experience within agencies. 
In nearly every instance existinq data, however scarce, are 
sufficient to begin, since we argue that the design of a data 
collection program for monitoring or baseline information must 
follow and be integrated with the design approaches and not 
precede them. Finally, the IRE'S central issue for the future 
is how to design and plan with uncertainty. Here, at most we 
speculate and classify - but we do not solve. 

Faculty: 

All faculty members are jointly appointed to the IRE and 
another department at the university. The second department 
of appointment is listed in parenthesis. 
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A. Chambers, assistant professor (Forestry). Socio-economic 
dimensions of resource policy, simulation modelling. 
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modelling, insect pests. 

R. Hilborn, associate faculty (Canadian Department of the 
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analysis, fisheries, systematics. 



ECOLOGICAL POLICY DESIGN: A CASE STUDY 

OF FOREST AND PEST IylANAGEMENT 

C.S. H o l l i n g ,  Dixon D. J o n e s ,  and Wi l l i am C .  C l a r k  

INTRODUCTION 

The b o r e a l  f o r e s t s  o f  North  America h a v e ,  f o r  c e n t u r i e s ,  

e x p e r i e n c e d  p e r i o d i c  o u t b r e a k s  o f  a  d e f o l i a t i n g  i n s e c t  c a l l e d  

t h e  S p r u c e  Budworm. I n  any one o u t b r e a k  c y c l e  a  major  p r o p o r t i o n  

o f  t h e  m a t u r e  sof twood f o r e s t  i n  a f f e c t e d  a r e a s  can d i e ,  w i t h  

major  consequences  t o  t h e  economy and  employment o f  r e g i o n s  

l i k e  New Brunswick, which a r e  h i g h l y  dependen t  on t h e  f o r e s t  

i n d u s t r y .  An e x t e n s i v e  i n s e c t i c i d e  s p r a y i n g  program i n i t i a t e d  

i n  New Brunswick i n  1951  h a s  succeeded  i n  min imiz ing  t r e e  

m o r t a l i t y ,  b u t  a t  t h e  p r i c e  o f  m a i n t a i n i n g  i n c i p i e n t  o u t b r e a k  

c o n d i t i o n s  o v e r  a n  a r e a  c o n s i d e r a b l y  more e x t e n s i v e  t h a n  i n  

t h e  p a s t .  The p r e s e n t  management approach  i s ,  t h e r e f o r e ,  

p a r t i c u l a r l y  s e n s i t i v e  t o  unexpec ted  s h i f t s  i n  economic,  s o c i a l  

and r e g u l a t o r y  c o n s t r a i n t s ,  and t o  u n a n t i c i p a t e d  b e h a v i o u r  

o f  t h e  f o r e s t  ecosys tem.  

Most major  e n v i r o n m e n t a l  problems i n  t h e  w o r l d  t o d a y  a r e  

c h a r a c t e r i z e d  by s i m i l a r  b a s i c  i n g r e d i e n t s :  h i g h  v a r i a b i l i t y  

i n  s p a c e  and t i m e ,  l a r g e  s c a l e ,  and a  t r o u b l e d  management 

h i s t o r y .  Because o f  t h e i r  enormous c o m p l e x i t y  t h e r e  h a s  been  

l i t t l e  c o n c e r t e d  e f f o r t  t o  a p p l y  sys tems  a n a l y s i s  t e c h n i q u e s  

t o  t h e  c o o r d i n a t e d  development  o f  e f f e c t i v e  d e s c r i p t i o n s  o f ,  

and p r e s c r i p t i o n s  f o r ,  such  p rob lems .  The Budworm-forest 

sys tem seemed t o  p r e s e n t  an a d m i r a b l e  f o c u s  f o r  a  c a s e  s t u d y  

w i t h  two o b j e c t i v e s .  The f i r s t ,  o f  c o u r s e ,  was t o  a t t e m p t  t o  



develop sets of alternative policies appropriate for the specific 

problem. But the more significant purpose was to see just 

how far we could stretch the state of the art capabilities in 

ecology, modeling, optimization, policy design and evaluation 

to apply them to complex ecosystem management problems. 

Three principal issues in any resource environmental 

problemchallenge existing techniques. The resources that 

provide the food, fibre and recreational opportunities for 

society are integral parts of ecosystems characterized by 

complex interrelationships of many species among each other 

and with the land, water and climate in which they live. 

The interactions of these systems are highly non-linear and 

have a significant spatial component. Events in any one 

point in space, just as at any moment of time, can affect events 

at other points in space and time. The resulting high order 

of dimensionality becomes all the more significant as these 

ecological systems couple with complex social and economic 

ones. 

The second prime challenge is that we have only partial 

knowledge of the variables and relationships governing the 

systems. A large body of theoretical and experimental analysis 

and data has led to an identification of the general form and 

kind of functional relations existing between organisms. But 

only occasionally is there a rich body of data specific to 

any one situation. To develop an analysis which implicitly 



or explicitly presumes sufficient knowledge is therefore to 

guarantee management policies that become more the source 

of the problem than the source of the solution. In a particularly 

challenging way present ecological management situations 

require concepts and techniques which cope creatively with 

the uncertainties and unknowns that in fact pervade most of 

our major social, economic and environmental problems. 

The third and final challenge reflects the previous two: 

how can we design policies thatzhieve specific social objectives 

and yet are still "robust"? Policies which, once set in play, 

produce intelligently linked ecological, social and economic 

systems that can absorb the unexpected events and unknowns 

that will inevitably appear. These "unexpecteds" might be 

the one in a thousand year drought that perversely occurs 

this year; the appearance or disappearance of key species, the 

emergence of new economic and regulatoryconstraintsof the 

shift of societal objectives. We must learn to design in a 

way which shifts our emphasis away from minimizing the probability 

of failure towards minimizing the cost of those failures which 

will inevitably occur. 

The budworm case study is presented in detail elsewhere 

(Yorque et dl., forthcoming). Rather than repeat that 

detail here, we shall emphasize the lessons learned as we 



attempted to develop and test the methodologies and concepts 

mentioned above. These lessons tended to expose the fairy- 

tale nature of many of the most treasured assumptions of 

ourselves and our collaborators. We have preserved the 

better fables to remind us of our errors, and have replaced 

them in practice with "counterfables." These provide a 

convenient focus for the discussion which follows. 

DYNAMIC DESCRIPTION 

If our goal were to analyze and prescribe for a specific 

Fable 1: Policy design should 
begin with an analysis of the 
institutional and decision 
environment. 

problem in a specific region with specific institutional 

constraints, then clearly an analysis of the institutional 

and decision environment would have the highest priority at 

gounterfable 1:- Policy design 
should begin with a dynamic 
description of the physical 
and biological system. 

the very beginning of the case study. But our goal is not 

that. Our goal, rather, emphasizes transferability of concepts 

and methods to a constellation of problems occurring in 

various regions in various nations. It is true that to give 

focus we initially concentrate on a specific problem with the 

name budworm/forest, and on one particular regions--the 

Province of New Erunswick in Canada. This is just a prag- 

matic necessity to give concreteness and allow for testing 



in a real-world situation. As the steps of transfer begin 

to take place, it ultimately becomes necessary to examine 

specific institutional settings in a number of different 

regions and nations. This represents analysis of the 

implementation phase (level N - 1) suggested in Figures 1 

and 2. 

With our approach, in order to make transfer a reality, 

the initial emphasis must be on those elements of the 

problem which are truly general, for it will be those parts 

which are independent of problem, of region and of nation. 

This focus on generality is not possible in an analysis of 

institutional or decision behaviour. The state of knowledge 

in those fields is still primitively rooted in specific 

examples. In contrast, the state of knowledge of ecological 

systems and of ecological processes allows for well-tested 

analyses that have generality beyond the specific focus. 

With the need to facilitate transfer, the first requirement 

is to develop an effective and validated dynamic description 

of the ecological parts of the problem. At this stage, the 

aim is to develop a simulation model that can be used as 

a kind of laboratory world with some confidence that it will 

be responsive to the exploration of a variety of different 

policies and their consequences. 



FIGURE 1: Elements of E c o l o g i c a l  P o l i c y  Design 
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f e a s i b i l i t y .  



FIGURE 2 : The Process of Ecological Pol icy Design. 
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BOUNDING THE PROBLEM 

Any dynamic descriptive model represents an abstraction 

Fable 2: A complex system 
must be described by a com- 
plex model in order to 
respond to complex policies. 

of reality. The initial steps of bounding the problem 

determine whether the abstraction will represent that part 

Counterfable 2: A simple but 
well-understood model is the 
best interface between a 
complex system and a complex 
range of policies. 

of reality which has relevance to the issues raised. Any 

ecosystem management problem is comprised of an immense array 

of interacting variables, conflicting objectives and competing 

actions. A major effort is demanded to abstract the essential 

elements. Our rule is to be as ruthlessly parsimonious and 

economical as possible while retaining responsiveness to the 

management objectives and actions appropriate for the problem. 

The variables selected for system description must be the 

minimum that will capture the essential qualitative behaviour 

in both time and space. 

Bounding objectives: It could be logically argued 

that the key guidance to the bounding process should be 

dictated by the policy or management objectives. If the 

intent of the budwom case study was to analyze only the 

New Brunswick problem, then indeed it might be possible and 

valuable to start with a definition of their management 

objectives. But again, to re-emphasize, New Brunswick was 



only chosen as a pragmatic convenience--particularly because 

of its troubled management history and the availability of 

committed collaborators in both research and management 

agencies. With our primary focus on transferability, an 

initial emphasis on the objectives of New Brunswick would 

have quickly constrained the range of uses and the generality 

of the analysis. It would have led, perhaps, to an emphasis 

on developing a regional econometric model and an institu- 

tional analysis with the ecological dynamics implicitly and 

inflexibly appended. 

The budworm has evolved over the centuries to contribute 

to forest renewal and maintenance of species diversity. Its 

status as a problem depends upon the particular social and 

economic conditions and objectives in any region. In New 

Brunswick the budworm was considered only a natural curiosity 

until the pulp and paper industry, developed in the 1930s 

found they had to compete with the budworm for fibre. 

New Brunswick's economy is now largely dependent upon the 

forest industry and its objectives are social and economic. 

Other regions have very different objectives. For 

example, the Canadian Province of Ontario has a much more 

diversified economy, and the forest industry makes minor 

use of budworm-preferred species. Their objectives relate 

to recreation within provincial and national parks. In the 



United States, the budworm is a serious problem in Maine, 

where pecularities of land use and ownership make for a 

complex set of sonetimes conflicting social, economic and 

environmental objectives. Europe's longer history of coupled 

land uses introduces still more complex objectives into its 

budworm problem. Moreover, even though objectives might 

be defined rigorously within a single region they will likely 

change over time. As an example, recall that the recent 

concerns for the environment were scarcely recognized ten 

years ago. Hence, we argue that an initial primary focus 

on objectives is inadequate to give guidance for creating 

a relevant abstraction. 

We recognize five aspects of the budworm problem that 

exist to some degree in all cases. These are: social, 

economic, resource, recreation,and environmental. Any attempt 

to integrate all these into a model that would respond to a 

diverse set of policies would produce an analysis as complex 

and mysterious as the real world and useless for policy 

purposes. Clearly some things rust be left out and our 

transfer goal dictates that we leave out those areas that 

are regionally specific. It is the resource and environmental 

aspects that are selected for their generality with respect 

to other problems, regions and nations. 

These considerations of objectives, based on the need 

for generality and transfer, define the primary system that 



will be analyzed: the forest ecosystem. Any model of the 

forest can then be designed to generate indicators of social, 

economic and recreational interest which will map into the 

mental and mathematical models of specific regions and 

specific policy issues. 

Bounding policies: The core of the descriptive analysis 

focuses on the forest ecosystem but it must, from the outset, 

be responsive to realistic alternative policies. The 

specific policies, or actions, that have been or could be 

applied are almost infinite--the use of insecticides, 

biological control agents, genetic manipulation, tree 

harvesting and planting schemes. Moreover, the actions 

which now seem to be economically impractical might, with 

future developments, become highly feasible. The whole 

range of actions feasible now and in the future fall into 

essentially three classes--control of the insect, harvest 

of the trees,and manipulation of the forest through planting. 

The descriptive model must allow intervention with any of 

these classes of action at any moment in time and any 

point in space. 

The steps of bounding that focus on objectives and 

management actions must precede the actual modeling steps. 

Otherwise the descriptive analysis would inexorably lead 

to an exercise in modeling as a goal in itself. The rules 

for the final bounding of the problem require decisions 



a b o u t  t h e  number o f  ecosys tem v a r i a b l e s ,  t h e  t e m p o r a l  h o r i z o n  

and r e s o l u t i o n ,  and t h e  s p a t i a l  e x t e n t  and r e s o l u t i o n .  

Bounding v a r i a b l e s :  An ecosys tem o f  t h i s  complex i ty  

h a s  many thousands  o f  s p e c i e s  and p o t e n t i a l  v a r i a b l e s .  Due 

t o  a  h i s t o r y  o f  e x t e n s i v e  f i e l d  and e x p e r i m e n t a l  s t u d i e s  on 

budworm ( e . g . ,  M o r r i s ,  e d .  1963;  Belyea e t  a l . ,  1 9 7 5 ) ,  o u r  

u n d e r s t a n d i n g  o f  t h e  dominant  budworm/forest  dynamics i s  

q u i t e  d e t a i l e d .  The s y s t e m ' s  r e l e v a n t  b e h a v i o u r  can b e  

c a p t u r e d  by a  l i m i t e d  s u b s e t  o f  v a r i a b l e s ,  e a c h  o f  which s e r v e s  

a  key r o l e  i n  d e t e r m i n i n g  t h e  major  dynamics o f  t h e  f o r e s t  

ecosys tem and i t s  r e s u l t i n g  d i v e r s i t y .  These key v a r i a b l e s  

a r e  summarized i n  F i g u r e  3. 

The p r i n c i p a l  t r e e  s p e c i e s  a r e  b i r c h ,  s p r u c e  and balsam 

f i r .  They have a  dynamic i n t e r a c t i o n  o f  t h e i r  own which 

i s  dependen t  on t h e  i n f l u e n c e  o f  budworm. Balsam i s  h i g h l y  

s u s c e p t i b l e  t o  damage, s p r u c e  l e s s  s o ,  and b i r c h  n o t  a t  a l l .  

Our r u l e  o f  pars imony and o u r  s t r a t e g i c  l e v e l  o f  i n t e r e s t  

d i c t a t e  t h a t  we o n l y  i n c l u d e  t h e  budworm h o s t ,  balsam,  a s  

a  dynamic v a r i a b l e .  

T h i s  v a r i a b l e  i s  a  q u a n t i t a t i v e ,  o r  e x t e n s i v e  measure .  

We must c o u p l e  w i t h  it a  q u a l i t a t i v e ,  o r  i n t e n s i v e  measure  

t o  a c c o u n t  f o r  t r e e  c o n d i t i o n .  T h i s  v a r i a b l e  i s  c l o s e l y  

l i n k e d  w i t h  f o l i a g e  c o n d i t i o n  and r e t a i n s  t h e  memory o f  

p a r t  s t r e s s .  The p a r t i c u l a r  b e h a v i o u r  c h a r a c t e r i s t i c s  o f  

budworm and ba l sam r e q u i r e  t h a t  t h i s  v a r i a b l e  be s p l i t  i n t o  

two,  which we c a l l  o l d  and new f o l i a g e  i n  t h e  model.  



WEATHER 

F I G U R E  3 :  The key r o l e s  o r  v a r i a b l e s  and t h e i r  i n t e r r e l a t i o n s  i n  t h e  
n a t u r a l  ecosystem. The p r i n c i p a l  t r e e  s p e c i e s  ( b i r c h ,  s p r u c e ,  
and balsam f i r )  have a  dynamic i n t e r a c t i o n  o f  t h e i r  own. This  
i n t e r a c t i o n  is  a l t e r e d  by t h e  p resence  o f  budworm which consumes 
some s p r u c e  bu t  p r i m a r i l y  balsam. The budworm i s  i n  t u r n  
a f f e c t e d  by a  complex sys t em of  n a t u r a l  enemies and a  s t o c h a s t i c  
weather  v a r i a b l e .  Only budworm, balsam, and weather  a r e  t r e a t e d  
a s  e x p l i c i t  dynamic v a r i a b l e s .  



Between o u t b r e a k s  t h e  budworm i s  r a r e  b u t  n o t  e x t i n c t ,  

i t s  numbers b e i n g  c o n t r o l l e d  by n a t u r a l  enemies  such  a s  

i n s e c t i v o r o u s  b i r d s  and p a r a s i t e s .  A key f e a t u r e  o f  t h i s  

c o n t r o l  i s  t h a t  t h e r e  e x i s t s  an  upper  t h r e s h o l d  o f  budworm 

numbers which, once exceeded ,  a l l o w s  t h e  budworm t o  "escape"  

p r e d a t i o n  and m u l t i p l y  unchecked. Although n a t u r a l  enemies  

a r e  an i m p o r t a n t  f e a t u r e  whose e f f e c t  must b e  i n c l u d e d ,  it 

seemed unnecessa ry  t o  i n t r o d u c e  them a s  dynamic v a r i a b l e s  

a t  t h e  o u t s e t .  

Outbreaks  c a n n o t  o c c u r  u n l e s s  t h e  f o r e s t  h a s  r e c o v e r e d  

s u f f i c i e n t l y  from t h e  p r e v i o u s  o u t b r e a k  t o  p r o v i d e  a d e q u a t e  

f e e d  and h a b i t a t  f o r  budworm. Weather i s  a  key s t o c h a s t i c  

d r i v i n g  v a r i a b l e  which can  a f f e c t  budworm s u r v i v a l ,  t h u s  

a l t e r i n g  t h e  e f f e c t i v e  f o r e s t  t h r e s h o l d  c o n d i t i o n  n e c e s s a r y  

f o r  a n  o u t b r e a k .  

From t h e  thousands  o f  p o t e n t i a l  c a n d i d a t e s  w e  select 

f o u r  a s  b e i n g  c r i t i c a l  dynamic v a r i a b l e s  f o r  c a p t u r i n g  

t h e  e s s e n t i a l  behav iour  o f  t h e  system: t h e  t r e e  h o s t ,  i t s  

f o l i a g e  c o n d i t i o n ,  t h e  budworm and wea ther .  

Bounding t ime:  An a n a l y s i s  o f  tree r i n g s  ( B l a i s ,  1968) 

c o v e r i n g  e i g h t  r e g i o n s  o f  e a s t e r n  Nor th  America and e x t e n d i n g  

a s  f a r  back a s  1704 p r o v i d e s  v a l u a b l e  d a t a  on t h e  l o n g  range  

t e m p o r a l  p a t t e r n  o f  o u t b r e a k s .  These d a t a ,  t o g e t h e r  w i t h  

more d e t a i l e d  i n f o r m a t i o n  o f  r e c e n t  o u t b r e a k s ,  i n d i c a t e  

a  d i s t i n c t i v e  30 t o  44 y e a r  p e r i o d  between o u t b r e a k s ,  w i t h  



o c c a s i o n a l  p e r i o d s  of  60 t o  100 y e a r s  (F igure  4 ) .  During 

t h e  i n t e r -ou tb reak  p e r i o d s  t h e  budworm i s  p r e s e n t  i n  b a r e l y  

d e t e c t a b l e  d e n s i t i e s  which, when a p p r o p r i a t e  c o n d i t i o n s  

occu r ,  can i n c r e a s e  exp los ive ly  over  t h r e e  o r d e r s  of 

magnitude du r ing  a  t h r e e  t o  fou r  yea r  p e r i o d .  Once 

i n i t i a t e d  i n  a  l o c a l  subregion t h e  outbreak  can spread  

over  thousands of  square  mi l e s  and f i n a l l y  c o l l a p s e  only  

a f t e r  seven t o  s i x t e e n  y e a r s  w i th  a t t e n d a n t  h igh  m o r t a l i t y  

t o  t h e  f o r e s t .  Because of  t h e  p a t t e r n  of ou tb reaks  shown 

i n  F igu re  4, t h e  minimum t ime ho r i zon  r equ i r ed  i s  one 

t h a t  can completely c o n t a i n  two outbreak  cyc l e s - - tha t  i s ,  

100 t o  150 yea r s .  

The t ime r e s o l u t i o n  t h a t  w i l l  c a p t u r e  t h e  dynamics of 

t h e  system i s  one year-- the gene ra t ion  t ime of t h e  budworm. 

Seasonal  e v e n t s  w i th in  t h e  yea r  can  be i m p l i c i t l y  r ep re sen ted .  

This  t ime r e s o l u t i o n ,  though n a t u r a l  f o r  t h e  budworm, adds 

a  t e c h n i c a l  compl ica t ion  t o  o u r  r e p r e s e n t a t i o n  of  t h e  

f o r e s t  because we must cons ide r  t h e  age d i s t r i b u t i o n  of t h e  

t r e e s .  Therefore ,  we r e l u c t a n t l y  a r e  fo rced  t o  subdiv ide  

t h e  balsam v a r i a b l e  i n t o  s e p a r a t e  age groups.  

Bounding space :  The d i s t i n c t i v e  p a t t e r n  i n  t ime i s  

p a r a l l e l e d  by one i n  space.  Typ ica l ly ,  t h e  h i s t o r i c a l  

ou tb reaks  spread  from t h e  p o i n t s  of  i n i t i a t i o n  t o  contaminate 

p r o g r e s s i v e l y  l a r g e r  a r e a s .  Co l l apse  of  t h e  ou tb reaks  

occurs  i n  t h e  o r i g i n a l  c e n t r e s  of  i n f e s t a t i o n  i n  



FIGURE 4 : The pattern i n  time. Representative h i s t o r i c a l  pattern 
of  spruce budworm outbreak. There have been four major 
outbreaks s ince 1770. The density measure of  budworm i s  
what would occur on a typica l  balsam f i r  branch. 
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conjunction with severe tree mortality. The result is a 

high degree of spatial heterogeneity in forest age and 

species composition. 

As with many pest species, the budworm has very strong 

dispersal abilities. The modal distance of dispersal is 

about 25 miles from one location, but distances of several 

hundred miles have been recorded. It was thought essential 

to have a minimum total area that would encompass at least 

five times this modal distance, leading to a modeled region 

of about 15,000 square miles. The area chosen in this study 

was a 17,500 square mile area containing much of the Province 

of New Brunswick (Figure 5). The peculiar shape is a 

pragmatic concession to the local management agencies but, 

as well, it includes the majority of the area where validation 

data were available. A buffer zone approximately 50 miles 

in width around this area compensates for edge effects. 

There is high variation in the spatial distribution 

of the primary tree species, of harvesting activitie~~and of 

recreational potential, in part as a consequence of the 

historical interplay between the forest and the budworm. 

The 25-mile modal dispersal distance also suggests a spatial 

resolution less than that distance. Hence the overall area 

is divided into 265 distinct subregions (Figure 6), each 

containing approximately 66 square miles. Again the exact 
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FIGURE 5 :  The study area used by the model i n  r e l a t i o n  t o  the 
Province of New Brunswick, Canada. 



FIGURE 6 : This f igure  shows the numbering and indexing system for  the 
265 subregions, o r  " s i t e s , "  i n  the study area. Each s i t e  i s  
a b i t  l e s s  than 7x10 mi les  i n  dimension, including an area of  
about 67 square mi les .  



configuration is chosen to take best advantage of the 

validation data. 

In summary, the decisions on bounding the problem are 

as follows: 

Objectives -- models for resource and 
environmental subsystems with 
indicators relevant to the 
social, economic and 
recreational subsystems. 

Policies -- budworm control and forest 
management. 

Key Variables -- host tree species (with age 
structure), foliage condition, 
budworm and weather. 

Time Horizon -- 100-150 years. 
Time Resolution -- 1 year with seasonal causation. 
Spatial Area -- 17,500 square miles. 
Spatial Resolution -- 265 subregions of 66 square 

miles. 

This bounding of the problem determines the number of 

state variables, which in turn determines whether or not 

subsequent prescriptive steps, such as optimization, are 

feasible. Table 1 summarizes the final decisions made on 

the number of state variables required. Even though the 

previous steps of bounding may seem to have led to a highly 

simplified representation, the number of state variables 

generated is still enormous. The 79 variables in each site 

are replicated 265 times to give a total of 79 x 265 = 20,935 



TABLE I :  Number o f  s t a t e  and dr iv ing  v a r i a b l e s  per subregion. 

Suscept ib le  t r e e s  (balsam and spruce,  by age)  

New f o l i a g e  

Old f o l i a g e  ( r e t a i n s  memory o f  pas t  s t r e s s )  

Budwo rm 

Weather 

TOTAL 

(Other var iab les  included i m p l i c i t l y )  

Total  number o f  v a r i a b l e s  i n  f u l l  region o f  265 subregions = 

79 x 265 = 20,935 



s t a t e  v a r i a b l e s .  Thus even t h i s  d r a s t i c  s i m p l i f i c a t i o n ,  

accomplished through a  parsimonious bounding e x e r c i s e ,  l e a d s  

t o  a  system t h a t  is  enormously complex f o r  p o l i c y  re levance .  

I t  i s  a l l  t h e  more complex s i n c e ,  i n  t h e  above arguments, 

t h e  management v a r i a b l e s  ( t h e  c o n t r o l  v a r i a b l e s )  were n o t  

inc luded .  Highly complex models cannot  be developed f o r  

h igh ly  complex purposes.  Parsimony i s  t h e  r u l e .  

CAUSAL RESOLUTION 

Fable  3: The g o a l  of Counter fab le  3:  The goa l  of 
d e s c r i p t i o n  i s  d e s c r i p t i o n .  d e s c r i p t i o n  is  exp lana t ion .  

I f  d e s c r i p t i o n  f o r  i t s  own sake were t h e  on ly  purpose,  

t hen  t h e r e  would be l i t t l e  need f o r  a  d e t a i l e d  unders tanding  

o f  c a u s a t i o n .  A m u l t i v a r i a t e  s t a t i s t i c a l  model would be 

s u f f i c i e n t  t o  c a p t u r e  and d e s c r i b e  h i s t o r i c a l l y  observed 

p a t t e r n s  o f  behaviour.  I n  f a c t  t h a t  i s  what was done i n  

Morr i s '  (1963) c l a s s i c  s tudy  of  t h e  budworm problem i n  

New Brunswick. The very  b e s t  o f  sampling procedures were 

a p p l i e d  ove r  a  15  year  pe r iod  i n  a  l a r g e  number o f  l o c a t i o n s ,  

and a  m u l t i v a r i a t e  s t a t i s t i c a l  d e s c r i p t i v e  model was 

developed. But t h e r e  a r e  two problems. The f i r s t  i s  t h a t  

e c o l o g i c a l  systems o f t e n  have key frequency behaviours  t h a t  

a r e  f u l l y  r ep re sen ted  n o t  by y e a r s  bu t  by decades o r  even 

c e n t u r i e s .  A s  a l r e a d y  shown i n  F igure  4 ,  t h e  b a s i c  temporal  

p a t t e r n  of  t h i s  system demonst ra tes  p e r i o d i c i t i e s  of  30 and 



more years. It is hardly conceivable that there would ever 

be an extensive enough range of data to allow for a full 

description using these methods. At best they provide an 

effective way to mobilize whatever data are available to 

point to those processes or variables which most contribute 

to the variance. 

The second problem is that policies will develop which 

potentially can move the system into regimes of behaviour 

it has never experienced during its evolutionary history. 

Confidence that the predicted behaviour will be realistic 

in these unfamiliar behavioural modes requires considerable 

understanding of causation in terms of the way system 

subprocesses operate. A finer level of resolution in the 

hierarchy of causation is demanded. Yet clearly one can 

go too far and become encumbered by microlevels of explana- 

tion and detail that defy comprehension. Modeling at too 

coarse or too fine a resolution level characteristically 

occurs when a system is not well understood. But this need 

not be true of ecological systems. On the basis of a rich 

history of experimentation, theoretical analyses and 

empirical field studies the structure of key ecological 

processes is known not only in some detail but in a framework 

that has generality. This information and understanding can 

be aggregated to produce general and well-tested modules 



of key p roces se s  l i k e  growth, r ep roduc t ion ,  compet i t ion  

and p reda t ion .  

Consider ,  f o r  example, p r eda t ion .  This  p roces s  has  

been examined i n  g r e a t  d e t a i l  (Hol l ing ,  1965) .  I t  i s  

comprised o f  t h r e e  necessary  and s u f f i c i e n t  subprocesses--  

t h e  i n s t an t aneous  r a t e s  of p r e d a t o r  a t t a c k ,  of compe t i t i on ,  

and o f  changes i n  p r e d a t o r  numbers. Each of  t hose  

subprocesses  can be f u r t h e r  d i s agg rega t ed  t o  t h e i r  funda- 

mental  components--some of  which occur  u n i v e r s a l l y  and 

o t h e r s  which occur  i n  p a r t i c u l a r  s i t u a t i o n s  only .  The 

g r e a t  d i v e r s i t y  of p reda t ion  types  emerges from t h e  many 

ways t h e s e  non-universal  components a r e  combined. 

The a c t i o n s  and i n t e r a c t i o n s  of  t h e s e  components have 

been exper imenta l ly  de f ined  and ana lyzed  and a  f i n i t e  number 

of  q u a l i t a t i v e l y  d i s t i n c t  k inds  o f  p r e d a t i o n  have been 

i d e n t i f i e d  (Hol l ing  and Buckingham, 1976) .  For example, 

p rey  d e n s i t y  can a f f e c t  t h e  i n s t an t aneous  r a t e  o f  a t t a c k  

i n  f o u r  and only  f o u r  q u a l i t a t i v e l y  d i f f e r e n t  t ypes .  

Moreover, a  s imple ,  r i go rous  equat ion  has  been developed 

whose f o u r  l i m i t i n g  c o n d i t i o n s  gene ra t e  each  of  t h e s e  

t ypes .  Equal ly impor tan t ,  t h e  s u f f i c i e n t  b i o l o g i c a l  

c o n d i t i o n s  can be p r e c i s e l y  de f ined  s o  t h a t  t h e  most g e n e r a l  

o f  in format ion  i s  s u f f i c i e n t  t o  c l a s s i f y  any s p e c i f i c  

s i t u a t i o n .  Such equa t ions  t h e r e f o r e  r e p r e s e n t  t h e  "modules" 

t h a t  a r e  t h e  b u i l d i n g  b locks  f o r  e c o l o g i c a l  models, much 



as an hydrologist uses the continuity equation in models 

of river flow. 

Hence our rule of thumb is to disaggregate the model 

first into the constituent processes that together affect 

growth and survival. These processes are then disaggregated 

one step further into their fundamental subprocesses. The 

principal purpose in choosing this level of causative 

resolution is to increase our confidence in predictions 

obtained under novel policies. However, four additional 

and equally important benefits emergewhich directly relate 

to our emphasis on transfer and dealing with the uncertain 

and unexpected. 

First, transfer implies that someone is receiving the 

analysis. In many ecological problems the recipients include 

biologists and scientists with a highly sophisticated and 

detailed understanding of the mechanisms involved in a 

specific problem. Without disaggregating to the level 

suggested the model will, quite legitimately, not be at all 

credible. Moreover, there would be no way for the analysis 

to be responsive to the questions and knowledge that 

typically are focused on distinct processes. 

Secondly, the organized disaggregation to the module 

level provides an organized way to mobilize existing data 

concerning partially known processes. The predation process 

again provides a good example. It happens that avian 



predators are an important determinant of the frequency 

behaviour of the budworm/forest ecosystem. And yet their 

action becomes evident only when densities of the prey are 

extremely low. The densities are so low, in fact, that it 

is impractical to sample with any reasonable degree of 

precision and accuracy. But once we can define the quali- 

tative type of avian predation involved, the demands for 

data are dramatically relaxed. In this example the form 

of the equation is known with considerable certainty and 

only two parameters have to be estimated. Even scarce 

information can be assembled to, at the minimum, identify 

possible predator classes and then determine, through 

sensitivity analysis, the necessary parameter ranges within 

those classes. 

Thirdly, modeling at this level of causation provides 

an effective way to deal with critical unknowns. In the 

example of predators mentioned above, an evaluation of 

alternative policies must consider their sensitivities to 

unexpected changes in that process. 

Finally, some of the major advances in coping with 

the unexpected and unknown are the techniques of adaptive 

management (Walters & Hilborn, 1976). The key here is 

that, when models are uncertain, the management acts can 

generate information which can contribute to the understanding 

of the underlying mechanisms. If the models have been 



conceptualized at a coarse level of resolution, the 

experiments of adaptive management can require considerable 

time or extensive geographical areas to obtain results. 

This is impractical for management agencies with short 

time horizons and aversions to large scale trials. However, 

by disaggregating the model to the subprocess, or module, 

level "quick-and-dirty" experiments are immediately 

suggested which can yield results quickly in a localized 

and focused manner. 

The goal then of description is not description but 

useful understanding. 

VALIDATION 

If the focus of interest were on developing a 

Fable 4: The purpose of 
validation is to establish 
the truth of the model. 

micro-tactical model suitable for day-by-day predictions, 

Counterfable 4: The purpose 
of validation is to establish 
the limits of model credibility. 

then a detailed quantitative validation would be demanded. 

But the model described here is aimed at strategic level 

regional planning with projections produced over large 

spatial areas and long periods of time. Detailed quanti- 

tative validation of such a model is not only inappropriate, 

it is, in one sense, quite insufficient. 

The budworm problem, though .prototypical in other 



respects, is a rare example of a resource system with 

considerable amounts of quantified validation data. These 

data exist for each of the 265 subregions from 1953 to the 

present. Not all state variables were measured, but at 

least there are detailed insect density data. Data of this 

extent are rare, but even so they are still quite inadequate. 

They pertain only to one set of conditions: the historically 

managed world. During this period the system was constrained 

to operate within a narrow regime of behaviour, and no data 

are available for other behavioral modes. It would certainly 

be feasible, though utterly wrong, to tune the model to fit 

these data. Given a sufficient number of parameters, any 

temporal or spatial pattern of behaviour can be matched. A 

much more significant kind of validation has a qualitative 

emphasis which, despite the qualitative nature, is more 

demanding. The emphasis is not on specific site-by-site 

and year-by-year quantitative agreement for particular 

situations, but more on a general agreement of patterns in 

space and time under a wide variety of situations. 

The first requirement of the qualitative validation 

is to match the patterns in time suggested in Figure 4. 

That figure summarizes extensive qualitative information 

concerning the behaviour of the system under no management. 

Under the same conditions, the model replicates with 

considerable accuracy this pattern, even to the point of 



typically generating 30 to 44 year periods between outbreaks 

and the occasional slip into a 60+ year period (Figure 7). 

Moreover, not only is the temporal pattern reproduced, but 

the local density changes are well within the observed 

range. Pattern in space is also reproduced. An example 

of a model run showing this spatial behaviour is presented 

in Figures 8a, b and c. 

The second level of qualitative validation matches the 

patterns of behaviour with the historically managed system. 

In this and in all validation runs, all biologica1.parameters 

have been determined by independent data and we insist they 

remain fixed. The only "tuning" allowed is of the initial 

conditions (where they are ambiguous) and the management 

rules (harvesting trees and spraying insecticide) applied 

in the simulation model. The result is shown in Figures 9a 

and b. The initial conditions in year 0 are set by those 

observed in the Province of New Brunswick in 1953. The 

dominant behaviour predicted is a slowly eroding forest 

condition and the sustained maintenance of a semi-outbreak. 

This is precisely what has been observed historically. 

The key point is that the spraying policies employed, while 

tending to keep the forest green and so preserving the forest 

industry, do so at the expense of maintaining semi-outbreak 

conditions, highly sensitive to policy failure. 
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FIGURES 8 a ,  b ,  c :  

S p a t i a l  b e h a v i o u r  o f  t h e  b u d w o r m - f o r e s t  m o d e l  u n d e r  

c o n d i t i o n s  o f  n o  m a n a g e m e n t .  

The h o r i z o n t a l  (x,y) coord ina tes  of t h e  fdgures  a r e  s p a t i a l  map 
l o c a t i o n s  corresponding t o  Figure  6. The v e r t i c a l  (2) coord ina te  
r e p r e s e n t s  d e n s i t y  of budwonu eggs o r  t r e e  volume. 

Figure  8a shows, yea r  by y e a r ,  t h e  s p a t i a l  spread of  a  t y p i c a l  s i n g l e  
ou tb reak .  F igures  8b and 8c  show t h e  sp read  o f ,  and recovery from 
t h r e e  ou tb reaks  over  a n  84-year pe r iod  beginning wi th  c o n d i t i o n s  
known t o  e x i s t  i n  1953. The t y p i c a l  "boom-and-bust" outbreak c y c l e  
of  F igure  4 can be seen  c l e a r l y .  
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FIGURES 9  a ,  b :  

S p a t i a l  b e h a v i o u r  o f  t h e  b u d w o r m - f o r e s t  m o d e l  u n d e r  

h i s t o r i c a l  h a r v e s t  a n d  s p r a y i n g  r u l e s .  

The coordinates  a r e  a s  defined f o r  Figure 8. 

Figures  9a and 9b show p a t t e r n s  of egg dens i ty  and t r e e  volume, 
r e s p e c t i v e l y ,  beginning wi th  those known t o  e x i s t  i n  1953. 
Compared t o  Figure 8, t h e  management p o l i c i e s  can be seen t o  
preserve t r e e s ,  but a t  t h e  expense of c r e a t i n g  permanent semi- 
outbreak condi t ions ,  highly s e n s i t i v e  t o  pol icy f a i l u r e .  







The first 19 years of this simulation run represent 

the period 1953 to 1975 for which detailed information is 

available concerning budworm densities in each of the 265 

subregions. Again, the pattern agreement is striking. In 

both the real and simulated world the outbreak starts in 

the north, collapses there and throughout much of the 

province, re-emerges in the central regions and, towards 

the late 1970s, spreads dramatically throughout the whole 

region. 

The third level of qualitative validation requires the 

identification of distinct patterns of behaviour occurring 

in different regions within the distribution of the pest. 

In northwestern Ontario, for example, outbreaks are more 

intense and tend to occur at intervals of 60 or more years, 

rather than the typical 30 to 44 year period observed in 

New Brunswick. Another pattern has been observed in 

Newfoundland. Prior to the recent conditions of persistent 

outbreak on the mainland, budworm outbreaks were extremely 

rare in Newfoundland. Recently, however, outbreaks have 

occurred and the suspicion is that they are triggered by 

dispersing insects from mainland regions. 

The principal differences in these regions relate to 

weather conditions and initial conditions of the forest. 

In northwestern Ontario, for example, the proportion of 

susceptible host trees is less than New Brunswick while in 



Newfoundland it i s  g r e a t e r .  Moreover, r e l a t i v e  t o  New 

Brunswick, t h e  weather  i n  nor thwes tern  On ta r io  i s  more 

f avo rab le  t o  budworm and i n  Newfoundland l e s s  f avo rab le .  

When t h e s e  s imple changes a r e  in t roduced  i n t o  t h e  model, 

t h e s e  r e g i o n a l l y  c h a r a c t e r i s t i c  p a t t e r n s  of behaviour 

emerge. The model does g e n e r a t e  pe r iods  between ou tb reaks  

under nor thwes tern  On ta r io  c o n d i t i o n s  of 60  y e a r s  and 

Newfoundland has  no ou tb reaks ,  u n l e s s  t r i g g e r e d  by d i s p e r s a l .  

Th i s  k ind  of  v a l i d a t i o n  i s  a l l  t h e  more convinc ing  because 

t h e s e  r e g i o n a l  d i f f e r e n c e s  were no t  known when t h e  b a s i c  

model was developed. 

We a r e  now i n  t h e  p roces s  of  o b t a i n i n g  informat ion  

from Europe, where sp ruce  budworm ou tb reaks  a r e  l e s s  i n t e n s e  

and occur  more f r e q u e n t l y  t han  i n  North America. Again, t h e  

e x p e c t a t i o n  i s  t h a t  when t h e  s m a l l e r ,  more s c a t t e r e d  f o r e s t  

a r e a s  and t h e  European weather  c o n d i t i o n s  a r e  inc luded  i n  

t h e  model, it w i l l  g ene ra t e  t h e  observed phenomena. We 

a l r e a d y  know from p re l imina ry  t e s t s  t h a t  t h e  model can 

gene ra t e  a  d i s t i n c t  behaviour mode of moderate d e n s i t i e s  

and a  s h o r t e r ,  8 t o  12 yea r  frequency,  s i m i l a r  t o  t h a t  i n  

Europe. 

These t h r e e  k inds  o f  q u a l i t a t i v e  v a l i d a t i o n  p l a c e  more 

r i g o r o u s  demands upon t h e  d e s c r i p t i v e  and p r e d i c t i v e  

c a p a b i l i t y  of t h e  model t han  would any e f f o r t  t o  f i t  a  

s p e c i f i c  t ime s e r i e s .  5y focus ing  on p a t t e r n s  i n  space 



and time it is feasible to mobilize the qualitative 

information on a variety of behavioral modes associated 

with various regional conditions and historical management 

actions. It is this broad spectrum of qualitative matching 

that established our degree of confidence in a model which 

must explore policies that will inevitably move the system 

into unfamiliar regions of behaviour. 

The goal of validation for a strategic model is to 

produce degrees of confidence that the user can subjectively 

weigh, as he might weigh public opinion. But a minimum is 

qualitative agreement of patterns of behaviour. A quanti- 

tative fit to one set of space-time data is quite insufficient. 

SIMPLIFICATION AND COMPRESSION 

Fable 5: 
phase of 
analysis 
model. 

The descriptive 
applied systems 
ends with the systems 

Counterfable 5: The 
descriptive phase of applied 
systems analysis does not end 
until the systems model has 
been simplified for 
understanding. 

Even the most ruthlessly parsimonious and well validated 

simulation model of an ecological system will be encumbered 

with many non-linear functional relations and many state 

variables. The explosive increase in the number of variables 

when considering spatially heterogeneous systems presents the 

"curse of dimensionality" in its more intractable form. 

Compressions and simplifications therefore are essential, 



in part to encapsulate understanding, in part to facilitate 

communication in the transfer process, and in part to exploit 

the potential of optimization techniques which are as yet 

unsuited to cope with non-linear stochastic systems of high 

dimensionality. 

A powerful approach to this essential stage is to take 

a topological view of the system. This links the basic 

qualitative behaviour to the number and interrelation of 

equilibrium states. It focuses, as well, on our central 

concern for ecological resilience and policy robustness. 

Note that the model was not constructed with the initial 

intent of generating multiple equilibria. Rather it was 

based upon the detailed knowledge and data available in the 

literature (particularly Morris, 1963) concerning specific 

processes of survival, dispersal and reproduction. Never- 

theless, multiple equilibria emerge as a consequence of the 

interaction of these processes. 

This is summarized in Figure 10, where the population 

growth rate (the ratio of budworm population in generation 

t + 1 to the population in generation t) is plotted against 

density of budworm. These growth rate curves condense all 

the reproduction and survival functions within the model. 

As examples, when curves cross the horizontal "replacement" line 

(representing zero net change in population) a stable or 

unstable equilibrium results. 
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The dip in the curve at low budworm densities is the 

result of avian predators, augmented to a degree by 

parasitism. VJhen the forest is an intermediate age a 

lower stable equilibrium is introduced which persists 

until forest conditions improve and that part of the curve 

rises above the replacement line. An outbreak then inevitably 

occurs. But an outbreak can also occur by "swamping the 

predator-pit" through an influx of budworm from other areas. 

The curves generated, for this example, do not include the 

stochastic elements of weather which affect both survival 

and dispersal. When these are included, we obtain a third 

trigger for outbreak in the occurrence of warm, dry summers 

which can raise a growth rate above the replacement line. 

The highest density crossover point is introduced 

largely through competition by budworm for foliage. Although 

it is presented as a stable equilibrium in this figure it 

is, in fact, unstable because of the response of trees. At 

these high budworm densities defoliation is so heavy that 

trees die and the forest collapses, taking the budworm with 

it. 

A more complete and succinct summary of these multiple 

equilibria can be obtained by plotting all the equilibrium 

points in a three-dimensional space representing condensed 

forms of the three key variables--budworm, foliage condition 

and branch density (Figure 11). This represents an equilibrium 
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manifold of the kind found in topology and catastrophe 

theory (Jones, 1976). The undercut portion of this fold 

is introduced by the effect of avian predators. Such 

representations provide a particularly revealing way of 

interpreting outbreak behaviour. The temporal pattern of 

the unmanaged system such as that shown earlier in Figure 

7 can be understood by following the trajectory over this 

manifold as shown. 

These manifold representations prove to be very helpful 

in condensing the simulation model. They are also a powerful 

device for exploring the consequence of changes in key 

processes or management approaches. As one example, a 

manifold is shown in Figure 12 in which the foliage axis is 

replaced by a predation intensity axis. When predation is 

at the level occurring in nature (1 on the scale),the "pit" 

responsible for the lower equilibrium is pronounced. But 

as predation is relaxed, the pit gradually disappears along 

with the reflexively folded character of the manifold. 

Under such conditions the whole behaviour of the system is 

different. A world is generated with a fairly immature 

forest and moderate budworm densities that oscillate on an 

8 to 12 year cycle. Since insecticides potentially can 

affect avian predators directly through mortality or 

indirectly by affecting food availability, the significance 

of this result for management is obvious. 
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These manifold r e p r e s e n t a t i o n s  a r e  n o t  on ly  u s e f u l  i n  

c o l l a p s i n g  our  unders tanding  and provid ing  a  guide  t o  key 

r e s e a r c h  and management q u e s t i o n s ,  bu t  i n  a d d i t i o n  they  

provide  a  formal approach t o  d e f i n e  a  smal l  number of 

d i s t i n c t  s t a t e s  of t h e  system. The budworm/forest system 

has  e i g h t  such s t a t e s  which formal ly  d e f i n e  v a r i o u s  endemic, 

t h r e a t ,  ou tbreak  and post-outbreak s t a t e s .  The so jou rn  

wi th in  and between t h e s e  s t a t e s  under va r ious  c o n d i t i o n s  

can be r ep re sen ted  a s  a  ma t r ix  of  t r a n s i t i o n  f r equenc ie s ,  

e ach  of  which has  a  p a r t i c u l a r  b e n e f i t  o r  c o s t  a t t a c h e d  t o  

it. Moreover, a s  F i e r i n g  (1974) p o i n t s  o u t ,  such a  

r e p r e s e n t a t i o n  a l s o  provides  a  s u c c i n c t  "back-of-the- 

envelope" technique  f o r  t h e  i n i t i a l  development of  p o l i c i e s .  

F i n a l l y ,  it has  been p o s s i b l e  by c o n c e n t r a t i n g  on 

equ i l i b r ium cond i t i ons  t o  c a p t u r e  t h e  system c h a r a c t e r i s t i c s  

i n  a  smal l  s e t  o f  d i f f e r e n t i a l  equa t ions  (Ludwig, Jones and 

Holling.,1977 ) .  Again t h e  emphasis i s  on q u a l i t a t i v e  

behaviour and powerful a n a l y t i c  techniques  t h a t  can more 

d e f i n i t i v e l y  exp lo re  methods of s p a t i a l  management des igned  

t o  achieve  r e s i l i e n t  systems. 

C l e a r l y  i f  t h e  d e s c r i p t i v e  p a r t  of t h e  a n a l y s i s  s t o p s  

a t  t h e  development of a  s imu la t ion  model, t h e  c l a r i t y  of 

unders tanding  needed f o r  t r a n s f e r  and p o l i c y  des ign  i s  

s e r i o u s l y  compromised. 



ATTITUDES TOWARDS THE UNKNOWN 

Fable 6: Good policy design 
relies upon concepts and 
methodologies for the 
rigorous treatment of the 
known. 

Counterfable 6: Good policy 
design relies upon concepts 
and methodologies for the 
organized treatment of the 
unknown, the missing and the 
intentionally "left out." 

Any useful analysis is based on an abstraction of reality. 

Such analyses therefore will always be incomplete. Attempts 

to "include everything" result in ambiguity, confusion, and 

intractability. The irony is that the more rigorous and 

organized the attempt to abstract a useful portion of reality 

for analysis, the more tempting it is to presume that those 

features left out of the analysis are unimportant. The more 

effectively the known is analyzed, the more likely it is 

that decisions will be based upon the analysis. But the 

unknown cannot be ignored and any attempt to do so is bound 

to end in the unpleasant surprises and policy failures 

discussed earlier. For effective policy design, it is 

therefore critically important to emphasize that what is 

left out at each stage of the analysis is much more important 

than what is kept in. 

To use Walters' term, we must "look outward" from the 

known to the unknown. If the bounding process 

has been effectively accomplished then it should be clear, 

at least, which known systems or known phenomena have been 



intentionally left out. It is necessary to look outward to 

regions connected through dispersal or transportation 

processes to the managed region. Even the best of manage- 

ment policies designed for one region can have unexpected 

and disastrous consequences remote from that region. It 

is necessary to look outward in time as well. The budworm 

analysis explicitly focuses on a time horizon determined by 

the slowest variable in the system, i.e., tree regeneration 

and growth. It does not consider long-term evolutionary 

changes which can trigger competitive shifts in tree species 

composition. Similarly, short-term benefits of a management 

policy might be followed later by unanticipated surprises 

which, being unanticipated, become crises. 

It is also necessary to look "upward" to those 'N + 1' 

level phenomena in which the detailed analysis is embedded. 

In the budworm study we explicitly and correctly left out 

an econometric model of the province and logging industry. 

Yet, somehow, the policies designed must be evaluated within 

an economic context. Finally, it is necessary to look to 

the variety of known, uncertai~ or even hidden objectives 

which might be affected by decisions of management. 

The methodologies associated with the looking outward 

approach are mentioned later when we touch on evaluation 

issues. Now, it is the concept which is important: an 



organized treatment of what is left out is the minimum 

requirement for a strategy of creatively managing the 

unknown. 

OBJECTIVES IN POLICY DESIGN 

The uncertainties and unknowns encountered in describing 

an ecological system are almost trivial compared to the 

ambiguities encountered in defining societal objectives. 

Fable 7: Prescriptive 
analysis should concentrate 
upon realistic objectives. 

The objectives which seem so clear at any moment can shift 

dramatically, as testified to by the recent concern for 

Counterfable 7: Prescriptive 
analysis should concentrate 
upon a strategic range of 
individually unrealistic 
objectives. 

environmental issues. Moreover, as has been discovered by 

the water resource planners in particular, even the best of 

policy analyses can founder on initially unrecognized or 

hidden public objectives. Since societal objectives are 

hidden, ambiguous, conflicting, and otherwise indefinite, 

the analyses rarely can accommodate them in a satisfactory 

manner. Hence the analyses themselves become uncomfortable, 

intrusiveland divisive issues of confrontation. 

In response to this essential ambiguity of objectives, 

we felt it essential to identify a strategic range of 

alternative objectives containing a systematically defined 



spectrum of plausible and not-so-plausible management goals. 

Any specific example drawn from that spectrum is considered 

only a touchstone for the analysis and in no sense a 

realistic or desired objective. The goal, therefore, is 

not so much to define objectives which are realistic as to 

define a strategic range which encompasses specific 

objectives which may be sought by particular individuals. 

At one extreme, the strategic range specifies the 

classical sort of unconstrained, optimally "efficient" 

objectives, for instance long-term maximization of expected 

profits in the face of known stochastic factors. At the 

other extreme, and equally unrealistic, are resilient and 

robust objectives such as those explicitly seeking the 

maintenance of dynamic variability. One end of the strategic 

range thus emphasizes a fail-safe world; the latter one 

which is safe in failure. 

Table 2 lists eight strategically defined "touchstone" 

objectives explored in the budworm analysis. A corresponding 

range of policies was designed to achieve each of these 

alternatives. In an iterative process involving evaluation 

and comparison, these policies are now being modified, 

combined and refined in a realistic policy design dialogue 

with managers and specific interest groups. 



TABLE 2: Examples of alternative objectives explored in the budworm 
policy analysis. 

1. Retain existing management approaches ("historical management"). 

2. Maximize long term profits to logging industry. 

3. Maximize long term profits to logging industry without exceeding 
present industrial capacity or operational constraints, and without 
violating environmental standards regarding insecticide application 
("constrained profit maximization"). 

4. Maximize long term profits to logging industry subject to constraints 
of (2), simultaneously maximizing recreational potential of forest. 

5. Minimize budworm densities. 

6. Minimize budworm densities while eliminating insecticide applications 
(e.g., replacing with methods of biological control and/or forest 
management. 

7. Transform the system's existing temporal variability into spatial 
variability (i.e., develop a forest in which the budworm functions 
as a forest manager and the essential dynamic interplay of natural 
forces is retained). 

6 .  Eliminate all human intervention. both harvest and budworm control. 



MATHEMATICAL PROGWJIING AND OPTIMIZATION 

Fable 8: The purpose of 
mathematical programming 
techniques is to generate 
optimal policies for 
management. 

Counterf able 8 : The purpose 
of mathematical programming 
techniques is to suggest 
interesting starting points 
for further development in an 
iterative process of evaluation 
and design. 

Objectives--strategic or specific--specify goals. A 

central issue of policy design is the identification of 

management rules or acts (broadly, policies) which will 

efficiently and effectively promote those goals. We could, 

of course, seek to identify appropriate policies by simple 

heuristic gaming with a dynamic descriptive model. This is 

often a useful approach and almost always the best way to 

begin. But except in the most trivially simple cases it 

is a prohibitively slow, expensive, and inefficient way to 

develop interesting, much less optimal, policies. The 

numberof possible policy formulations is so large that some 

formal guidance is necessary to define interesting regions 

in policy space. A variety of mathematical programming and 

optimization techniques have been developed to provide such 

guidance. 

But as noted earlier, present mathematical programming 

techniques are just not up to the task at hand. The high 

dimensionality of ecological systems cripples dynamic 

programming, while the essential nonlinearities and 



stochasticities militate against such dimension-insensitive 

techniques as linear programming and its variants. Drastic 

simplification of the descriptive model is necessary to 

obtain any of the benefits of mathematical programming, 

yet with that simplification all guarantees of real world 

optimality for the resulting policies are inevitably lost. 

Our response to this dilemma has been to employ a 

variety of mathematical programming techniques, not to 

discover the optimal policy, but rather to generate 
interesting probes into policy space--probes which can then 

be employed in conjunction with the strategic range of 

alternative objectives as starting points in an iterative 

process of policy evaluation, modification and design. 

In the budworm study, Winkler and Dantzig (Winkler, 

1975) used dynamic programming to calculate age, foliage, 

and budworm infestation conditions under which trees should 

be sprayed with insecticide or harvested. They resolved 

the dimensionality problem by viewing the forest as a 

collection of single trees, and handled movement of budworm 

between trees by assuming that the number of budworm leaving 

a tree would be exactly balanced by the number arriving from 

other trees. The analysis resulted in a set of management 

rules "optimal" for the extreme objective of maximizing 

long-term logging profits. These rules take the form of 



policy "look-up" tables telling the manager what to do for 

any possible condition of his forest (Figure 13). 

It was essential to test the policies of the Winkler- 

Dantzig optimization in the full descriptive model in order 

to determine whether, in spite of the simplifications, it 

still provided an interesting policy for further 

investigation. The results were dramatic, as can be seen 

in a comparison of Figures 14a and 14b. The historical 

budworm outbreak is rapidly smothered and thereafter 

prohibited by the Winkler-Dantzig policy, and very little 

budworm-induced tree mortality occurs. But again, we 

emphasize that this policy must be viewed as an unrealistic 

but interesting starting point for further modifications, 

and not as a "solution," optimal or otherwise, to the 

problem. The potential of the modified Winkler-Dantzig 

policy is still being explored. As one encouraging example 

of this potential, the system behaviour shown in Figure 14c 

was obtained from the policy rules, even after realistic 

constraints were applied to limit annual tree harvest to 

existing industrial capacity, to force spraying in large 

economical blocks rather than on a tree-by-tree basis, and 

to limit insecticide dosages to those permitted by 

legislation. 

Because each formal technique of optimization forces 

different compromises we are also developing and applying 
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FIGURE 1 3 :  R e p r e s e n t a t i v e  p o l i c y  t a b l e s  gene ra t ed  by t h e  Winkler-Dantzig 
o p t i m i z a t i o n .  A  s e p a r a t e  t a b l e  is p rov ided  f o r  each a g e  of 
t r e e  ( o r ,  i n  p r a c t i c e ,  a g e  o f  s t a n d ) .  The t a b l e  t e l l s  what 
management a c t  shou ld  o p t i m a l l y  be a p p l i e d  t o  t h e  t r e e  a s  a  
f u n c t i o n  o f  t h e  t r e e ' s  p r e s e n t  complement o f  f o l i a g e  (FT) and 
i t s  r e s i d e n t  budworm egg  d e n s i t y  ( h e r e  p l o t t e d  a s  lgED).  
A v a i l a b l e  management o p t i o n s  a r e  t o  do n o t h i n g ,  t o  s p r a y ,  
and t o  h a r v e s t  o r  l o g  t h e  t r e e .  



Figure 14: Behaviour of the budworm descriptive simulation under 
historical and Winkler-Dantzig management rules. 

a .  HISTORICAL MANAGEMENT 
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density of budworm 

o 5 10 IOOYEAR 
Labelling conventions are the same as for Figure 7. 'Historical' management 
rules are approximately those in use in 1970; 'Unconstrained Winkler-Dantzig' 
rules seek to maximize long term profits, but with no operational or capacity 
constraints; 'Constrained Winkler-Dantzig' rules introduce realistic constraints 
on industrial capacity and permissible levels of insecticide application. 



other methodologies. One of the more promising has been 

termed fixed-form control law optimization. In this approach, 

the functional form of the control law is guessed, utilizing 

available understanding of the causal mechanisms determining 

system behaviour. Gradient search techniques are then 

employed to optimize the parameters of the function for a 

given objective function. Another guess is then taken and 

the process continues until sufficiently interesting policies 

are generated. The great advantage of this approach is that 

it can cope with a much higher dimensionality than can 

dynamic programming. Results from this work are reported 

at length in Baskerville et al. (1976). In addition, Fiering 

and his colleagues at Harvard University are exploring 

optimization techniques which deal explicitly with spatial 

pattern by applying quadratic programming approaches to a 

simplified Markov compression of the dynamic descriptive 

mode 1. 

By insisting on a strategic range of alternative 

ojectives and using a variety of optimization techniques 

to identify interesting policies, a rich menu of prescriptions 

can be defined, each of which then requires systematic 

evaluation. 



THE EVALUATION PROCESS 

Ranking implies a given set of policies, one of which 

must be chosen as "best" with respect to a given objective. 

The evaluation process properly includes such questions of 

Fable 9 : The goal of 
evaluation is to rank alter- 
native policies, usually by 
means of an objective or 
utility function. 

choice but has a substantially broader scope. Our ultimate 

goal is creative design, and for this we require a rich 

Counterfable 9: The goal of 
evaluation is to compare and 
contrast alternative policies 
in terms meaningful to the 
policy designer. 

and meaningful language to describe observed and desired 

policy performance. The "language" employed up to this 

point has been simply the state variables of the dynamic 

descriptive model. But socially relevant and responsible 

evaluations cannot be based upon state variables alone. 

Rather, we require a broader set of indicators relevant to 

those who make, and those who endure, the ultimate policy 

decisions. Further, it is necessary to transform the state 

variables into indicators in a way that explicitly reflects 

what has been left out and what remains unknown in the 

analysis, so that meaningful "handles" can be provided for 

the integration of other intuition, experience, and 

expertise available to the user. 

The initial step is to develop two comprehensive 

classes of indicators, one focusing upon the immediate 



concerns of policy designers, the other on broader questions 

of policy resilience and robustness. 

The first set of indicators is reasonably easy to 

generate, and can often be partitioned into categories of 

the sort shown in Table 3. At an early stage in the 

evaluation, a decision maker can choose the particular 

indicators which interest him and examine the time behaviour 

of each. There are rigorous techniques for comparing 

alternative policies through their patterns of indicator 

behaviour, and we will touch on these below. Often, however, 

visual inspection of the indicator graphs is sufficient to 

show that one policy alternative completely dominates 

another. This is clearly the case, for instance, when the 

constrained Winkler-Dantzig forest management policy (Figure 

16) is compared to historical budworm management (Figure 15). 

Even more important, some of the original policy "touchstones" 

are likely to exhibit obviously desirable behaviour in a 

few indicators and indifferent or undesirable behaviour in 

others. By heuristically modifying the initial policy rules 

it is often possible to combine the best aspects of several 

policies into a composite design which satisfies most of 

our objectives. 

The generation and examination of indicators of the 

known are only one part of the evaluation process, however. 



TABLE 3 :  Examples of i n d i c a t o r s  of known i n t e r e s t  generated by the  model. 

Socioeconomic I n d i c a t o r s  

1. P r o f i t s  t o  the  logging indus t ry .  

2 .  P r o f i t s  a s  a  proport ion of t o t a l  s a l e s .  

3 .  Cost per u n i t  volume of harvested wood. 

4.  Cost of i n s e c t i c i d e  spraying.  

5. Employment r a t e  r e f l e c t i n g  proport ion of m i l l  capaci ty u t i l i z e d .  

Resource I n d i c a t o r s  

1. Volume of wood i n  t r e e s  o l d e r  than 20 years .  

2 .  Volume of wood i n  t r e e s  o l d e r  than 50 years .  

3 .  Volume of wood harvested.  

4 .  Proport ion of  t o t a l  volume harves ted .  

5. Volume of wood k i l l e d  by budworm. 

6 .  . M i l l  capac i ty .  

Environmental Ind ica tors  

1. Damage due t o  v i s i b l e  d e f o l i a t i o n .  

2 .  Logging damage. 

3.  Age c l a s s  d i v e r s i t y  of t h e  f o r e s t .  

4 .  Recreat ional  p o t e n t i a l .  

5. I n s e c t i c i d e  impact i n  terms of f r a c t i o n  of province sprayed. 
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FIGURE 1 5 :  Evaluation indicators under h is tor ica l  budworm management. 
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FIGURE 1 6  : Evaluation ind ica tors  under constrained Uinkler-Dantzig 
management . 



I n  o r d e r  t o  d e t e r m i n e  t h e  r e s i l i e n c e  and r o b u s t n e s s  o f  

p o l i c i e s  it  i s  n e c e s s a r y  t o  a s s e s s  t h e i r  s e n s i t i v i t y  t o  t h e  

unknown a s  w e l l .  One predominant  t y p e  o f  unknown c o n c e r n s  

u n c e r t a i n  o b j e c t i v e s  and o u r  u n c e r t a i n  a b i l i t y  t o  s u c c e s s -  

f u l l y  impose i n t e n d e d  nanagement a c t s .  The p r e v i o u s l y  

deve loped  i n d i c a t o r  s t r e a m s  f o r  e a c h  p o l i c y  must be  

r e - e v a l u a t e d  i n  terms o f  such  q u e s t i o n s  a s  "what w i l l  

happen i f  p o l i c i e s  f a l l  s h o r t  o r  f a i l  c o m p l e t e l y , "  "how 

h a r d  w i l l  i t  be  t o  change o b j e c t i v e s  o r  r e t u r n  t o  a  p r e -  

p o l i c y  s i t u a t i o n  a f t e r  t h e  p o l i c y  i s  i n i t i a t e d . "  The 

e x a c t  form o f  t h e  " p o l i c y  f a i l u r e "  q u e s t i o n s  w i l l  change 

from c a s e  t o  c a s e ,  b u t  t h e  i s s u e  i t s e l f  i s  i n c r e a s i n g l y  

i m p o r t a n t .  

I n  t h e  budworm problem,  f o r  i n s t a n c e ,  a  p o l i c y  o f  

i n s e c t i c i d e  a p p l i c a t i o n  was adop ted  i n  t h e  1950s t o  p r o t e c t  

f o l i a g e  and h a s  t ended  t o  accompl i sh  t h a t  g o a l .  But 25 

y e a r s  o f  s u c h  " s u c c e s s "  h a s  l e f t  t h e  p r o v i n c e  i n  a  p o s i t i o n  

where any  c e s s a t i o n  o f  s p r a y i n g  would l e a d  t o  c a t a s t r o p h i c  

o u t b r e a k  a f f e c t i n g  much l a r g e r  a r e a s  t h a n t h o s e  h i s t o r i c a l l y  

d e v a s t a t e d  by t h e  unmanaged budworm. With i n s e c t i c i d e  

c o s t s  s p i r a l i n g  upward and i n c r e a s i n g  c o n c e r n  o v e r  h e a l t h  

and e n v i r o n m e n t a l  i m p a c t s  o f  s p r a y i n g ,  t h e  d e c i s i o n  makers  

a r e  s t r a n d e d  i n  a n  i m p o s s i b l e  p o s i t i o n  w i t h  no e a s y  o p t i o n s  

l e f t .  T h i s  s o r t  o f  " o p t i o n  f o r e c l o s u r e "  ( W a l t e r s ,  1975)  



surprise can and should be avoided by policy evaluation 

procedures. 

Another important class of resilience/robustness 

problems concerns unknowns and uncertainties in system 

structure. Many of these issues can be dealt with if 

system description has focused on developing a topological 

view of system behaviour and, particularly, of equilibrium 

properties (cf. earlier discussion under "Simplification 

and Compression"). It is the number, kind and size of 

stability regions which determine qualitative behaviour. 

Shifts in qualitative behaviour have similar impact on 

social, economic and environmental benefits. Hence, by 

systematically testing the sensitivity of each policy to 

shifts in number and position of stability regions, measures 

of systems resilience emerge. And the point is not of 

simple theoretical interest. For example, in the Province 

of Quebec it recently has been observed that budworm parasite 

densities have increased to unexpectedly high levels. Such 

acute parasitism would shift the upper equilibrium of the 

budworm recruitment function. As a test, such a qualitative 

shift was introduced into the model, and led to sustained 

semi-outbreak behaviour over a wide range of conditions. 

The parasitism issue was thereby identified as qualitatively 

important, and steps are now underway to introduce a 



parasite component explicitly into the model. But the main 

point is that new and unexpected processes can appear, 

perhaps because of management. Tests of topological 

sensitivity provide a way to evaluate the relative resilience 

of alternative policies to this class of unknowns. 

A comprehensive array of indicators is essential for 

good policy evaluation. But the more extensive the array 

and the greater the number of policy alternatives to be 

compared, the greater the danger of losing meaning in the 

wealth of numerical detail. For complex evaluation problems 

some systematic approach to indicator compression is equally 

essential. A number of concepts and techniques for 

compression in multiple attribute problems are available 

from the field of decision analysis, and Bell (1975b) has 

brought the more useful of these to bear on the budworm 

policy design problem. 

By far the greatest conceptual and methodological 

difficulties are encountered in attempts to compress 

indicators over time. The first inclination is to employ 

variously weighted time averages of the indicators: means, 

discounted sums and so forth. But any such time averaging 

scheme implies a particular attitude towards intertemporal 

tradeoffs through which we are willing to relate the future 

to the present, and the ranking of policy alternatives is 



exceedingly sensitive to the precise nature of the attitude 

adopted. Clark and Bell (1976) have argued that standard 

market-based discounting rates are completely inapplicable 

to cases of ecological policy design and recommend instead 

an explicit evaluation of decision makers' (and, again, 

decision endurers') intertemporal tradeoff functions. The 

issue is critical and in urgent need of further study. 

Even when the problem of absolute temporal compression 

can be resolved, however, there remains the important but 

generally ignored issue of local time patterns. Patterns 

of temporal variability are at least as significant as those 

of spatial variability and diversity in ecological and social 

systems, yet such patterns are inevitably lost in temporal 

indicator compressions. Bell (1975a) has developed new 

techniques for addressing this problem and applied them to 

the budworn policy design problem. 

Finally, regardless of what techniques are adopted, 

compression is a means and not an end. Each step of 

compression is justified only to the extent that it truly 

clarifies the problems of design and choice, rather than 

merely simplifying them. Most compressions will properly 

end with the indicator array still somewhat disaggregate. 

The single valued utility or objective function is rarely 

a useful goal for the evaluation process. 



COLYMUNICATION , TRANSFER AND IMPLE?ENTATION 

Fable 10: A focus on 
generality and transfer- 
ability lays sufficient 
groundwork for policy 
implementation. 

Counterfable 10: A focus on 
generality and transferability 
is necessary for implementation, 
but must be complemented by a 
vigorous involvement of users 
in the design process. 

We have emphasized throughout the necessity of policy 

design transferable to a wide variety of situations. This 

has been our prime motivation and justification for focusing 

on generality at all stages of the analysis. There are 

numerous advantages to this approach, but it has serious 

shortcomings with respect to implementation. 

For implementation decisions are made in specific 

circumstances, not general ones. Decisions are shaped by 

regional constraints, by particular institutional structures, 

and by unique personalities. A focus on generality sets 

the stage for implementation but unless followed by effective 

application to specific situations, the analysis can become 

simply an academic curiosity. 

Hence, close working ties have been maintained with 

potential policy makers throughout the design process. 

Three levels of transfer and implementation are presently 

being explored--one involving federal and provincial agencies 

in New Brunswick, one involving key institutions within the 

larger group of provinces and states affected (particularly 

Ontario, Quebec, New Brunswick, Newfoundland and Maine), 



and one involving other countries in Europe and Japan faced 

with similar problems. In each case the goal is not to 

recommend a unique policy, but rather to transfer the 

concepts, modeling and evaluation techniques and a menu of 

alternative policy touchstones into the hands of those 

responsible for and affected by decisions. 

The emphasis throughout has been on information 

packages, communication techniques, and transfer workshops 

which can be understood, controlled and modified by the 

decision maker. For example, a series of integrated 

audiovisual packages has been prepared (Bunnell and Tait, 

1974; Bunnell, 1976) to communicate as succinctly and 

meaningfully as possible the features of the problem, the 

form and philosophy of the models and the consequences of 

different policies (Figure 17). These are not a public 

relations exercise, but rather reflect our conviction that 

the creative communication of inherently complex ideas, 

stripped of their protective jargon, is as essential and 

challenging a part of policy design as the analysis itself. 

Responsible judgment by the decision maker requires under- 

standing, not necessarily "belief," of the analysis. If 

this understanding cannot be conveyed, the analyst subverts 

the decision maker's role with no accountability for the 

results. 



F I G U R E  1 7  : Communication and Policy Design 

LARVAL DENSITY 

A s e r i e s  of integrated audiovisual packages, employing projection 
s l i d e s  of the s o r t  shown above, has been developed t o  f a c i l i t a t e  
communication and implementation of the pol icy  analys i s .  



In a similar but more technical vein, graphical techniques 

("nomograms") have been developed which allow visual evaluation 

of alternative policies via a kind of management slide rule 

(Peterman, 1975). Each nomogram is constructed from a large 

number of model simulations of different policies. The 

resulting display shows the effect of various intensities of 

cutting or spraying on a set of policy indicators selected 

by the user. These are presented as contour surfaces on 

which the manager can explore the consequences of different 

acts, add political and other constraints, identify tradeoffs, 

and begin to evolve realistic compromise policies (Figure 18). 

Done jointly with a number of interest groups this becomes 

a powerful instrument for constructive dialogue and even 

conflict resolution. Nomogram approaches are discussed in 

greater detail in the paper immediately following this. 

Finally, a number of workshops focusing on transfer 

and implementation have already been completed: one for 

government and industry scientists, managers and policy 

people across Canada, one for scientists and provincial 

managers in New Brunswick, two for policy people from 

Ontario, Quebec, the Maritime Provinces and Maine, and one 

for public, industry and government groups in Maine. A 

similar workshops will be held for groups in Europe and 

Japan faced with similar agricultural or forest pest 



FIGURE 1 8 :  A  t y p i c a l  "nomogram" o f  t h e  s o r t  used i n  p o l i c y  d e s i g n  
d i a l o g u e s  w i t h  managers.  (From Peterman 1977 ) A l l  
a x e s  a r e  t h e  same, r e p r e s e n t i n g  two management a c t s  
which can b e  implemented a t  d i f f e r e n t  l e v e l s .  
'Ha rves t  Age' i s  t h e  age  a t  which a  t r e e  ( o r  s t a n d )  w i l l  
be c u t ;  and 'Hazard Index '  i s  a n  a g g r e g a t e  measure of 
i n s e c t  d e n s i t y  and d e f o l i a t i o n  s t r e s s  above which 
i n s e c t i c i d e  s p r a y i n g  is  i n i t i a t e d .  Each graph r e p r e -  
s e n t s  a  s i n g l e  e v a l u a t i o n  i n d i c a t o r  of t h e  s o r t  shown 
i n  F i g u r e s  15 and 16.  Each p o i n t  i n  t h e  "po l i cy  space"  
of a  g iven  graph is  t h e  ave rage  v a l u e  t a k e n  by t h a t  
i n d i c a t o r  when t h e  sys t em i s  run under  t h e  co r r e spond ing  
management r u l e s .  Any proposed combinat ion  o f  a c t s  can 
be  g r a p h i c a l l y  e v a l u a t e d  by p l a c i n g  t h e  c r o s s  h a i r s  a t  
t h e  a p p r o p r i a t e  l e v e l  and examining t h e  con tou r  v a l u e  
where t hey  i n t e r s e c t  i n  p o l i c y  space .  By s l i d i n g  t h e  
h a i r s  a b o u t ,  a g g r e g a t e  maxima and minima o f  t h e  con tou r  
s u r f a c e s  can be  d i s c o v e r e d .  
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problems under  t h e  a u s p i c e s  o f  t h e  I n t e r n a t i o n a l  I n s t i t u t e  

f o r  Appl ied Systems A n a l y s i s .  

I f  o u r  purpose  had been t o  d e v e l o p  an  a n a l y s i s  d e s t i n e d  

f o r  academic j o u r n a l s ,  we c o u l d  have completed t h e  e x e r c i s e  

w i t h i n  months. But by c o n t i n u a l l y  emphas iz ing  t h e  need 

f o r  t es t  and t r a n s f e r  o f  t h e s e  new t e c h n i q u e s  o f  e c o l o g i c a l  

p o l i c y  d e s i g n ,  t h e  problem h a s  demanded a  much more e x t e n s i v e  

e f f o r t  t o  communicate, modify and a d a p t  t o  u s e r s  i n  a  v a r i e t y  

o f  s i t u a t i o n s .  By s o  d o i n g ,  a  r a r e  o p p o r t u n i t y  h a s  emerged 

t o  d e v e l o p  a  cross--comparison o f  i n s t i t u t i o n a l  and d e c i s i o n  

env i ronments  i n  d i f f e r e n t  s i t u a t i o n s .  Howard R a i f f a  and 

h i s  c o l l e a g u e s  a t  Harvard have under taken  j u s t  s u c h  a  c r o s s -  

comparison between Yew Brunswick and Maine w i t h  t h e  p o t e n t i a l  

o f  expanding t h i s  t o  o t h e r  r e g i o n s  o f  North  America and 

Europe. Tha t  i n  i t s e l f  i s  a  long- te rm p r o j e c t  b u t  one  t h a t  

i s  a  minimum requ i rement  i f  we a r e  t o  c a p i t a l i z e  on t h e  

f u l l  p o t e n t i a l  o f  t h e  s t u d y  t o  d a t e .  Only by a d d i n g  t h o s e  

key c o n c e r n s  f o r  i n s t i t u t i o n a l  a r rangements  c a n  we g a i n  t h e  

e x p e r i e n c e  and c o n f i d e n c e  n e c e s s a r y  f o r  a  s c i e n c e  o f  

e c o l o g i c a l  p o l i c y  d e s i g n .  

SUMMARY AND CONCLUSIONS 

U l t r a f a b l e :  W e  now have a l l  t h e  answers .  
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THE BUDWORJI SITE MODEL 

Dixon D. Jones 

GENERAL 

The budworm case study is part of a continuing 

program designed to develop, test, and implement new 

concepts and methodologies for resource and environmental 

management. The objective of this program is to link 

various descriptive techniques of ecological modeling 

with prescriptive techniques such as policy design, 

optimization, policy evaluation, and decision theory. 

Many details, particularly regarding policy, can be found 

in Holling et al. (1977) and Holling, Jones, and Clark -- 

(1976). 

A prerequisite for analyzing the budworm/forest system 

was the development of a well validated simulation model 

that could be used as a laboratory world to aid in the 

design and evaluation of alternative policies. To be 

useful, that laboratory world must capture the essential 

qualitative behaviour of the real system in both space and 

time. Extensive data on budworm, forest, and economic 

interrelations that permit both model construction and 

validation have been collected by Environment Canada over 

the past 30 years. There are, inevitably, many missing 

elements, but this in fact contributes to the scope of 

this case study. 



The full simulation model has a spatial scale of 

25,850 square miles, subdivided into 393 sites of 65.8 

square miles. Each of these sites uses the same program 

module referred to as the Site Model. The site model can 

also be utilized as a stand-alone entity to explore most 

of the full model's behaviour. It also provides a useful 

tool for screening trial policies. 

This paper gives a brief description of the mechanisms 

and functions employed in the Spruce Budworm Site Model. 

The overall model structure is shown in.Figure 1. The 

principal elements are a budworm survival submodel and a 

forest response submodel which work in parallel. Attached 

to each submodel is a control policy input. These controls 

can assume a wide range of forms and will be described in 

a separate document. This report considers only the part 

of the model contained within the dashed-line box of 

Figure 1. 

The full model processes this module once for each 

site each year. Adult dispersal then intermixes the 

insect populations between sites. As a stand-alone entity 

the site model can approximate inter-site dispersal in a 

way that reveals some major limiting cases. 

The next level of detail (Figure 2) links the major 

processes of the budworm and forest cycles. As this is a 



FIGURE 1: O r g a n i z a t i o n  o f  t h e  f u l l  budworm model.  T h i s  document 
c o n c e r n s  t h e  s i t e  model -- c o n t a i n e d  w i t h i n  t h e  d a s h e d  box. 



FIGURE 2 :  Expanded view of  t h e  Budworm S i t e  Model showing 
t h e  i n t e r a c t i o n s  between t h e  f o r e s t  and i n s e c t  p roces se s  
throughout  one yea r .  



cycle, it can begin and end at any convenient point. In 

the site model we choose to begin each "year" at the start 

of the large larval stage (Instar 111). At this time the 

third instars have emerged and the new spring foliage has 

just developed. Note, however, that the full model begins 

and ends each year at the egg stage. This is primarily 

to aid in establishing initial conditions from field data 

for validation. It should be clear from Figure 2 that the 

starting point is arbitrary. 

The forest and budworm submodels are described in the 

next two sections. The forest submodel is treated first 

to establish some definitions that will be needed in the 

budworm section. 

This report is meant to describe what the model is 

rather than why or how it came to be. Those more detailed 

issues are placed in a separate technical appendix (to 

appear). Appendix A of this report gives a summary of 

the model equations (sufficient to reconstruct the model 

in the absence of the actual computer listing). Appendix B 

is a functionally organized glossary of terms used in the 

model. The symbols used in the test of this report are 

not the FORTRAN names of the computer programme; however, 

both versions are equated in the glossary. 



FOREST RESPONSE 

Introduction 

The literature provides little guidance for 

constructing forest growth models for large areas. There 

has been considerable work on the growth characteristics 

of individual trees, but forest growth on a 42,100 acre 

site forces certain compromises with realism. The first 

such compromise is the assumption that the land within any 

site can be classified as being capable or not capable of 

supporting susceptible host species. In New Brunswick the 

susceptible host species are primarily balsam fir, white 

and red spruce. Because of needle morphology and timing 

of foliage production, black s2ruce is not an important 

host of spruce budworm. The proportion of the land on 

which susceptible host species grow (balsam fir, white and 

red spruce), though unique for each site, is considered 

fixed through time. This proportion is denoted as PH (PHOST). 

Within the fraction of the site that is host ( p H ) ,  we 

further characterize land according to age class of tree 

upon it. Age class as used in this model is not necessarily 

the chronological age but is used as a surrogate for tree 

developmental state. That is, trees of age class one are 

the understory trees at the time of overstory removal. 

These trees may in fact be older than 20 years but have 



been k e p t  suppressed  by o v e r s t o r y  shad ing .  Year z e r o  t hen  

becomes t h e  y e a r  when t h e s e  trees a r e  " r e l e a s e d "  t o  deve lop  

a s  t h e  pr imary t r e e s  on their p i e c e  o f  l and .  

I n  t h i s  model w e  do n o t  o p e r a t e  w i th  t h e  number o f  

t r e e s  b u t  r a t h e r  w i t h  t h e  f r a c t i o n  of  l a n d  a r e a  occupied  

by t r e e s  of a  s p e c i f i c  age  c l a s s .  No e x p l i c i t  a ssumpt ions  

a r e  made concern ing  t h e  s p a t i a l  arrangement  o f  t h e s e  age  

c l a s s  a r e a s .  A t  one extreme susceptible/non-susceptible 

a r e a s  and age  c l a s s e s  a r e  comple te ly  mixed. A t  t h e  o t h e r  

extreme each  t y p e  o f  a r e a  i s  a  con t i guous  subreg ion  of  t h e  

s i te .  The model does  n o t  d i s t i n g u i s h  t h e s e  ex t remes .  The 

model parameters  d e f i n e  an i m p l i c i t  s p a t i a l  d i s t r i b u t i o n  

t h a t  i s  c h a r a c t e r i s t i c  f o r  s i t e s  i n  N e w  Brunswick. An 

e x p l i c i t  s t a t e m e n t  o f  what t h i s  d i s t r i b u t i o n  i s  and t h e  

e f f e c t s  o f  changing  it w i l l  r e q u i r e  a  supplementary s t a n d  

model u s i n g  a  much f i n e r  s p a t i a l  r e s o l u t i o n .  

f 

The f o r e s t  model used does  n o t  d e a l  e x p l i c i t l y  w i t h  

trees, b u t  r a t h e r  w i t h  t h e  t o t a l  p r o p o r t i o n  of l a n d  

a s s o c i a t e d  w i t h  each age  c l a s s .  A schemat ic  d e s c r i p t i o n  

i s  i l l u s t r a t e d  i n  F igu re  3 .  Suppose t h a t  on a  g iven  p l o t  

o f  l a n d  t h e r e  a r e  some h o s t  trees one y e a r  o l d ,  some two 

y e a r s  o l d ,  some t h r e e  y e a r s  o l d  and some l a n d  w i t h  no h o s t  

t r e e s  a t  a l l .  The n a t u r a l  mix o f  t h e s e  t y p e s  o f  l a n d  might 



FIGUPE 3 :  Schematic view of  t h e  f o r e s t  v a r i a b l e  ( s e e  t e x t )  . 



be something a s  shown i n  ( a ) .  Rather  t han  count  t h e  number 

of t r e e s  i n  each  age c l a s s ,  we subdiv ide  t h e  l and  i n t o  

a r e a s  a s s o c i a t e d  wi th  each  age c l a s s .  We have done t h i s  i n  

(b )  by d i v i d i n g  t h e  p l o t  i n t o  s e v e r a l  polygons, each  

con ta in ing  on ly  one age c l a s s .  I n  t h e  l i m i t  we may have 

t o  draw polygons around i n d i v i d u a l  t r e e s ,  o r ,  a s  i s  more 

l i k e l y ;  around smal l  groups o f  t r e e s  of t h e  same age.  The 

b a s i c  s i m p l i f i c a t i o n  concerns  t h e  ove r l ap  of  inter-crown 

mixing between age c l a s s e s .  We assume t h i s  e f f e c t  i s  smal l  

and i s  uniform f o r  any p a i r  of neighboring age c l a s s e s .  

We now add a l l  polygons of  age c l a s s  one and c a l l  i t s  

f r a c t i o n  of  a l l  h o s t  land  T1. We do t h e  same f o r  age 

c l a s s e s  two and t h r e e  t o  g i v e  T2 and T3. The agg rega t e  i s  

a t r e e  age v e c t o r ,  o r  his togram a s  shown i n  ( c ) .  This  

rearrangement  a i d s  i n  v i s u a l i z a t i o n  of  t h e  bookkeeping 

procedures ,  b u t  it  does n o t  imply t h a t  t h e  a c t u a l  f o r e s t  

i s  o p e r a t i n g  a s  s i n g l e  age s t a n d s .  

The budworm model u se s  n o t  3 b u t  75 age c l a s s e s .  The 

v e c t o r  element Ti i s  t h e  p ropor t i on  of  h o s t  l a n d  i n  age 

c l a s s  i. The l a s t  age c l a s s ,  T75, i s  t h e  p ropor t i on  of  h o s t  

l and  belonging t o  age c l a s s  75 p l u s  a l l  o l d e r  age groups.  

The tree age v e c t o r  is normalized s o  t h a t  each  element ,  Ti, 

i s  t h e  p ropor t i on  of  host-covered l and  r a t h e r  than  t h e  

p ropor t i on  o f  a l l  l and .  That  i s ,  ETi = 1 and n o t  PH 



Once each simulated year,the value in compartment Ti 

is advanced into the compartment Ti+l. Compartment T 75 is 

not advanced but accumulates quantities from T74. In addition 

to ageing, land can be removed from compartment Ti through 

mortality to the ith age class. There are three forms of 

mortality: logging, budworm induced and "natural." 

Natural mortality affects only T75 at a rate of 2.37% per 

annum. 

When trees are removed for any reason, that portion 

of land is reallocated to compartment T1. Thus, total 

mortality equals yearly regeneration. A diagram of the 

bookkeeping procedure for tree age classes is shown in 

Figure 4. We assume that all land has an understory 

(equivalent to T1 type trees) that is released whenever 

the older trees are removed. We also assume that the 

understory is not affected differently by different 

mortality agents (logging, budworm or old age). However, 

it would not be difficult to change this assumption and, 

for instance, revert logged land back to a younger age 

class than budworm damaged land. We have not yet defined 

precisely what a "year-one" tree is. IVe do this in the 

next section. 



F
I
G
U
R
E
 

4
: 

S
c

h
e

m
a

ti
c

 v
ie

w
 o

f 
th

e
 t

r
e

e
 a

g
e

 v
e

c
to

r 
sh

o
w

in
g

 
th

e
 m

et
h

o
d

 
o

f 
u

p
d

a
ti

n
g

 
an

d
 

re
m

o
v

a
l 

b
y

 
b

u
d

w
o

n
n

, 
lo

g
g

in
g

, 
an

d
 

"
n

a
tu

ra
l"

 c
a

u
s

e
s

. 



Branch Surface Area a s  Real E s t a t e  

Trees have two p r i n c i p a l  f e a t u r e s  t h a t  a r e  important  

t o  budworm. F i r s t ,  t h e  t r e e s  have f o l i a g e .  By t h i s  we mean 

t h e  green needles t h a t  serve  a s  food and ov ipos i t ion  s i t e s  

f o r  budworm. The second f e a t u r e  of importance i s  t h e  

su r face  area  of branches t h a t  serve  a s  budworm h a b i t a t .  

Branch su r face  a rea  i s  t h e  r e a l  e s t a t e  upon which budworm 

r e s i d e ,  while f o l i a g e  is  t h e  food they e a t .  Note t h a t  

these  terms d i f f e r  from those  used i n  t h e  f i e l d  measure- 

ments. The f i e l d  measure of 'Yol iage  su r face  areb'we here  

c a l l  branch su r face  a r e a  t o  d i s t i n g u i s h  it from f o l i a g e  a s  

a  food resource.  

The f i e l d  measure of i n s e c t  d e n s i t y  i s  t h e  number of 

ind iv idua l s  pe r  t e n  square f e e t  of branch su r face  a rea .  

A desc r ip t ion  of t h e  s t andard iza t ion  of t h i s  measure i s  

given i n  Morris (1955) . For t h e  model we d e f i n e  t h e  symbol 

t s f  a s  t h e  u n i t  of branch su r face  area .  The amount of - 

branch surface  a rea  pe r  ac re  f o r  t r e e s  of age c l a s s  i i s  

o  The values  of oi a r e  p l o t t e d  i n  Figure 5. Because age i' 

group T conta ins  t r e e s  o l d e r  than 75 years  w e  have s e t  
7  5  

075 equal t o  t h e  ext rapola ted  l e v e l  f o r  80 year  o ld  trees. 

I t  i s  su r face  a rea  t h a t  e s t a b l i s h e s  t h e  d e f i n i t i o n  f o r  

age c l a s s  one. An ac re  of  age c l a s s  one w i l l  con ta in  8750 

square f e e t  of branch su r face  area .  Regeneration e s t a b l i s h e s  

t r e e s  with t h i s  branch dens i ty .  



FIGURE 5 :  Brach Surface Area. The contr ibut ion  of  surface  
area i n  ten  square f ee t /acre  a s  a function o f  t r e e  age .  



The t o t a l  branch a r e a  p e r  a c r e  f o r  a l l  age c l a s s e s  is :  

The s u r f a c e  a r e a  o f  importance t o  budworm i s  t h a t  on t h e  

t r e e s  of s u s c e p t i b l e  age--older t han  age c l a s s  21. That i s ,  

For most purposes it  i s  convenient  t o  u se  a  r e l a t i v e  

measure of s u r f a c e  a r ea  de f ined  a s :  

SAR = SA/24000. (3  

SAR i s  an index of  branch d e n s i t y  and has  a  maximum value  

of  approximately 1.0 under normal c o n d i t i o n s  a l though i t s  

a b s o l u t e  maximum i s  1 .23  when a l l  t r e e s  a r e  i n  T 
75' 

The 

t o t a l  s u s c e p t i b l e  s u r f a c e  a r e a  ( i n  u n i t s  of  t s f )  on a  s i t e  

i s  

SA- (42100 a c r e s )  -P 
H ' 

Fo l i age  a s  Food 

The word " f o l i a g e "  o f t e n  r e f e r s  t o  both  t h e  wooden 

branches and t h e  green  needles .  I n  t h i s  model, f o l i a g e  

r e f e r s  on ly  t o  t h e  green needles .  We assume t h a t  each  u n i t  

o f  branch s u r f a c e  a r e a  SA has  t h e  same q u a n t i t y  of need le s  

r e g a r d l e s s  of t h e  age of  t h e  t r e e .  Fo l i age  is  an average 

va lue  r e p r e s e n t i n g  cond i t i ons  on t h e  whole s i t e .  



Balsam fir retains its needles ap~roximately eight 

years. To model all eight year classes would be an 

unnecessary computational burden. Because the budworm 

specifically prefers the new, first year foliage, it is 

necessary to distinguish this class from the older foliage. 

We therefore use two components of foliage: 

F1 = current, new foliage/tsf 

F2 = all older foliage/tsf 

and FT = F1 + F = total foliage. 2 

Rather than deal with a particular physical aspect of 

foliage (i.e., weight, volume, calories, etc.),we define 

an artificial foliage measure--the foliage unit (f .u.) . A 

foliage unit is that quantity of new foliage found on ten 

square feet (tsf) of surface area when no budworm are 

present. That is, without budworm, F1 = 1.0 f.u. 

New foliage constitutes 26%, by weight, of the total 

foliage (Baskerville, pers. comrn.). Therefore the nominal 

foliage levels are: 



Large l a r v a l  feeding  removes a  q u a n t i t y  DEFl and DEF2 

o f  new and o l d  f o l i a g e ,  r e s p e c t i v e l y .  T o t a l  d e f o l i a t i o n  

i s  DEF = DEF + DEF2. The remaining f o l i a g e  i s  F* 1 i 

These f o l i a g e  l e v e l s  remain u n t i l  "win ter . "  A t  t h a t  

p o i n t  t r e e  m o r t a l i t y  is  app l i ed  ( s e e  below) and s u r v i v i n g  

t r e e s  a r e  aged one yea r .  Fo l i age  i s  an average f o r  a l l  t r e e s  

and must be compensated f o r  t h e  l o s s  of  t h e  s e v e r e l y  d e f o l i a t e d  

t r e e s  t h a t  have d i ed .  We assume t h a t  t h e  f o l i a g e  l e v e l s  a r e  

lower on t h e  t r e e s  t h a t  d i e d  than  t h e  ones  t h a t  l i v e d .  I f  

F: i s  t h e  average f o r  l i v i n g  and dying t r e e s ,  t hen  

where F V  = Fol iage  l e v e l  on t r e e s  t h a t  s u r v i v e  
1 

pid = Fol iage  l e v e l  on t r e e s  t h a t  d i e  

= Frac t ion  of  s u s c e p t i b l e  t r e e s  t h a t  l i v e .  

Next, we assume, 

where 6 is  a  cons t an t .  Its working va lue  i s  t aken  a s  0.5. 

Thus, 



(Strictly speaking, RL could be weighted by the surface 

area of the surviving trees.) 

Foliage levels at the end of "winter" are Ff* and 

F;*. At this time the previous year's new foliage becomes 

old foliage, some old foliage is lost, and a crop of new 

foliage is generated. A schematic diagram is in Figure 6. 

This process can be modeled in the framework of "survivals." 

First, the photosynthetic assimulation rate, A, is assumed 

proportional to the total foliage. For A scaled between 

0 and 1.0 we have 

A = const. F F  - (10) 

The amount of new foliage generated is proportional to A: 

The fraction of Ft* that survives to old foliage is 

FS* 
survival is (see Figure 7) 

The crop of old foliage for year t+l is 



F
I
G
U
R
E
 
6
:
 

S
c
h
e
m
a
t
i
c
 
v
i
e
w
 
o
f
 
f
o
l
i
a
g
e
.
 

F
r
e
s
h
 
s
p
r
i
n
g
 
g
r
o
w
t
h
 

(F
o

) 
r
e
p
l
a
c
e
s
 
l
a
s
t
 y
e
a
r
'
s
 

n
e
w
 
f
o
l
i
a
g
e
 
(
F
1
)
 t
h
a
t
 h

a
s
 
b
e
e
n
 
p
a
r
t
i
a
l
l
y
 
e
a
t
e
n
 
(
D
E
F
1
)
,
 t
h
e
 
r
e
m
a
i
n
d
e
r
 
b
e
c
o
m
i
n
g
 
o
l
d
 

f
o
l
i
a
g
e
 
(
F
2
)
.
 
S
o
m
e
 
o
l
d
 
f
o
l
i
a
g
e
 
i
s
 
e
a
t
e
n
 
(
D
E
F
2
)
 a
n
d
 
s
o
m
e
 
i
s
 
l
o
s
t
 
t
o
 
a
g
e
i
n
g
 

(
F
2
 l
o
s
s
)
 . 

Fo 

v 
v 

c
 F

2 
LO

S
S

 
'
 F1 

F;
 - 

F2
 



A 
PHOTOSYNTHETIC ASSIMILATION RATE 

FIGURE 7 :  S u r v i v a l  o f  o l d  f o l i a g e .  The f r a c t i o n  of  t h e  o l d  
f o l i a g e  a f t e r  d e f o l i a t i o n  (F;) remaining on t h e  branch.  



The d e r i v a t i o n  of  equa t ions  (10-14) i s  given i n  a  s e p a r a t e  

t e c h n i c a l  appendix. 

The f o l i a g e  l e v e l s  (11) and ( 1 4 )  apply  t o  t h e  s u r f a c e  

a r e a  recover ing  from p a s t  d e f o l i a t i o n .  Addi t iona l ly ,  t h e r e  

i s  a  f r e s h  q u a n t i t y  of s u r f a c e  a r e a ,  SA21, which is  e n t e r i n g  

t h e  s u s c e p t i b l e  age range and which c a r r i e s  a  f u l l  comple- 

ment of f o l i a g e .  The f i n a l  f o l i a g e  l e v e l s  a r e  t h e  weighted 

averages  of t h i s  c o n t r i b u t i o n :  

Budworm Induced Tree M o r t a l i t y  

Tree m o r t a l i t y  caused by budworm d e f o l i a t i o n  i s  n o t  

i n s t an t aneous .  Typ ica l ly ,  f o u r  y e a r s  o f  r e l a t i v e l y  s eve re  

d e f o l i a t i o n  a r e  r equ i r ed  f o r  n o t i c e a b l e  l e v e l s  of  t r e e  

m o r t a l i t y .  Severe d e f o l i a t i o n  means removal of  n e a r l y  a l l  

new f o l i a g e .  I n  r e a l i t y ,  a  complex of  many phys io log ica l  

f a c t o r s  l e a d s  t o  t h e  weakening of  t r e e s  and t h e i r  subsequent  

demise. I n  o u r  model we assume t h a t  t h e  " t r u e "  t r e e  s t r e s s  

is c o r r e l a t e d  wi th  t h e  remaining f o l i a g e  s tock .  Therefore ,  



we use F; as an index of physiological state and define 

stress, SBW , as a function of this index. Mortality for 

any stress level is not the same for all age classes. We 

define an age specific susceptibility factor, u i r  that 

reduces the effective mortality on the younger age classes. 

The mortality rate applied to age class i is then 

Mi = S BW ' 1 

where 

Equation 17 is illustrated in Figure 8. An iterative 

investigation of this function in the context of the site 

model indicated that S o ,  the maximum stress level, should 

have a value of about 0.75. The susceptibility factor,ui, 

is shown in Figure 9. Susceptibility drops linearly for 

less mature trees; trees of intermediate age are half as 

susceptible as the oldest age class. Trees less than 22 

years are not susceptible at all as they do not allow 

successful overwintering of small larvae. 

As mentioned above, tree acreage that is removed 

because of budworm-induced mortality is replaced as age 

class one. The total amount of regeneration is 

RGBW = Regeneration following budworm-induced 
mortality 

7 5 (18) 
1 Ti Mi . 
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FIGURE 8: Stress (SBW) and surface area reduction (ZSA) as a 
function of the amount of old foliage remaining. 



TREE A£ 

FIGURE 9:  Age s p e c i f i c  s u s c e p t i b i l i t y .  S u s c e p t i b i l i t y  i s  
r e l a t i v e  t o  t h e  o l d e s t  age c l a s s .  Trees  l e s s  t han  2 2  y e a r s  
o l d  a r e  cons ide red  non-suscept ib le  s i n c e  sma l l  l a r v a e  have very  
low over -win te r ing  succes s  on them. 



Branch Surface Area Reduction 

When a t r e e  has been heavi ly  s t r e ssed  by d e f o l i a t i o n  

it does not  d i e  a s  a s i n g l e  u n i t .  A t  high l e v e l s  of s t r e s s ,  

but  p r i o r  t o  a c t u a l  mor ta l i ty ,  e n t i r e  branches and t r e e  

s e c t i o n s  l o s e  t h e i r  a b i l i t y  t o  support new f o l i a g e .  When 

t h i s  happens those t r e e  a r e a s  a r e  removed a s  p o t e n t i a l  

l o c a t i o n s  f o r  budworm population development. We the re fo re  

must reduce t h e  branch su r face  a rea ,  S A ,  a s  d e f o l i a t i o n  

accumulates. 

We assume t h a t  the  r e l a t i o n s h i p  between branch area  

reduction and accumulated t r e e  s t r e s s  i s  s i m i l a r  t o  t h e  

r e l a t i o n s h i p  leading t o  t r e e  mor ta l i ty .  The d i f f e r e n c e ,  

of course ,  i s  t h a t  branch a rea  reduction occurs p r i o r  t o  

morta l i ty .  The function used i n  the  model i s :  

RSA = SA reduction f a c t o r  

= 2 .  
'BW . 

We r e s t r i c t  t h i s  f a c t o r  t o  RSA I 0 .8 .  

We a l s o  apply t h e  age s u s c e p t i b i l i t y  f a c t o r  u i  t o  

surface  area .  The t o t a l  surface  area  becomes 

Tree mor ta l i ty  and branch surface  a rea  l o s s  occur 

continuously throughout t h e  year.  However, f o r  convenience 



i n  o u r  model w e  c o n s o l i d a t e  t h e s e  p r o c e s s e s  and upda te  t h e  

tree age  c l a s s e s  a t  one s p e c i f i c  t i m e  e ach  y e a r .  W e  choose 

t h a t  t i m e  a s  "w in t e r " ;  d u r i n g  t h e  sma l l  l a r v a l  s t a g e .  T h i s  

sequence i m p l i c i t l y  assumes t h a t  females  c anno t  d i s t i n g u i s h  

o v i p o s i t i o n  si tes t h a t  a r e  "hea l t hy"  from t h o s e  t h a t  a r e  

abou t  t o  be removed th rough  tree m o r t a l i t y .  Thus, eggs  

a r e  l a i d  even ly  on a l l  f o l i a g e  and when s u r f a c e  a r e a  i s  l o s t  

egg d e n s i t y  does  n o t  change,  though t h e  t o t a l  o f  eggs  p e r  s i te  

i s  reduced .  

BUDWORM SURVIVAL 

I n t r o d u c t i o n  

Th i s  s e c t i o n  d e s c r i b e s  how t h e  l i f e  c y c l e  o f  t h e  

s p r u c e  budworm h a s  been modeled. The s t y l e  is p r i n c i p a l l y  

d e s c r i p t i v e ;  e x p l i c i t  enumerat ion o f  t h e  e q u a t i o n s  used can 

be  found i n  Appendix A .  D e t a i l s  on t h e  r a t i o n a l e  f o r  

deve lop ing  t h e  p r e s e n t  forms a r e  g iven  i n  a s e p a r a t e  

t e c h n i c a l  appendix.  

To a major e x t e n t  t h e  fo rmu la t i on  used he r e  p a r a l l e l s  

t h a t  g i v e n  i n  t h e  budworm monograph (Morr i s ,  1 9 6 3 ) .  P r i n c i p a l  

l i f e  s t a g e s  a r e  modeled i n  such  a way a s  t o  r e f l e c t  t h e  main 

i n f l u e n c e s  d e s c r i b e d  i n  t h a t  r e f e r e n c e .  A d d i t i o n a l l y , t h e  

s u r v i v a l  l e v e l  of e ach  l i f e  s t a g e  i n  t h e  model h a s  been 

s c a l e d  i ndependen t l y  s o  t h a t  i ts  c h a r a c t e r i s t i c  magni tude 



is approximately that given in the monograph. For example, 

during the outbreak in the late 1950s pupal survival was 

found to average 0.66. The parameters of pupal survival 

in the model have been adjusted so that during outbreaks 

it too approximately averages this value. 

As is illustrated in Figure 2 the budworm cycle can 

be started at any convenient point. We shall find it useful 

to begin our descriptions with the large larval stage, 

that is Instars 111-VI. During this stage the majority 

of significant processes occurs and this particular life 

stage also contributes critically to the overall dynamics 

of the budworm/forest system. This stage produces the 

defoliation that affects the forest itself. Feeding levels 

here set the nutritional conditions that control many of 

the later processes through the adult and egg-laying 

periods. It is the large larvae that are subject to the 

important bird predation. Also, this stage is the target 

for insecticide spraying. 

Morris (1963) found that the large larval stage was 

statistically the most important with respect to variation 

in population levels. A functional analysis shows that 

this stage also governs the dynamic behaviour of the 

budworm/forest system. 



Feeding by Large Larvae 

Budworm preferentially consume new foliage, but they 

-trill consume old foliage if populations are high. The 

feeding response functions used in the model incorporate 

the competitive saturation effect of large budworm numbers 

on a finite food resource. We let do be the maximum foliage 

consumption rate for an individual large larva during the 

feeding season. This value is set at d = 0.0074 foliage 0 

units consumed per season. Note that at this feeding rate 

a budworm density of 135 larvae/tsf would remove all the 

new foliage,and a density of 513 larvae/tsf would remove 

all the new plus all the old foliage. This rate is not 

realistic at high population densities because of the 

competition between individuals. We therefore define a 

value dl as the actual amount of new foliage eaten 

per individual per season. 

A standard competition function is used: 

where NL is the density of large larvae per tsf. The 

relative consumption rate is DR1 = dl/do. This function 

is illustrated in Figure 10 for ten levels of F1. 

The difference between the actual new foliage 

consumption, dl , and the maximum desired, do , is the 



FIGURE 10: New f o l i a g e  r a t i o n .  Amount of  new f o l i a g e  ea t en  per  
l a r v a  r e l a t i v e  t o  t h e  maximum poss ib l e  a s  a  func t ion  of  l a r v a l  
d e n s i t y  and a v a i l a b l e  new f o l i a g e .  



residual "demand" for old foliage. Larvae attempt to 

satisfy this demand by feeding on old foliage through a 

function analogous to equation (21). The total consumption 

(relative to the maximum do) is 

This function is illustrated in Figure 11 for ten levels 

of FT. 

The consumption of each foliage type times the large 

larval density is the amount of that foliage type removed 

per ten square feet of branch surface area. This consumed 

foliage is subtracted from the foliage stock. Foliage 

levels in the defoliated state are indicated by the 

superscript " * "  (e.g., Fi = F - DEF1). 1 

Survival of Large Larvae 

We consider four major processes affecting the survival 

of large larvae: 

(1) food limitation 

(2) weather 

(i) through the intermediary of disease 

(ii) through other related factors 

(3) parasitism 

(4 ) predation. 



FIGURE 11: T o t a l  r a t i o n .  Amount of  f o l i a g e  (F1+F2) e a t e n  per  
l a r v a  r e l a t i v e  t o  t h e  maximum p o s s i b l e  a s  a  func t i on  of  l a r v a l  
d e n s i t y  and a v a i l a b l e  t o t a l  f o l i a g e .  



F i r s t ,  t h e  e f f e c t s  of food l i m i t a t i o n  a r e  modeled by 

assuming t h a t  s u r v i v a l  i s  p r o p o r t i o n a l  t o  t h e  average amount 

of food consumed. Second, t h e  e f f e c t s  of weather  a r e  assumed 

t o  a f f e c t  o v e r a l l  s u r v i v a l  through an aggrega te  weather  

f a c t o r ,  WF. We use  a  t h r e e  l e v e l  weather  index:  1, 2 ,  and 

3. Weather 1 r e p r e s e n t s  g e n e r a l l y  coo l  and damp summers; 

Weather 3  r e p r e s e n t s  warm and d ry .  Weather c l a s s  2  i s  t h e  

long-term average;  i t s  weather f a c t o r  i s  1 . 0 .  Su rv iva l  

f a c t o r s  f o r  o t h e r  weathers  a r e  r e l a t i v e  t o  t h i s  average  

va lue .  When t h e  weather c l a s s  i s  1, t h e  weather  f a c t o r  is  

0.76; f o r  c l a s s  3  it is  1.29. 

The r a t e  of p a r a s i t i s m  i s  a  dec reas ing  f u n c t i o n  of 

l a r v a l  d e n s i t y .  The maximum va lue  i s  40% a t  low d e n s i t i e s  

and dec reases  exponen t i a l l y  such t h a t  a t  230 l a r v a e / t s f  

p a r a s i t i s m  i s  on ly  20%. 

-. 003-NL P a r a s i t i s m  = 3.4 e  

The s u r v i v a l  from p a r a s i t i s m  i s  t h u s  

SL = s u r v i v a l  from p a r a s i t e s  

-. 003.NL = 1 - 0.4 e  

The combined s u r v i v a l  l e ad ing  t o  s i x t h  i n s t a r  l a r v a e  i s  

S i  = Surv iva l  t o  I n s t a r  V I  



The s c a l i n g  pa ramete r  kL i s  set a t  0.425. T h i s  f u n c t i o n  

i s  i l l u s t r a t e d  i n  F i g u r e  12  f o r  v a r i o u s  l e v e l s  o f  i n i t i a l  

f o l i a g e .  F i g u r e  1 3  shows the r a n g e  o f  t h i s  s u r v i v a l  f o r  

e a c h  w e a t h e r  c l a s s  when FT = 3 . 8 .  

The d e r i v a t i o n  o f  t h e  p r e d a t i o n  f u n c t i o n  h a s  been 

c o v e r e d  e x t e n s i v e l y  e l s e w h e r e  ( H o l l i n g ,  1 9 7 6 ) .  P r e d a t i o n  

i s  l i m i t e d  t o  b i r d s  f e e d i n g  on s i x t h  i n s t a r  l a r v a e .  The 

n e t  s u r v i v a l  f o r  l a r g e  l a r v a e  i s  

T h i s  s u r v i v a l  i s  shown i n  F i g u r e  1 4 .  T h i s  f i g u r e  d i f f e r s  

from F i g u r e  12  o n l y  by a d d i t i o n  o f  p r e d a t i o n .  

The d e n s i t y  o f  pupae r e s u l t i n g  from t h e s e  p r o c e s s e s  

i s  g i v e n  by 

I n s e c t i c i d e  s p r a y i n g  o f  l a r g e  l a r v a e  r e d u c e s  t h e  d e n s i t y  

o f  lV6 l a r v a e  b u t  d o e s  n o t  o t h e r w i s e  change t h e  r a t e  o f  

s u r v i v a l  SL. 

During t h e  l a r g e  l a r v a l  s t a g e  many m o r t a l i t y  f a c t o r s  

a r e  set  i n  mot ion t h a t  a r e  n o t  r e a l i z e d  u n t i l  t h e  budworm 

a r e  pupae. T h i s  e f f e c t  c o r r e l a t e s  t h e  s u r v i v a l  o f  pupae 

w i t h  t h e  s u r v i v a l  o f  l a r g e  l a r g a e .  The f u n c t i o n  used  i s  
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FIGURE 12: Larve larval survival. Survival from Instar 111 
to VI (before predation) for different amounts of available 
foliage and average weather (2). 



FIGURE 1 3 :  Wea the r .  R e l a t i v e  l e v e l s  o f  s u r v i v a l  f o r  e a c h  w e a t h e r  
c l a s s  when t h e r e  i s  maximum t o t a l  f o l i a g e .  
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FIGUP3 1 4 :  Large l a r v a l  s u r v i v a l .  S u r v i v a l  o f  l a r g e  l a r v a e  
f rom a l l  f a c t o r s  excep t  i n s e c t i c i d e  s p r a y i n g  f o r  average  
wea ther  and v a r i o u s  l e v e l s  o f  a v a i l a b l e  f o l i a g e .  



where Ap and Bp a r e  cons t an t s .  The d e n s i t y  of  a d u l t s  i s  

I t  i s  t h e  d e n s i t y  of females r a t h e r  than  a d u l t s  t h a t  

i s  important  i n  determining t h e  subsequent  egg d e n s i t y .  

The sex  r a t i o  is v a r i a b l e  though no s p e c i f i c  mechanisms 

a r e  s p e c i f i e d  i n  t h e  model. W e  u se  i n s t e a d  a  s t a t i s t i c a l l y  

der ived  r eg res s ion  of t h e  propor t ion  of females a s  a  

func t ion  o f  pupal  s u r v i v a l  : 

PF  = propor t ion  of females 

- - ApF + BpF 
' 

S p  r 

where ApF and BpF a r e  c o n s t a n t s .  

Fecundity 

W e  assume t h a t  female f ecund i ty  i s  determined.  by t h e  

amount of food consumed by t h e  l a r g e  l a rvae .  Fecundity. 

has been shown t o  be a  l i n e a r  func t ion  of t h e  s i z e  of  t h e  

pupal  c a s e .  We r e t a i n  t h i s  r e l a t i o n s h i p  and assume t h a t  

pupal  s i z e  i s  p ropor t iona l  t o  t h e  cube r o o t  o f  l a r v a l  

weight.  We do no t  know t h e  conversion e f f i c i e n c y  of 

f o l i a g e  i n t o  l a r v a l  weight  bu t  assume it t o  be l i n e a r  

wi th  food consumption. The weight ve r sus  f o l i a g e  

consumption equat ion  is  



WGT = weight of pupae (relative units) 

= PLFl DR1 + AF2 DR2 + BF (29) 

where PLFl = 34.1, PLF2 = 24.9, B = -3.4. 
F 

The fecundity regression equation in terms of pupal case 

size, x ,  is 

FEC = fecundity 

= 165.64 x - 328.52. 

We substitute the cube root of pupal weight to get 

FEC = 165.64 (WGT) - 328.52. (30) 

This equation is shown in Figure 15 for various levels of 

initial foliage. Fecundity is restricted to be greater 

than 40 eggs per female. If nutrition were so low as to 

produce fewer than 40 eggs,the pupae would not have 

survived. 

At this point we have a potential density of eggs 

generated by the population of budworm on the site. This 

egg density is 

e = FEC SF NF = FEC PF SF NA 
g 

(31) 
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FIGURE 15: F e c u n d i t y .  The number o f  e g g s  c a r r i e d  p e r  f emale  
a s  a  f u n c t i o n  o f  o r i g i n a l  l a r v a l  d e n s i t y  and a v a i l a b l e  f o l i a g e .  



where SF i s  t h e  s u r v i v a l  o f  f e m a l e s  ( e q u a l  t o  1 . 0 ) .  T h i s  

egg  d e n s i t y  i s  p l o t t e d  a g a i n s t  i n i t i a l  l a r v a l  d e n s i t y  f o r  

s e v e r a l  v a l u e s  o f  f o l i a g e  i n  F i g u r e  16 .  

Egg D i s p e r s a l  

I t  i s  c o n v e n i e n t  t o  t h i n k  o f  e g g s  m i g r a t i n g  r a t h e r  

t h a n  a d u l t s ,  a s  a n  i n d i v i d u a l  f emale  w i l l  d e p o s i t  some o f  

h e r  e g g s  on t h e  s i t e  and remove some t o  o t h e r  l o c a t i o n s .  

The number remain ing  on t h e  s i te  depends  upon t h e  m o b i l i t y  

o f  t h e  female  t h a t  is  i n  t u r n  g o v e r n e a  by t h e  w e i g h t  o f  

egg  mass s h e  i s  c a r r y i n g .  Thus when f e c u n d i t y  i s  h i g h  t h e  

f r a c t i o n  o f  e g g s  m i g r a t i n g  i s  low. The form used is  g i v e n  

a s  

FMIG = f r a c t i o n  o f  e g g s  m i g r a t i n g  o f f  s i t e  

= 1.1 = FEC/200 

w i t h  t h e  c o n s t r a i n t s :  

The form o f  t h i s  f u n c t i o n  is  shown i n  F i g u r e  17 .  T h i s  

f u n c t i o n  s e p a r a t e s  t h e  eggs  g e n e r a t e d ,  e  i n t o  t h o s e  t h a t  
g '  

s t a y  on t h e  s i te  and t h o s e  t h a t  m i g r a t e  o f f .  

When t h e  s i te  model is  used  a s  a  s t a n d - a l o n e  e n t i t y  

t h e  d i s p e r s a l  c h a r a c t e r i s t i c s  o f  t h e  f u l l  s i m u l a t i o n  

c a n  o n l y  b e  approx imated .  The d i s c r e p a n c y  between t h e  



FIGUXE 16:  Generated egg  d e n s i t y .  The t o t a l  number o f  eggs  
g e n e r a t e d  on s i t e  a s  a  f u n c t i o n  o f  o r i g i n a l  l a r v a l  d e n s i t y  and 
a v a i l a b l e  f o l i a g e .  Some o f  t h e s e  e g g s  w i l l  remain on s i t e ;  
t h e  remainder  w i l l  d i s p e r s e  away. 



FEC 

FIGURE 1 7 :  The f r a c t i o n  of  eggs migra t ing  o f f  s i t e  is  a func t ion  
o f  t h e  number of  eggs produced. 



two model s c a l e s  depends o n l y  on t h e  t r e a t m e n t  o f  d i s p e r s a l .  

I n  t h e  f u l l  model e g g s  e x p l i c i t l y  move from one s i t e  t o  

a n o t h e r , b u t  i n  t h e  s i n g l e - s i t e  model we must r e p r e s e n t  t h e  

o u t s i d e  wor ld  i m p l i c i t l y .  T h i s  c a n  be  hand led  i n  s e v e r a l  

ways. F i r s t ,  w e  c a n  a l l o w  a  g i v e n  p r o p o r t i o n  o f  t h e  e g g s  

l e a v i n g  t h e  s i t e  t o  r e t u r n  a s  i f  n e i g h b o u r i n g  s i t e s  had 

s i m i l a r  budworm d e n s i t i e s .  T h i s  f r a c t i o n  i s  c a l l e d  Rin .  

T h i s  d i s p e r s a l  mode a c t s  a s  i f  t h e  r e s t  o f  t h e  world  were 

i n  synchrony w i t h  o u r  p a r t i c u l a r  s i t e .  I t  a l s o  a c t s  a s  a  

p o s i t i v e  feedback  t o  o u t b r e a k s .  

A second t y p e  o f  t h e  d i s p e r s a l  i s  t o  set a  f i x e d  

e x t r a n e o u s  i n f l u x  o f  e g g s .  T h i s  h a s  t h e  e f f e c t  o f  b o o s t i n g  

low p o p u l a t i o n  l e v e l s  and i s  n e a r l y  i n s i g n i f i c a n t  f o r  h i g h  

p o p u l a t i o n  l e v e l s .  A d d i t i o n a l l y ,  w e  c o u l d  c o n s t r u c t  some 

f l u c t u a t i n g  i n p u t  p a t t e r n  o f  eggs .  

Fo l lowing  wha tever  d i s p e r s a l  mode w e  choose,we end up 

w i t h  a  p o t e n t i a l  egg d e n s i t y ,  e l a n d i n g  on the s i t e .  We 
P '  

assume t h a t  t h i s  s u c c e s s  w i l l  depend upon t h e  f o l i a g e  

c o n d i t i o n s  a t  t h a t  t i m e .  The s u c c e s s  f u n c t i o n  w e  u s e  i s  

s t r i c t l y  d e s c r i p t i v e .  I t s  form i s  

and i s  i l l u s t r a t e d  i n  F i g u r e  18 .  
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FIGURE 18:  The p r o b a b i l i t y  t h a t  a  female w i l l  f i n d  an adequate  
o v i p o s i t i o n  s i t e  depends on t h e  amount o f  a v a i l a b l e  f o l i a g e .  



A t  t h i s  p o i n t  i n  t h e  s i m u l a t i o n  sequence f o r e s t  

m o r t a l i t y  and a g e i n g  o c c u r s .  Although i n  r e a l i t y  t h i s  i s  

a  c o n t i n u o u s  p r o c e s s  t h r o u g h o u t  t h e  e n t i r e  y e a r ,  i t s  

e f f e c t  is  c o n c e n t r a t e d  a t  t h i s  p o i n t .  

The s u r v i v a l  o f  e g g s  t o  s m a l l  l a r v a e  i s  a c o n s t a n t  

f a c t o r  o f  81%. The s m a l l  l a r v a e ,  however,  go t h r o u g h  two 

d i s t i n c t  s m a l l - s c a l e  d i s p e r s a l s .  During e a c h  o f  t h e s e  

d i s p e r s a l s  t h e y  must f i r s t  l a n d  upon a  s u s c e p t i b l e  h o s t  

b ranch  and t h e n  f i n d  s u i t a b l e  f o l i a g e .  The chance  o f  

l a n d i n g  m an appropriate s u r f a c e  a r e a  i s  p r o p o r t i o n a l  t o  

SAR. The chance o f  f i n d i n g  s u i t a b l e  f o l i a g e  i s  t h e  same 

a s  t h a t  used f o r  females  s e a r c h i n g  f o r  s u i t a b l e  o v i p o s i t i o n  

si tes [ e q u a t i o n  ( 3 3 )  1 ,  b u t  i n  t h i s  c a s e  w e  a p p l y  t h e  f a c t o r  

t w i c e .  The n e t  f o l i a g e  e f f e c t  Pss i s  i l l u s t r a t e d  i n  F i g u r e  

1 9 .  The s u r v i v a l  o f  s m a l l  l a r v a e  i s  t h e n  

Ss = ks Pss . SAR 

where ks i s  a  s c a l i n g  c o n s t a n t  set a t  0 .352.  F i n a l l y ,  t h e  

l a r g e  l a r v a e  d e n s i t y  f o r  t h e  n e x t  g e n e r a t i o n  i s  

The r a t i o  o f  l a r g e  l a r v a e  i n  one g e n e r a t i o n  t o  t h a t  

o f  t h e  p r e v i o u s  g e n e r a t i o n  i s  t h e  growth r a t e ,  o r  r e c r u i t -  

ment f a c t o r .  T h i s  f u n c t i o n  f o r  v a r i o u s  l e v e l s  o f  s u r f a c e  
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FIGURE 19: The n e t  probab i l i t y  tha t  the  small larvae w i l l  
f i n d  adequate f o l i a g e  during t h e i r  two d i s p e r s a l s  depends on 
t h e  amount o f  a v a i l a b l e  f o l i a g e .  



area, but with full initial foliage, is shown in Figure 20. 

Note that whenever this function crosses the "replacement 

line" R = l.O,we have a potential equilibrium. This will 

not be a true equilibrium for the full system because 

foliage will not remain at its maximum level. This figure 

does, however, give useful insight into the behaviour of 

the complete site model. It shows, for instance, that if 

the system is caught at the lower equilibrium associated 

with the "predation pitrl'then, as surface area increases 

with forest maturity, the pit will eventually vanish and 

the dynamics of the system will carry the larval densities 

toward the higher equilibrium level. This "outbreak" sets 

in motion the chain of events of heavy defoliation, 

accumulated stress, reduction of surface area,and tree 

mortality. 

This has been a very brief description of the major 

elements implemented in the budworm site model. blore 

detailed descriptions of the lines of argument leading to 

these formulations are given in a separate technical 

appendix. A complete set of the actual equations is 

given in Appendix A. A thorough examination of the 

implications and assumptions implicit in this formulation 

and implicit in those things left out has not been given. 

Many of these are recognized and accepted under the banner 



F I G U R E  2 0 :  Growth r a t e .  T h i s  i s  t h e  r a t i o  o f  NL n e x t  y e a r  o v e r  
NL t h i s  y e a r  a s  a  f u n c t i o n  o f  t h i s  y e a r ' s  d e n s i t y .  The c u r v e s  
a r e  f o r  d i f f e r e n t  l e v e l s  o f  t h e  b r a n c h  d e n s i t y  i n d e x  (SAR) and 
f o r  F, = 3 . 8 .  



of the parsimonious school of modeling. Other assumptions 

will never be recognized. Those in the middle ground can 

always be tested for effect--the model is designed to be 

adaptable. 
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APPENDIX A - SUMMARY OF EQUATIONS 

This appendix summarizes the equations used in the 

Budworm Site Model. Variables and parameters are minimally 

defined; for explanation and derivation consult the text 

and the separate technical appendix. Where appropriate, 

equations are referenced to text figures. The symbols used 

here are paired with their FORTRAN equivalents in the 

glossary, Appendix B. 

1. Feeding by Large Larvae 

do = maximum consumption rate/individual/season 

= 0.0074 f .u. 

dl = new foliage eaten/individual/season 

DR1 = dl/do = relative consumption of F 
1 

(A.1) 

(Fig. 10) 

where 

N~ = density of large larvae/tsf 

d -d = individual "demand" for old foliage 
0 1 



DR2 = relative consumption of F2 

- - - F2 Il - exp - (  
d o - N ~  (dO-dl)NLl F2 I (A. 2 ) 

NOTE: If the argument of the exponent 
becomes too small (<.001, say), 
we use the expansion: 

-2 z 2 (1-e ) = ~ ( l - ~ + -  ... ) 2 6 (A. 3) 

DR = total consumption relative to do 

= DR1 + DR2 (Fig. 11) 

2. Removal of Foliage 

DEFl = total F1 removed/tsf 

F; = F2 - DEF2 F*+foliage in the defoliated I state 
F = F f  +F; (A.5) 

3. Survival of Large Larvae 

Parasitism = 0.4 e-.003'N~ 

thus 

= survival from parasites 



S E  = s u r v i v a l  t o  I n s t a r  V I  

where  

WF = w e a t h e r  f a c t o r  

1 . 0 0  
1 . 2 9  

kL = c o n s t a n t  = 0 .425  

The d e n s i t y  o f  I n s t a r  V I  i s  

P r e d a t i o n  i s  c a u s e d  b y  t h r e e  classes o f  v e r t e b r a t e  

( b i r d )  p r e d a t o r s .  

P r e y  = e f f e c t i v e  d e n s i t y  o f  F n s t a r  V I  p e r  t s f  

P r e d . =  p r e d a t i o n  r a t e  f r o m  p r e d a t o r  t y p e  i 
1 

- - 1 

+ B~ P r e y  e 1 

where  

Ai , B. and  a a r e  t h e  p r e d a t i o n  c o e f f i c i e n t s  
1 i 

f o r  p r e d a t o r  t y p e  i. The t o t a l  ( i n s t a n t a n e o u s )  

f u n c t i o n a l  r e s p o n s e  i s  

3 
PRED = 1 P r e d i  

i=l 

= s u r v i v a l  f r o m  p r e d a t i o n  



T o t a l  s u r v i v a l  o f  l a r g e  l a r v a e  i s  

sL = s;: • 'PRED 

P u p a l  d e n s i t y  i s  

Np = SPRED ' N6 = SL ' N L  

4 .  S u r v i v a l  o f  Pupae  

Sp = Ap + Bp 
S~ 

w h e r e  

Ap = 0 .473  

Bp = 0.828  

NA = Sp Np = d e n s i t y  o f  a d u l t s / t s f  

(A.12)  

( F i g .  1 4 )  

(A. 1 3 )  

(A. 1 5 )  

5. Fecundity 

WGT = w e i g h t  o f  p u p a e  ( r e l a t i v e  u n i t s )  

= DR1 + AF2 ' DR2 + BF (A.16) 

w h e r e  

AF1 = 3 4 . 1 ,  AF2 = 2 4 . 9 ,  BF = -3 .4  

FEC = f e c u n d i t y  

= 1 6 5 . 6 4  (WGT) - 328 .52  

F e c u n d i t y  i s  c o n s t r a i n e d  s u c h  t h a t  

FEC 2 40 

(A.17)  

(F ig .  1 5 )  



6 .  P r o d u c t i o n  o f  Eggs  

PF = p r o p o r t i o n  o f  f e m a l e s  

- 
- A~~ + ' 

w h e r e  

ApF = 0 .289  

BPF = 0 .237  

e = FEC PF - NA (A. 1 9 )  
9 

= e g g  d e n s i t y  g e n e r a t e d  o n  s i t e  (Fig .  1 6 )  

w h e r e  

SF = s u r v i v a l  o f  f e m a l e s  = 1 . 0  

7 .  M i g r a t i o n  o f  Eggs  

FMIG = f r a c t i o n  o f  e g g s  m i g r a t i n g  o f f  s i t e  

= 1.1 - FEC/200 (A.20)  

w i t h  t h e  c o n s t r a i n t s :  (F ig .  1 7 )  

0 . 35  6 FMIG 6 0.90  

e = e (1-FMIG) = e g g s  s t a y i n g  o n  s i t e  (A. 2 1 )  s 9 

Eo = eg - FMIG - PH SAR (A.22)  

= e g g s  l e a v i n g / a c r e  ( + 2 4 , 0 0 0 )  

- Ei - Rin Eo + E* (A. 2 3 )  

= i n - d i s p e r s i n g  e g g s / a c r e  ( + 2 4 , 0 0 0 )  

R. = r a t i o  o f  Eo r e t u r n i n g  
I n  

E* = e x t r a n e o u s  e g g  s o u r c e  

e = e + Ei - T /SAR 
P s SP 

= p o t e n t i a l  e g g  d e n s i t y  o n  s i t e  



where 

T = fraction of trees that are of susceptible 
SP 

age (2 22 years) 

= probability of finding suitable 

foliage for oviposition (Fig. 18) 

NE = e p - P1 
= egg density/tsf (A.26) 

NOTE: At this point Subroutine FOREST 
is called; see Sections 10-14 
be low. 

8. Survival of Eggs 

SE = 0.81 

NS = SE . NE = density of small larvae (A.27) 

9. Survival of Small Larvae 

P, = (F$*/3.8)12.0 - (F$*/3.8)1 (A. 28) 

Pss = P1 ' P2 (A.29) 

=probability of successful search for 

foliage during fall and spring 

dispersals (Fig. 19) 

SS = ks - PSs - SAR (A.30) 



where 

ks = c o n s t a n t  = 0.352 

N L ( t + l )  = SS N~ 

1 0 .  Budworm-Induced T r e e  M o r t a l i t y  

FR = F$/2.8 

SBw = So ( l -FR) 2  [So = 0.751 

= budworm-induced stress 

(A.31) 

(Fig.  20) 

(A.  32) 

( F i g .  8 )  

isBW = 0  i f  FR > 1.01 

RSA = 2  
'BW 

[RSA 1 0.81 (A.33) 

= r e d u c t i o n  i n  s u r f a c e  a r e a  f a c t o r  

11. Removal o f  Dead T r e e s  

- Mi - SBW ' p i  = m o r t a l i t y  r a t e  f o r  T  i (A. 34)  

p i :  c f .  S e c t i o n  1 6 )  

RGBW = r e g e n e r a t i o n  o f  l a n d  from budworm- 

induced  m o r t a l i t y  

" N a t u r a l "  m o r t a l i t y  i s  a p p l i e d  t o  T74 and T  a t  7  5  

t h e  r a t e  o f  2.37% p e r  annum. 



12.  Tree  Vec tor  Update ( F i g .  4 )  

T 7 5 ( t + l )  = T;;(t) + T;;(t) 

T i = l ( t + l )  = T p )  (i = 1, ..., 73)  (A.39) 

Tl ( t + l )  = RGBW + RG75 

13. S u r f a c e  Area,  S u s c e p t i b l e  Host and M a t r i c u l a t i o n  

75  
SA = 1 oi . Ti ( o i :  c f .  S e c t i o n  1 6 )  

i=22 
(A.40) 

= s u s c e p t i b l e  s u r f a c e  a r e a  

75  
T  = 1 Ti = p r o p o r t i o n  o f  h o s t  l a n d  of  

i=22 
s u s c e p t i b l e  a g e  

SAR = SA/24000 

- 1 
T21 = 5 ( T 2 0 f T 2 1 f ~ 2 2 )  = measure  of h o s t  l a n d  

e n t e r i n g  t h e  s u s c e p t i b l e  

p o p u l a t i o n  (A.42) 
- 

SAZL = T21 ' o 2  1 = s u r f a c e  a r e a  becoming 

s u s c e p t i b l e  

14. F o l i a g e  Compensation f o r  Dead T r e e s  

The f o l i a g e  l e v e l s  remain ing  a f t e r  f e e d i n g ,  F Z ,  a r e  

assumed t o  be  an a v e r a g e  o f  t h a t  on trees c u r r e n t l y  d y i n g  

and t h a t  on t r e e s  s u r v i v i n g .  



F; 
= FTd - R D + FI* - RL 

where 

F** = foliage level on trees that escape this 
T 

year's mortality 

F~~ = foliage on those that die 

= FG* 
(6 = 0.5) 

RL = fraction of T that lives 
SP 

thus 

The compensated foliage levels are: 

F';* = FG/tG (l-RL) + R 1 L 
F** I = Ft/{ 6 (1-RL) + RL1 (A. 45) 

F$* = F;/{6 (1-R ) + RL1 L 

NOTE: The value of Tip as used here is 
the one in effect before tree 
mortality and ageing are applied. 

15. New Spring Foliage Production 

F; * 
A = - = photosynthetic assimilation (A.46) 

3 . 8  

rate 

The new foliage levels are 

F; = FO = A 



F; = (1 - .04 . FT*) Ff* 

+ (3.17 - 2.51 ' A) ' AaF;* (A.48) 

(Fig. 7) 

Additionally, Fi and F; are supplemented by the 

contribution of SA21 (which carries full foliage) 

entering the susceptible age class. 

(A. 50) 

16. Calculation of o i  , u i  , and q .  

A. Surface area by age class i; 
a 1 

oi is linearly interpolated between the following 

values : 

e.g., al = 875 tsf/acre 

We also set a  = 29,500 tsf/acre. 
7 5 (Fig. 5) 



B. Age s p e c i f i c  - s u s c e p t i b i l i t y  f a c t o r ,  p i  

p i  = 0 i 2 2 1  

p i  = 0 . 5  22 2 i 2 49 

p i  = - 0 2  .- ( i - 4 9 )  + 0 . 5  50 2 i 2 74 

u 7 5  = 1 . 0  

C. Timbe r  vo lume  b y  a g e ;  q i  

7 5 
T o t a l  vo lume = Q = 1 qi . Ti ( c u b i c  f e e t / a c r e )  

i=22 

qi i s  l i n e a r l y  i n t e r p o l a t e d  b e t w e e n  
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RUDWORH S I T E  H O C E L  

G L O S S A R Y  O F  V A R I A B L E  NAMES 

( A R Q A N G E D  F U R C T I O N A L L Y  

----------------------------------------------------------.------------ 

r E X T  F O P T P L N  D E F I N I T I O N  ------------------------------------------------------------------- 

.............a S U B R P U T I N E S  t F I L E S  ....................... 
L N S E L T  B N W O R M  S l / Q V I V A L  SUB-HODEL 
F O R E S l  t O w t S T  H E S P O N S E  SUB-MODEL 
C O N T R L  CONTROL P O L  I C Y  SUB-PODEL 
l N D E  X  O U T P U T  I N D I C I E S  S U R R O U T I N E  
S T A T S  B I O L O G I C A L  I N D I C A T O R S  S U B R O U T I N E  
S T A R T  I N I T I A L I Z A T I O N  S U B R O U T I N E  

S L P  L I N E A R  I N T E R P O L A T I O N  F U N C T I O N  

BW.DATA D A T A  F I L E  F C R  P A R A M E T E R  V A L U E S  
BW. VIDAT F I L E  OF W E A T H E R  S E Q U E N C E  O P T I O N S  
BU. T O A T  F I L E  C F  I N I T I A L  T R E E  AGE S P E C T R A  
L?45 p E  C  F I L E  O F  I N C O M I N G  EGG D I S T R I R U T I O Y  

N~ 
XN E  D E N S I T Y  O F  . E G G S / T S F  C F  B R A N C H  S U R F A C E  A R E A  
HLs D E N S I T Y  O F  S H A L L  L A R V A E / T S F  ( I N S T A R  1 & I 1  
X N L  D E N S I T Y  O F  L A R G E  L A R V A E / T S F  ( I N S T A R  I I 1  - V I J  
XNP D E h S I T Y  O F  P U P A E / T S F  
XNA D E N S  I T Y  O F  A D U L T S / T  S F  
XN F  D E N S I T Y  O F  F E M A L E S / T S F  

s 
E S  E  S U R V I V A 4  ?F  EGGS T O  S M A L L  L A R V A E  ( 0 . 8 1 1  

S  S S U R V I V A L  OF S M A L L  T C  L A R ~ ~  L ~ N V P E  
S  L  S U R V I V A L  O F  L A R G E  L A R V A E  TO P U P A E  
5  P S U R V I V A L  O F  P U P A E  T C  A D U L T S  
S F  S U R V I V A L  OF F E M A L E S  T O  EGG L A Y I N G  (1.0) 

dt, DO M A X I  MUM F O L I A G E  RAT I O N  P E R  L A R G E  L A R V A E  ( 0 . 0 0 7 4 1  

dl 0  1 L A R V A L  C O N S U M P T I O N  UF N t W  F O L I A G E  I F 1 1  
D P  1 R A T I O N  C F  F 1  R E L A T I V E  T O  DO 

2 
D  7 L A R V A L  C C N S U M P T I O N  C F  O L D  F O L I A G E  ( F 2 )  
D R 2  R A T I O N  O F  F 2  R E L A T I V E  T O  DO 
P P E F F 2  P P E F E R E N C E  F A C T O R  F O R  F 2  OVER F 1  (1.0) 
DR T O T A L  F C L I A G E  R A T I O h  RE1  A T l V E  TO DO 



D E F  1 
DEFZ 
D E F  

X N 6  
P R E Y  
PRMAX 
P R A L F (  I )  
P R A l ( 1  ) 
P k A ? (  I )  
PP € 0  
P K F A C  
A  K  
S P P E D  

SPA 
S  P e  

P  F  
P  F A  
P F R  

W GT  
F b  1 
F A 2  
F  H 
F E C A  
F E C B  
F E C L V T  

EGGS 

F M  I 6  
f -MGK( 1 )  
FMGK ( 2  I 
F M G K ( 3 )  
F M G K ( 4 )  

EGGOUT 
D  P 
ODP 
D S D  
S P E C ( .  I 
I S F E C (  .I 

D E F O L I 4 T I O N  O F  F l c  NEW F O L I A G E  REMOVED B Y  L A R V A E  
D E F O L I A T I O N  O F  F 2 1  O L D  F O L I A G E  R E M O V E D  BY L A R V A E  
T O T A L  D E F O L I A T I O N  I I N  F O L I A G E  U N I T S )  

S U R V I V 4 L  O F  N L  FROM P A R A S I T I S M  
M A X I  PlJY P A R A S I T I S M  L E V E L  
P A R A S I T I S M  " D I L U T I O N  C O E F F I C I E N T "  
BkSE S U R V I V A L  O F  N L  

D E N S I T Y  O F  I N S T A R  V I / T S F  
E F F E C T I V E  D F N S I T Y  O F  N 6  
V A X I P U M  P R E D A T I O N  M O R T A L I T Y  
I 
1 P A R A M E T E R S  F C R  P R E D A T O R  F U N C T  I O N A L  R E S P O N S E  
I 
T O T A L  I h S T A N T A N E O U S  F U N C T I O N A L  R E S P O N S E  
S C b L  I N S  F A C T O R  H U L T  I P L Y  I N G  P R E D A T I O N  I N T E N S  I T Y  
PREDATOR C U M P E T I T I O N  C O E F F I C I E N T  
S U R V I V A L  O F  N L  FRCM P R E D A T I O N  

SP F U N C T I O N  I N T E R C E P T  
SP F U N C T I O b i  S L O P E  

PROPCRT I C N  O F  F E M A L E S  
P F  F U N C T I O N  I N T E R C E P T  
P F  F U N C T I O N  S L O P E  

W E I G H T  OF P U P A E  
P U P A L  W E I G H T  A T T R I B U T E D  TO F 1  C O N S U M P T I O N  
P U P A L  W E I G H T  A T T k I B l J T E O  T O  F Z  C O N S U M P T I O N  
P U P A L  W E I G H T  I N T E R C E P T  
F E C U N D I T Y  F U N C T I O N  SLOPE ( V S .  W G T + * l / 3 )  
F E C U N D 1  TY F U N C T I O N  I N T E R C E P T  
LOWER L I M I T  O F  F E C U N D I T Y  

D E N S I T Y  O F  E G G S / T S F  G E N E k A T E D  O N  S I T E  

F R A C T I O N  OF P O T E N T I A L  EGGS T H A T  M I G R A T E  O F F  S I T E  
M I N I M U M  F R A C T I O N  Y [ G R A T I N G  O F F  S I T E  
M A X I M U M  F R A C T I O N  M I G R A T I N G  O F F  S I T E  
F M I G  F U N C T I O N  I N T E R C E P T  
F M I G  F U N C T I O N  S L O P E  

D E N S I T Y  O F  E G G S / T S F  S T A Y I N G  O N  S I T E  

H E A S U K E  O F  EGG O U T - M I G R A T I O N / L A N D  ACRE 
SUM ( A V E R A G E )  O F  O U T - W I G P A N T  L E V E L S  
SUM O F  SOUARES O F  O U T - W I G P A N T  L E V E L S  
S T A N D A R D  D E V I A T I O N  O F  EGG O U T - M I G R A T I O N  SPECTRUM 
SPECTR'VC I L O G I  O F  O U T - M I G R A T I O N  L E V E L S  
I N T E G E P  V E R S I O N  O F  q'SPEC" 


















































































































































































































































































































































































































