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Introduction

No one voluntarily defines systems analysis. It can be
represented as a new concept of understanding or a new tech-
nique of managing any complex system. Or it can be claimed to
be simply a new label for an established way of thinking and
doing. And ecology is the same. There was a time when ecolo-
gyﬁmeant the study and management of the interrelationsjﬁe-
twéen organisms in their environment. Now it means so many
things to so many people its definition and relevance are as
confused as that of systems analysis. It is ironic justice
that two such indefinable subjects have been so hailed as the
panaceas for the problems of an industrialized world.

And yet, the problems are real. The resources that
nourish the body and spirit of man do not seem as inexhaustible
or as available as they once did. And our knowledge, tech-
niques and institutions seem too fragmented to cope. Perhaps
ecology and systems analysis are needed because of the failure
of a strategy which has led to such fragmentation.

That is the reason behind the International Institute of
Applied Systems Analysis--to examine and design resolutions
to the problems which have emerged at interfaces between in-
stitutions, and between constituencies. In order to give this
impossibly broad mandate practical definition and focus the
Institute, as its first act, initiated a series of ten plan-
ning conferences to draw upon the knowledge and advice of the
international scientific community. The Ecological Systems
Planning Conference was one of these, and, like the others,
was charged to review the field and identify the pressing
issues of theory and application where IIASA could play a
unique role.

IIASA is a new experiment in cooperation: not just be-
tween disciplines, which is difficult enough, but between
different nations and cultures as well. As a consequence,
its present status, constraints and potential are changing
and evolving rapidly. It was scarcely possible during the
short time of the conference, therefore, for the participants
to do more than analyze the state of the field. Little time
could be spent analyzing the state of IIASA, nor on the
critical issue of relating these two to each other so that a
coherent strategy and plan of action could be designed. These
latter steps were taken after the series of conferences had
been completed by the resident scientists of each project--
first independently and then in iteration with other project
groups and the director of IIASA.



These steps have been completed and the Conference Pro-
ceedings are designed to document the process. The Proceedings
are presented in two parts. The first, "Summary and Recom-
mendations," attempts to capture the essence, but not the de-
tails of our Conference by presenting the summary minutes, the
proposed research program in ecology as developed after the
Conference, an overview of IIASA's research strategy, and the
proposed research programs that evolved from the other plan-
ning conferences which had the closest relation to ecology.

In brief, therefore, this first section represents the present
state and plans for ecological and environmental activities at
ITASA. The second section provides the details of our Conference
agenda, invited papers, formal submissions by participants and
written commentaries generated by the participants during and.
after the Conference.

The conference participants played a key role in the de-
velopment of each of the research proposals. Moreover, as the
research plans are implemented, there will be a continuing
effort to be flexible and to evolve different projects and even
different strategies. It will be a measure of IIASA's future
worth if the scientific community will be as willing to involve
themselves in this process as they were in the first planning
conferences. If they are not, the grand experiment will be a
failure.

October 1973 C.S. Holling
Leader, Ecological Systems
Project
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APPENDIX I

Agenda
for
Research Planning Conference
on
ECOLOGICAL SYSTEMS

4 - 6 September 1973

Parkhotel Baden, Austria

Chairman: Professor C.S. Holling
Project Leader, IIASA

DAY 1 - IDENTIFYING ISSUES

Tuesday, September 4 (Conference Room, Parkhotel)

9:00 - 9:20 Welcome and Introduction of IIASA by the
Director, Prof. Howard Raiffa

9:20 - 9:40 Chairman's Introduction - C.S. Holling, IIASA

\O
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O

- 10:00 Coffee Break

10:00 - 11:15 Topie: CONCEPTUAL ISSUES IN ECOSYSTEM ANALYSIS (I)
Presentation: "Resilience and Stability in
Ecological Systems," C.S. Holling, IIASA

- Discussion -

11:15 - 12:30 Topic: DEVELOPMENT AND APPLICATION OF ECOLOGICAL
MODELS (I)

Presentation: "Where Resource and Environmental
Simulation Models are Going Wrong," B.W. Mar,
University of Washington.

- Discussion -
12:30 - 2:00 Lunch
2:00 = 3:30 Topic: IDENTIFICATION OF CRITICAL AREAS FOR RE-

SEARCH ON ECOLOGICAL SYSTEMS (I): Introduction

Presentation: Position papers from the National
Member Organizations (detailed agenda to be
announced)

3:30 - L4:00 Coffee Break

4:00 - 5:30 Preliminary identification of priorities and
pressing issues. This will be a group discussion
based on the NMO statements and the list of issues
provided by the invited speakers. It will furnish
the framework for subsequent discussion on days two
and three of the Conference.

7:00 Cocktails, followed by dinner at the Parkhotel

-4-
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DAY 2 - PRIORITIES FOR ISSUES OF TECHNIQUE AND APPLICATION

Wednesday, September 5 (Conference Room, Parkhotel)

9:00 = 9:30 Review List of Priorities and Pressing Issues

9:30 - 12:30 Topic: TECHNICAL ISSUES OF ECOSYSTEM ANALYSIS (I)

Presentation: "Problems of Scale and Detail in
Ecological Analysis," David W. Goodall, Utah
State University.

- Discussion -

Coffee Break

Presentation: "Patchiness in the Sea; The Controlled
Ecosystem Pollution Experiment"; J.H. Steele,
Marine Laboratory, Aberdeen.

- Discussion -

12:25 Collection of participants' written commentary
relating to Technical Issues of Ecosystem Analysis

12330

|
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:00 Lunch

2:00 - 3:15 Topic: DEVELOPMENT AND APPLICATION OF ECOLOGICAL
MODELS (II)

Presentation: "An Interdisciplinary Approach to
Development of Watershed Simulation Models," C.J.
Walters, University of British Columbia.

- Discussion -

3:15 - 3:40 Coffee Break

3:40 Collection of participants' written commentary
relating to Development and Application of Ecolog-
ical Models

3:45 - 5:30 Topic: IDENTIFICATION OF CRITICAL AREAS FOR
RESEARCH ON ECOLOGICAL SYSTEMS (II):
Problems of Technique and Application

- Discussion -
7:00 = 9:30 A "Heuriger" get-together.

Bus transportation will be arranged to bring
participants and their wives to an informal dining
and drinking establishment where local Austrian
wine will help lubricate an international commu-
nication.
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DAY 3 - PRIORITIES FOR CONCEPTUAL ISSUES AND SUMMARY

Thursday, September 6 (Schloss Laxenburg)

9:00 Departure by bus from Parkhotel to Schloss
Laxenburg

9:30 - 10:45 Topic: CONCEPTUAL ISSUES IN ECOSYSTEM ANALYSIS (II)

Presentation: "A Conceptual Framework for a
Strategy to Mobilize Ecology and Other Sciences in
Order to Solve Major Problems Related to Fisheries,"
Henry A. Regier, University of Toronto.

- Discussion -

10:45 - 11:10 Coffee Break

11:10 Collection of participants' written commentary
relating to Conceptual Issues in Ecosystem Analysis.

11:15 - 12:30 Topic: IDENTIFICATION OF CRITICAL AREAS FOR
RESEARCH ON ECOLOGICAL SYSTEMS (III):
Conceptual Problems

- Group Discussion -

12:30 - 2:00 Picnic lunch and tour of IIASA facilities

2:00 - 3:45 Topic: IDENTIFICATION OF CRITICAL AREAS FOR
RESEARCH ON ECOLOGICAL SYSTEMS (IV):
Summary and Development of Specific
Project Proposals

- Group Discussion -

3:45 Collection of participants' written commentary
relating to Specific Project Proposals

4:15 - 5:00 Discussion opened to members of the press
5:00 Cocktails, Schloss Laxenburg

6:30 Departure by bus from Schloss Laxenburg to
Parkhotel



INTERNATIONAL INSTITUTE FOR APPLIED SYSTEMS ANALYSIS

Research Planning Conference

"ECOLOGICAL SYSTEMS"

Parkhotel Baden, September U4th to 6th, 1973

List of Participants

U.S.A.

Prof. David Goodall
Co-Director

Desert Biome Ecology Center
Utah State University
Logan, Utah 84321

Dr. Philip Johnson
Director, Division of
Environmental Systems
and Resources
National Science Foundation
1800 G St., N.W.
Washington, DC 20550

Dr. Brian W. Mar
Department of Civil
Engineering

University of Washington
Seattle, Washington 98195

UwS o0 w1l

Dr. E.K. Fedorov

Chief of the USSR Hydro-
meteorological Services
c/o0 The Academy of Sciences
Council Ministers of USSR
State Committee for
Science and Technology

11 Gorky Street

Moscow

Dr. K.V. Ananichev

Member of the Committee for
Systems Analysis of the
Presidum of USSR Academy of
Sciences

c/o The Academy of Sciences
same address as above

Dr. N.V. Burkov

Institute of Control Problems
c/o The Academy of Sciences
same address as above

CANADA

Dr. Henry Regier
Department of Zoology
University of Toronto
Toronto, Ontario M5S 1Al

Dr. Carl J. Walters

Institute for Animal Resource
Ecology

University of British Columbia
Vancouver 8, B.C.

FEDERAL REPUBLIC OF GERMANY

Prof. Bernhard Ulrich
Forstliche Fakultaet der
Universitaet Goettingen
34 - Goettingen



Dr. Robert Pestel
c/o Dr. F. Schneider
Max Planck Society
POB 647

D-8000 Munich 1

FRANCE

Prof. M. Levy

Ministere dy developpement
industrial et scientifique
101 rue Grenelle

75007 Paris

Mr. Lucien Brams

Directeur de Recherche
Service des Affairs
Economiques et Inter-
nationales (S.A.E.I.)
55-57 rue Brillant-Savarin
75013 Paris

GERMAN DEMOCRATIC REPUBLIC

Prof. Dr. H. Mottek

Member of the Academy of
Sciences for the GDR
Leipziger Str. 5

DDR-108 Berlin

ITALY

Prof. Valerio Giacomini
Istituto di Botanica
University of Rome
Piazzale delle Science
5 Rome

Prof. S. Rinaldi

Istituto di Elettrotecnica
ed Elettronica del Poli-
tecnico

Piazza Leonardo da Vineci, 32
20133 Milan

Eng. U. Montalenti
Comitata Consulenza
FIAT S«p«ds

Via Cuneo 20

10152 Torino

JAPAN

Dr. Masa-Aki Naito
Kyoto University
Kyoto

Dr. Hisashi Ishitani
Tokyo University
Bunkyo-ku

Tokyo

POLAND

Dr. R.M. Dmowski

Institute for Applied
Cybernetics
00-818 Warsaw, krn 55

UNITED KINGDOM

Mr. J.N.R. Jeffers

Merlewood Research Station

Grange-over-Sands
Lancashire

Dr. John H. Steele
Marine Laboratory
P.0. Box 101
Victoria Station
Aberdeen AB9 8D8
Scotland

AUSTRIA

Dr. A. Cernusca

Institut fuer allgemeine
Botanik
Universitaetsstr. 4
Innsbruck

Prof. W. Kilhnelt

Academy of Sciences
Vienna

ITASA STAFF

Chairman:

Prof. C.S. Holling
Project Leader - Ecology



IIASA STAFF (continued)

Prof. Howard Raiffa
Director

Prof. Alexandr Letov
Deputy Director

Prof. Wolfgang Haefele
Project Leader - Energy Systems

Dr. Andrei Bykov
Secretary to IIASA

Research Scholars:

Prof. Myron B. Fiering
(Engineering and Applied
Mathematics)

Prof. Alan Manne
(Energy Project)

Dr. Dixon Jones
(Resource Ecology)

Mr. William C. Clark
(Resource Ecology)

Mr. Zafar Rashid
(Resource Ecology)

Dr. David Bell
(Methodology)

Doz. Dr. R. Trappl
(Medical Systems)

Mrs. Ulrike H. Bigelow
(Rapporteur)



APPENDIX II

Introductory Remarks by the Institute Director

H. Raiffa

On behalf of the Institute, I would like to welcome you
to this Planning Conference on Ecological Systems. This is
part of a series of meetings which the Institute is holding
to seek expert opinion in better defining the most promising
directions for Institute research. The Institute hopes these
conferences will provide a frank, open airing of viewpoints,
opinions and controversies. To encourage such exchange, the
minutes of the conference will reflect the varying sentiments
of the participants but will avoid attribution of positions
without prior approval of the speaker; however, remarks by
the Chairman and by discussion leaders will be attributed.
Any written statements from the participants will be welcome
and shall be included in the final proceedings. The minutes
of the conference will be ‘distributed among the participants
and the Council members.

Before outlining for you the Institute research plans, I
would like briefly to sketch the history of IIASA. Early in
1967, Mr. McGeorge Bundy, representing the President of the
United States, met in Moscow with Dr. Jerman Gvishiani, Deputy
Chairman of the State Committee of the U.S.S.R. for Science
and Technology. Their discussions dealt with a proposal of
the President "to explore the possibility of establishing an
international center for studiés of the common problems of
advanced societies." That meeting opened a five-year period
of planning conferences and multi-national negotiations held
under the Chairmanship of Lord Solly Zuckerman of the United
Kingdom and convoked with the goal of establishing such a
center.

At the risk of slighting many people who contributed
greatly to the planning for the Institute, it is only just to
mention that major roles were played by Monsieur Pierre Aigrain
of the French government, Prof. Philip Handler of the U.S.
National Academy of Sciences, Dr. 0. Leupold of the German
Democratic Republic, Signor Aurelio Peccel of Italy,

Dr. Friedrich Schneider of the Max Planck Gesellschaft,

Prof. D. Smolenski of the Polish Academy of Sciences, as well

as by Messrs. Bundy, Gvishiani, and Zuckerman. A representa-
tive national scientific institution from each of their coun-
tries and, in early 1972, from Bulgaria, Canada, Czechoslovakia,
and Japan were invited to join the Institute, bringing the
founding membership to twelve.

w1
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On 4 October 1972, these founding members signed the
Charter creating IIASA as a non-governmental international
institute; at the same time, they selected Laxenburg, Austria,
to be the site of the Institute headquarters. The Austrian
government had proposed to renovate the former Habsburg palace
there, and the first set of offices was completed on schedule
in June, 1973. Work on another wing of Schloss Laxenburg is
in progress and should be finished by the end of 1973. We
expect completion of the first major phase of renovations by
the end of 1974, with a second phase to begin in 1975.

The timetable for development of the Institute has three
overlapping phases: organization of the Institute admini-
stration (October, 1972 through June, 1973); research planning
conferences, of which this is one (July through October, 1973);
and expansion of the research program (already begun and con-
tinuing in the future at an accelerated pace).

The number of scientists in residence will treble between
now and September, 1975, when approximately ninety scholars
will be working in Laxenburg. These scientists will be chosen
with consideration of geographical distribution among the mem-
ber nations. They will be invited to work at the Institute
for short terms or for periods up to three years, with most
coming for one year.

In addition to normal administrative support for the scho-
lars, the Institute is developing scientific support to include
three essential services: an in-house library connected with
libraries in Vienna and abroad, an information distribution
system, and computer facilities. The Institute currently has
time-sharing arrangements with the Honeywell-Bull Mark I and
Mark III systems, using terminals already installed in the
castle. The computer section is presently selecting an appro-
priate mini-computer, and investigating the possibility of
eventually purchasing a large, primary machine.

This gives you an overview of the background and physical
structure of the Institute. I would now like to describe the
Institute plans for its research program, and then finally,
to express our goals for this conference.

The Institute has two branches: the Council, which is
responsible for broad policy, and the Directorate, which im-
plements, directs, and administers the research program.
Planning for this program has gone through various stages of
refinement. The Council has determined what the broad areas
of Institute research are to be, and now, using ideas and
suggestions gleaned from the research planning conferences,
the Director, Deputy Director, and other IIASA research leaders
will propose for approval by the Council a more formal research
strategy. In the interim, the Directorate has had a partial
mandate to invite scholars to begin work this year.
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The Council outlined ten broad research areas with over-
lapping boundaries. To overcome problems which the breadth
of these areas could create, the Institute chose two approaches.
Its scholars will work on topics with obvious interrelations,
and, in addition to this in-house research, will exploit the
infrastructures of other groups such as the national member
organizations, United Nations groups, and other national and
international institutions engaged in projects related to
ITASA interests.

However, the Institute will be neither a project-oriented
consulting group, nor merely a data-collecting institution.
Rather, it will attempt to strike a balance between methodo-
logical and applied studies in seeking solutions for real world
problems.

It is further essential that we maintain a healthy geo-
graphic balance across the research team structure. The teams
must be so designed that scientists of different nationalities
supplement each other, communicate, and learn from each other.
The structure should be such that this occurs naturally, with
guidance from the leadership, but without constant interference.

As important, and perhaps as difficult as the balance of
nationalities, is the balance of disciplines. Applied and
methodological researchers, applied mathematicians and engineers,
statisticians and organizational theorists, social scientists
and operations researchers, economists and decision analysts
have much to contribute to one another. IIASA projects should
be structured so that each group feels vitally a need for the
others. We feel that perhaps the best way to achieve this is
through concentration upon applied projects in which the dis-
parate disciplines must interact with each other in order to
produce concrete results.

During the course of this conference, the Institute expects
you to voice your opinions, to map out alternate designs for
approaching the research, to isolate theoretical research topics
within the area of ecological systems to suggest ways to col-
laborate with other groups, and to discuss possibilities for
choosing a concrete problem for analysis if this course appears
fruitful. We further hope that the conference will produce
preliminary suggestions for a basic library in the ecology area,
and guidelines for necessary computer support.

The conference participants should explore the value of
reanalyses by IIASA scientists of current outside projects,
or the desirability of retrospective critiques of past projects.
Here IIASA could bring to bear its wealth of cross-cultural
and cross-disciplinary viewpoints in seeking out lessons from
other projects which could improve its own research efforts in
ecological systems.
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We should also discuss what sort of people could most
usefully be involved in our ecology effort. For example,
how might we benefit from the contributions of economists,
physicists, biologists, meteorologists, engineers, lawyers,
organizational experts, or geographers? Along these lines,
we would hope to consider the proper mix of in-house
personnel and external contacts for carrying out our objectives.

Finally the conference participants should identify
points of natural contact between the ecology project and
other Institute projects on energy and water resources.

Valuable suggestions have emerged from our previous
conferences. We feel that the discussions in this planning
conference will further identify what we might term "the
distinctive competence" of IIASA. Only then can we shape a
research program for the Institute which will make a unique
contribution to research in the area of Ecological Systems.






SECTION TWO

Invited Papers

This Section contains papers presented by the
invited speakers at the Conference. Since
several of the papers have not yet appeared in
the formal literature, we ask that none be
quoted without express written permission from
the authors.






APPENDIX III

Resilence and Stability of Ecological Systems

C. S. Holling

Reproduced, with permission, from "Resilence and
Stability of Ecological Systems," Annual Review
of Ecology and Systematics, Volume 4, Copyright
1973 by Annual Reviews, Inc. All right reserved.




Resilience and Stability of Ecological Systems

C.S. Holling

INTRODUCTION

Individuals die, populations disappear, and species become extinct. That is
one view of the world. But another view of the world concentrates not so much
on presence or absence as upon the numbers of organisms and the degree of con-
stancy of their numbers. These are two very different ways of viewing the
behavior of systems and the usefulness of the view depends very much on the
properties of the system concerned. If we are examining a particular device
designed by the engineer to perform specific tasks under a rather narrow
range of predicable external conditions, we are likely to be .more concerned
with consistent nonvariable performance in which slight departures from the
performance goal are immediately counteracted. A quantitative view of the
behavior of the system is, therefore, essential. With attention focused upon
achieving constancy, the critical events seem to be the amplitude and fre-
quency of oscillations. But if we are dealing with a system profoundly
affected by changes external to it, and continually confronted by the un-
expected, the constancy of its behavior becomes less important than the
persistence of the relationships. Attention shifts, therefore, to the qual-
jtative and to questions of existence or not.

Our traditions of analysis in theoretical and empirical ecology have been
largely inherited from developments in classical physics and its applied
variants. Inevitably, there has been a tendency to emphasize the quantit-
ative rather than the qualitative, for it is important in this tradition to
know not just that a quantity is larger than another quantity, but precisely
how much larger. It is similarly important, if a quantity fluctuates, to
know its amplitude and period of fluctuation. But this orientation may
simply reflect an-analytic approach developed in one area because it was

useful and then transferred to another where it may not be.
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Our traditional view of natural systems, therefore, might well be less a
meaningful reality than a perceptual convenience. There can in some years
be more owls and fewer mice and in others, the reverse. Fish populations
wax and wane as a natural condition, and insect populations can range over
extremes that only logarithmic transformations can easily illustrate. More-
over, over distinct areas, during Tong or short periods of time, species can.
completely disappear and then reappear. Different and useful insight might
be obtained, therefore, by viewing the behaviour of ecological systems in
terms of the probability of extinction of their elements, and by shifting
emphasis from the equilibrium states to the conditions for persistence.

An equilibrium centered view is essentially static and provides little in-
sight into the transient behaviour of systems that are not near the equil-
ibrium. Natural, undisturbed systems are likely to be continually in a
transient state; they will be equally so under the influence of man. As
man's numbers and économic demands increase, his use of resources shifts
equilibrium states and moves populations away from equilibria. The present
concerns for pollution and endangered species are specific signals that the
well-being of the world is not adequately described by concentrating on
equilibria and conditions near them. Moreover, strategies based upon these
two different views of the world might well be antagonistic. It is at least
conceivable that the effective and responsible effort to provide a maximum
sustained yield from a fish population or a nonfluctuating supply of water
from a watershed (both equilibrium-centered views) might paradoxically
increase the chance for extinctions.

The purpose of this review is to explore both ecological theory and the
behaviour of natural systems to see if different perspectives of their
behaviour can yield different insights useful for both theory and practice.
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Some Theory

Let us first consider the behaviour of two interacting populations: a
predator and its prey, a herbivore and its resource, or two competitors. If
the interrelations are at all regulated we might expect a disturbance of one
or both populations in a constant environment to be followed by fluctuations
that gradually decrease in amplitude. They might be represented as in
Figure 1, where the fluctuations of each population over time are shown as
the sides of a box. In this example the two populations in some sense are
regulating each other, but the lags in the response generate a series of
oscillations whose amplitude gradually reduces to a constant and sustained
value for each population. But if we are also concerned with persistence we
would 1ike to know not just how the populations behave from one particular
pair of starting values, but from all possible pairs since there might well
be combinations of starting populations for which ultimately the fate of one
or other of the populations is extinction. It becomes very difficult on
time plots to show the full variety of responses possible, and it proves
convenient to plot a trajectory in a phase plane. This is shown by the end
of the box in Figure 1 where the two axes represent the density of the two
populations. (Figure 1 near here)

The trajectory shown on that plane represents the sequential change of the

two populations at constant time intervals. Each point represents the

unique density of each population at a particular point in time and the

arrows indicate the direction of change over time. If oscillations are damped,
as in the case shown, then the trajectory is represented as a closed spiral
that eventually reaches a stable equilibrium.

We can imagine a number of different forms for trajectories in the phase
plane (Figure 2). Figure 2a shows an open spiral which would represent
situations where fluctuations gradually increase in amplitude. The small
arrows are added to suggest that this condition holds no matter what com-
bination of populations initiates the trajectory. In Figure 2b the traject-
ories are closed and given any starting point eventually return to that point.
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FIGURE 1. Derivation of a Phase'Plane Showing the
Changes in Numbers of Two Populations
Over Time
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It is particularly significant that each starting point generates a unique
cycle and there is no tendency for points to converge to a single cycle or
point. This can be termed "neutral stability" and it is the kind of stability
achieved by an imaginary frictionless pendulum. (Figure 2 near here) MSP 5

Figure 2c represents a stable system similar to that of Figure 1, in which
all possible trajectories in the phase plane spiral into an equilibrium.
These three examples are relatively simple and, however relevant for classical
stability analysis, may well be theoretical curiosities in ecology. Figures
2d-2f add some complexities. In a sense Figure 2d represents a combination
of a and c, with a region in the center of the phase plane within which all
possible trajectories spiral inwards to equilibrium. Those outside this
region spiral outwards and lead eventually to extinction of one or the other
populations. This is an example of local stability in contrast to the global
stability of Figure 2c. I designate the region within which stability
occurs as the domain of attraction, and the line that contains this domain
as the boundary of the attraction domain.

The trajectories in Figure 2e behave in just the opposite way. There is an
internal region within which the trajectories spiral out to a stable limit
cycle and beyond which they spiral inwards to it. Finally, a stable node is
shown in Figure 2f in which there are no oscillations and the trajectories
approach the node monotonically. These six figures could be combined in an
almost infinite variety of ways to produce several domains of attraction
within which there could be a stable equilibrium, a stable limit cycle, a
stable node, or even neutrally stable orbits. Although I have presumed a
constant world throughout, in the presence of random fluctuations of para-
meters or of driving variables (Walters 39), any one trajectory could wander
with only its general form approaching the shape of the trajectory shown.
These added complications are explored later when we consider real systems.
For the moment, however, let us review theoretical treatments in the light
of the possibilities suggested in Figure 2.
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The present status of ecological stability theory is very well summarized in
a number of analyses of classical models, particularly May's (23-25) insight-
ful analyses of the Lotka-Volterra model and its expansions, the graphical
stability analyses of Rosenzweig (33, 34), and the methodological review of |
Lewontin (20).

May (24) reviews the large class of coupled differential equations expressing
the rate of change of two populations as continuous functions of both. The
behaviour of these models results from the interplay between (a) stabilizing
negative feedback or density-dependent responses to resources and predation,
and (b) the destabilizing effects produced by the way individual predators
attack and predator numbers respond to prey density (termed the functional
and numerical responses as in Holling 11). Various forms have been given to
these terms; the familiar Lotka-Volterra model includes the simplest and least
realistic, in which death of prey is caused only by predation, predation is
a linear function of the product of prey and predator populations, and growth
of the predator population is linearly proportional to the same product.
This model generates neutral stability as in Figure 2b, but the assumptions
are very unrealistic since very few components are included, there are no
explicit lags or spatial elements, and thresholds, limits, and nonlinearities
are missing.

These features have all been shown to be essential properties of the preda-
tion process (Holling 12, 13) and the effect of adding some of them has been
analysed by May (24). He points out that traditional ways of analysing the
stability properties of models using analytical or graphical means (Rozenzweig
& MacArthur 33, Rosenzweig 34, 35) concentrate about the immediate neighbour-
hood of the equilibrium. By doing this, linear techniques of analysis can
be applied that are analytically tractable. Such analyses show that with
certain defined sets of parameters stable equilibrium points or nodes exist
(such as Figure 2c), while for other sets they do not, and in such cases the
system is, by default, presumed to be unstable, as in Figure 2a. May (24),
however, invokes a little used theorem of Kolomogorow (Minorsky 26) to show
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that all these models have either a stable equilibrium point or a stable
1imit cycle (as in Figure 2e). Hence he concludes that the conditions
presumed by linear analysis are unstable, and in fact must lead to stable
limit cycles. In every instance, however, the models are globally rather
than locally stable, limiting their behaviour to that shown in either
Figures 2c or Z2e.

There is another tradition of models that recognizes the basically discon-
tinuous features of ecological systems and incorporates explicit lags.
Nicholson and Bailey initiated this tradition when they developed a model
using the output of attacks and survivals within one generation as the input
for the next (29). The introduction of this explicit lag generates
oscillations that increase in amplitude until one or other of the species
becomes extinct (Figure 2a). Their assumptions are as unrealistically
simple as Lotka's and Volterra's; the instability results because the number
of attacking predators at any moment is so much a consequence of events in
the previous generation that there are "too many" when prey are declining
and "too few" when prey are increasing. If a 1ag is introduced into the
Lotka-Volterra formulation (Wangersky & Cunningham 40) the same instability
results.

The sense one gains, then, of the behaviour of the traditional models is

that they are either globally unstable or globally stable, that neutral
stability is very unlikely, and that when the models are stable a 1imit cycle
is a 1ikely consequence.

Many, but not all, of the simplifying assumptions have been relaxed in
simulation models, and there is one example (Holling & Ewing 14) that joins
the two traditions initiated by Lotka-Volterra and Nicholson and Bailey and,
further, includes more realism in the operation of the stabilizing and de-
stabilizing forces. These modifications are described in more detail later;
the important features accounting for the difference in behaviour result

. from the introduction of explicit lags, a functional response of predators
that rises monotonically to a plateau, a nonrandom (or contagious) attack
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by predators, and a minimum prey density below which reproduction does not
occur. With these changes a very different pattern emerges that conforms
most closely to Figure 2d. That is, there exists a domain of attraction
within which there is a stable equilibrium; beyond that domain the prey
population becomes extinct. Unlike the Nicholson and Bailey model, the,
stability becomes possible, although in a limited region, because of con-
tagious attack. (Contagious attack implies that for one reason or another
some prey have a greater probability of being attacked than others, a
condition that is common in nature (Griffiths & Holling 9).) The influence
of contagious attack becomes significant whenever predators become abundant
in relation to the prey, for then the susceptible prey receive the burden of
attention, allowing more prey to escape than would be expected by random
contact. This "inefficiency" of the predator allows the system to counter-
act the destabilizing effects of the lag.

If this were the only difference the system would be globally stable, much

as Figure 2c. The inability of the prey to reproduce at low densities,
however, allows some of the trajectories to cut this reproduction threshold,
and the prey become extinct. This introduces a lower prey density boundary
to the attraction domain and, at the same time, a higher prey density
boundary above which the amplitudes of the oscillations inevitably carry the
population below the reproduction threshold. The other modifications in the
model, some of which have been touched on above, alter this picture in degree
only. The essential point is that a more realistic representation of the
behaviour of interacting populations indicates the existence of at least one
domain of attraction. It is quite possible, within this domain, to imagine
stable equilibrium points, stable nodes, or stable 1imit cycles. Whatever
the detailed configuration, the existence of discrete domains of attraction
immediately suggests important consequences for the persistence of the system
and the probability of its extinction.

Such models, however complex, are still so simple that they should not be
viewed in a definitive and quantitative way. They are more powerfully used
as a starting point to organize and guide understanding. It becomes valuable,
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therefore, to ask what the models leave out and whether such omissions make
isolated domains of attraction more or less likely.

Theoretical models generally have not done well in simulataneously incorporat-
ing realistic behaviour of the processes involved, randomness, spatial
heterogeneity, and an adequate number of dimensions or state variables. This
situation is changing very rapidly as theory and empirical studies develop a
closer technical partnership. In what follows I refer to real world examples
to determine how the four elements that tend to be left out might further
affect the behaviour of ecological systems.

SOME REAL WORLD EXAMPLES

Sa21f-Contained Ecosystems

In the broadest sense, the closest approximation we could make of a real world
example that did not-grossly depart from the assumptions of the theoretical
models would be a self-contained system that was.fairly homogenous and in which
climatic fluctuations were reasonably small. If such systems could be dis-
covered they would reveal how the more realistic interaction of real world
processes could modify the patterns of systems behaviour described above. Very
close approximations to any of these conditions are not likely to be found, but
if any exist, they are apt to be fresh water aquatic ones. Fresh water lakes
are reasonably contained systems, at least within their watersheds; the fish
show considerable mobility thoughout, and the properties of the water buffer

the more extreme effects of climate. Moreover, there have been enough document-
ed man-made disturbances to liken them to perturbed systems in which either the
parameter values or the levels of the constituent populations are changed. 1In

a crude way, then, the lake studies can be likened to a partial exploration of
a phase space of the sorts shown in Figure 2. Two major classes of disturbances
have occurred: first, the impact of nutrient enrichment from man's domestic
and industrial wastes and second, changes in fish populations by harvesting.
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The paleolimnologists have been remarkably successful in tracing the impact of
man's activities on lake systems over surprisingly long periods. For example,
Hutchinson (17) has reconstructed the series of events occurring in a small
crater lake in Italy from the last glacial period in the Alps (2000 to 1800
BC)'to the present. Between the beginning of the record and Roman times .the
lake had established a trophic equilibrium with a low level of productivity
which persisted in spite of dramatic changes in surroundings from Artemesia
steppe, through grassland, to fir and mixed oak forest. Then suddenly the
whole aquatic s'stem altered. This alteration towards eutrophication seems to
have been initiated by the construction of the Via Cassia about 171 BC, which
caused a subtle change in the hydrographic regime. The whole sequence of
environmental changes can be viewed as changes in parameters or driving
variables, and the long persistence in the face of these major changes
suggests that natural systems have a high capacity to absorb change without
dramatically altering. But this resilient character has its limits, and when
the 1imits are passed, as by the construction of the Roman highway, the system
rapidly changes to another condition.

More recently the activities of man have accelerated and limnologists have
recorded some of the responses to these changes. The most dramatic change
consists of blooms of algae in surface waters, an extraordinary growth triggered
in most instances, by nutrient additions from agricultural and domestic sources.

While such instances of nutrient addition provide some of the few examples
available of perturbation effects in nature, there are no controls and the
perturbations are exceedingly difficult to document. Nevertheless, the quali-
tative pattern seems consistent, particularly in those lakes (Edmundson 4 and
Hasler 10) to which sewage has been added for a time and then diverted else-
where. This pulse of disturbance characteristically triggers periodic algal
blooms, low oxygen conditions, the sudden disappearance of some plankton species,
and appearance of others. As only one example, the nutrient changes in Lake
Michigan (Beeton 2) have been accompanied by the replacement of the cladoceran
Bosmina coregoni by B. Longirostris, Diaptomus oregonensis has become an

important copepnd species, and a brackish water copepod Eurytemora affinis is a
new addition to the zooplankton.
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In Lake Erie, which has been particularly affected because of ist shallowness
and intensity of use, the mayfly Hexagenia, which originaT]y dominated the
benthic community, has been almost totally replaced by oligochetes. There
have been blooms of the blue green alga Melosira binderana, which had never

been reported from the United States until 1961 but now comprises as much as
99% of the total phytoplankton around certain islands. In those cases whére
sewage has been subsequently diverted there is a gradual return to less
extreme conditions, the slowness of the return related to the accumulation of
nutrients in sediments.

The overall pattern emerging from these examples is the sudden appearance or
disappearance of populations, a wide amplitude of fluctuations, and the
establishment of new domains of attraction.

The history of the Great Lakes provides not only some particularly good
information on responses to man-made enrichment, but also on responses of fish
populations to fishing pressure. The eutrophication experience touched on
above can be viewed as an example of systems changes in driving variables and
parameters, whereas the fishing example is more an experiment in changing
state variables. ' The fisheries of the Great Lakes have always selectively con-
centrated on abundant species that are in high demand. Prior to 1930, before
eutrophication complicated the story, the lake sturgeon in all the Great Lakes,
the lake herring in Lake Erie, and the lake whitefish in Lake Huron were
intensively fished (Smith 37). In each case the pattern was similar: a period
of intense exploitation during which there was a prolonged high level harvest,
followed by a sudden and precipitous drop in populations. Most significantly,
even though fishing pressure was then relaxed none of these populations showed
any sign of returning to their previous levels of abundance. This is not un-
expected for sturgeon because of their slow growth and late maturity, but it
is unexpected for herring and whitefish. The maintenance of these low popula-
tions in recent times might be attributed to the increasingly unfavourable
chemical or biological environment, but in the case of the herring, at least,
the declines took place in the early 1920s before the major deterioration in
environment occurred. It is as if the population had been shifted by fishing
pressure from a domain with a high equi]ibrium to one with a lower one. This
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is clearly not a condition of neutral stability as suggested in Figure 2b
since once the populations were lowered to a certain point the decline contin-
ued even though fishing pressure was relaxed. It can be better interpreted

as a variant of Figure 2d where populations have been moved from one domain
of attraction to another.

Since 1940 there has been a series of similar catastrophic changes in the
Great Lakes that has led to major changes in the fish stocks. Beeton (2)
provides graphs summarizing the catch statistics in the lakes for many
species since 1900. Lake trout, whitefish, herring, walleye, sauger, and
blue pike have experienced precipitous declines of populations to very low
values in all of the lakes. The changes generally conform to the same
pattern. After sustained but fluctuating levels of harvest the catch dropped
dramatically in a span of a very few years, covering a range of from one to
four orders of magnitude. In a number of examples particularly high catches
were obtained just before the drop. Although catch statistics inevitably
exaggerate the step-like character of the pattern, populations must have
generally behaved in the way described.

The explanations for these changes have been explored in part, and involve
various combinations of intense fishing pressure, changes in the physical

and chemical environment, and the appearance of a foreign predator (the sea
lamprey) and foreign competitors (the alewife and carp). For our purpose

the specific cause is of less interest than the inferences that can be drawn
concerning the resilience of these systems and their stability behavior.

The events in Lake Michigan provide a typical example of the pattern in

other lakes (Smith 37). The catch of lake trout was high, but fluctuated

at around six million pounds annually from 1898 to 1940. For four years.
catches increased noticeably and then suddenly collapsed to near extinction
by the 1950s due to a complete failure of natural reproduction. Lake herring
and whitefish followed a similar pattern (Beeton 2, Figure 7). Smith (37)
argues that the trigger for the lake trout collapse was the appearance of the
sea lamprey that had spread through the Great Lakes after the construction of
the Velland Canal. Although lamprey populations were extremely small at the
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time of the collapse, Smith argues that even a small mortality, added to a
commercial harvest that was probably at the maximum for sustained yield,

was sufficient to cause the collapse. Moreover, Ricker (31) has shown that
fishing pressure shifts the age structure of fish populations towards younger
ages. He demonstrated that a point can come where only slight increases in
mortality can trigger a collapse of the kind noted for lake trout. In addition
the Take trout was coupled in a network of competitive and predatory inter-
connections with other species, and pressures on these might have contributed
as well.

Whatever the specific causes, it is clear that the precondition for the
collapse was set by the harvesting of fish, even though during a Tong period
there were no obvious signs of problems. The fishing activity, however,
progressively reduced the resilience of the system so that when the inevitable
unexpected event occurred, the populations collapsed. If it had not been the
lamprey, it would have been something else: a change in climate as part of the
normal pattern of f]uctuafion, a change in the chemical or physical environment
or a change in competitors or predators. These examples again suggest distinct
domains of attraction in which the populations forced close to the boundary of
the domain can then flip over it.

The above examples are not isolated ones. In 1939 an experimental fishery was
started in Lake Windermere to improve stocks of salmonids by reducing the abun-
dance of perch (a competitor) and pike (a predator). Perch populations were
particularly affected by trapping and the populations fell drastically in the
first three years. Most significantly, although no perch have been removed

from the North Basin since 1947, populations have still not shown any tendency
to return to their previous level (Le Cren et al 19).

The same patterns have even been suggested for terrestrial systems. Many of
the arid cattle grazing lands of the western United States have gradually
become invaded and dominated by shrubs and trees 1ike mesquite and cholla.
In some instances grazing and the reduced incidence of fire through fire pre-
vention programs allowed invasion and establishment of shrubs and trees at
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the expense of grass. Nevertheless, Glendening (8) has demonstrated, from
data collected in a 17-year experiment in which intensity of grazing was man-
ipulated, that once the trees have gained sufficient size and density to com-
pletely utilize or materially reduce the moisture supply, elimination of
grazing will not result in the grassland reestablishing itself. In short,
there is a level of the state variable "trees" that, once achieved, moves

the system from one domain of attraction to another. Return to the orijinal
domain can only be made by an explicit reduction of the trees and shrubs.

These examples point to one or more distinct domains of attraction in which
the important point is not so much how stable they are within the domain,
but how 1likely it is for the system to move from one domain into another
and so persist in a changed configuration. |

This sampling of examples is inevitably biased. There are few cases well
documented over a long period of time, and certainly some systems that have
been greatly disturbed have fully recovered their original state once the
disturbance was removed. But the recovery in most instances is in open
systems in which reinvasion is the key ingredient. These cases are dis-
cussed below in connection with the effects of spatial heterogeneity. For
the moment I conclude that distinct domains of attraction are not uncommon
- within closed systems. If such is the case, then further confirmation
should be found from empirical evidence of the'way processes which 1ink
organisms operate, for it is these processes that are the cause of the be-
havior observed.

Process Analysis

One way to represent the combined effects of processes 1ike fecundity,
predation, and competition is by using Ricker's (30) reproduction curves.
These simply represent the population in one generation as a function of

the population in the previous generation, and examples are shown in

Figures 3a, c, and e. In the simplest form, and the one most used in prac-
tical fisheries management (Figure 3a), the reproduction curve is dome-shaped.
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When it crosses a line with slope 1 (the straight 1ine in the figures) an
equilibrium condition is possible, for at such cross-overs the population

in one generation will produce the same number in the next. It is extremely
difficult to detect the precise form of such curves in nature, however;
variability is high, typically data are only available for parts of any one
curve, and the treatment really only applies to situations where there are
no lags. It is possible to deduce various forms of reproduction curves,
however, by disaggregating the contributions of fecundity and mortality. The
three lower graphs in Figure 3b, 3d, and 3f represent this disaggregation of
their counterpart reproduction curves. The simplest types of reproduction
curve (Figure 3a) can arise from a mortality that regularly increases with
density and either a constant fecundity or a declining one. With fecundity
expressed as the percentage mortality necessary to just balance reproduction,
the cross-over point of the curves represents the equilibrium condition. But
we know that the effects of density on fecundity and mortality can be very
much more complicated. (insert Figure 3 near here) MSP 18

Mortality from predation, for example, has been shown to take a number of
classic forms (Holling 11, 13). The individual attack by predators as a
function of prey density (the functional response to prey density) can in-
crease with a linear rise to a plateau (type 1), a concave or negatively
accelerated rise to a plateau (type 2), or an S-shaped rise to a plateau
(type 3). The resulting contribution to mortality from these responses can
therefore show ranges of prey density in which there is direct density de-
pendence (negative feedback from the positively accelerated portions of the
type 3 response), density independence (the straight line rise of type 1),
and inverse dependence (the positive feedback from the negatively accelerated
and plateau portions of the curves). There are, in addition, various num-
erical responses generated by changes in the number of predators as the
density of their prey increases. Even for those predators whose populations
respond by increasing, there often will be a 1imit to the increase set by
other conditions in the environment. When populations are increasing they
tend to augment the negative feedback features (although with a delay), but
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when populations are constant, despite increasing prey density, the percent
mortality will inevitably decline since individual attack eventually saturates
at complete satiation (the plateaux of all three functional responses). In
Figures 3d and 3f the mortality curves shown summarize a common type. The
rising or direct density-dependent 1imb of the curve is induced by increasing
predator populations and by the reduced intensity of attack at Tow densities,
shown by the initial positively accelerated portion of the S-shaped type 3
response. Such a condition is common for predators with alternate prey, both’
vertebrates (Holling 14) and at least some invertebrates (Steele 38). The
declining inverse density-dependent 1imb is induced by satiation of the pre-
dator and a numerical response that has been reduced or stopped.

Fecundity curves that decline regularly over a very wide range of increasing
population densities (as in Figure 3d) are common and have been referred to

as Drosophila-type curves (Fujita 6) This decline in fecundity is caused by
increased competition for oviposition sites, interference with mating, and
increased sterility. The interaction between a dome-shaped mortality curve
and a monotonically decreasing fecundity curve can generate equilibrium con-
ditions (Figure 3d). Two stable equilibria are possible, but between these
two is a transient equilibrium designated as the escape threshold (ES in
Figure 3). Effects of random changes on populations or parameters could
readily shift densities from around the lower equilibrium to above this escape
threshold, and in these circumstances populations would inevitably increase to
higher equilibrium.

The fecundity curves are likely to be more complex, however, since it seems
inevitable that at some very lTow densities fecundity will decline because of
difficulties in finding mates and the reduced effect of a variety of social
facilitation behaviors. We might even logically conclude that for many species
there is a minimum density below which fecundity is zero. A fecundity curve
of this Allee-type (Fujita 6) has been empirically demonstrated for a number
of insects (Watt 42) and is shown in Figure 3f. Its interaction with the
dome-shaped mortality curve can add another transient equilibrium, the ex-
tinction threshold (EX in Figure 3f). With this addition there is a lower
density such that if populations slip below it they will proceed inexorably
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to extinction. The extinction threshold is particularly likely since it has
been shown mathematically that each of the three functional response curves

will intersect with the ordinate of percent predation at a value above zero

(Holling 13).

Empirical evidence, therefore, suggests that realistic forms to fecundity and
mortality curves will generate sinuous reproduction curves like those in
Figures 3c and 3e with the possibility of a number of equilibrium states,
some transient and some stable. These are precisely the conditions that

will generate domains of attraction, with each domain separated from others
by the extinction and escape thresholds. This analysis of process hence adds
support to the field observations discussed earlier.

The behavior of systems in phase space cannot be completely understood by

the graphical representations presented above. These graphs are appropriate
only when effects are immediate; in the face of the lags that generate cyclic
behavior the reproduction curve should really produce two values for the
population in generation t + 1 for each value of the population in generation
t. The graphical treatment of Rosensweig & Mac Arthur (33) to a degree can
accommodate these lags and cyclic behavior. In their treatment they divide
phase planes of the kind shown in Figure 2 into various regions of increasing
and decreasing x and y populations. The regions are separated by two lines,
one representing the collection of points at which the prey population does
not change in density (dx/dt = 0, the prey isocline) and one in which the
predator population does not so change (dy/dt = 0, the predator isocline).
They deduce that the prey isocline will be dome-shaped for much the same
reason as described for the fecundity curves of Figure 3f. The predator
isocline, in the simplest condition, is presumed to be vertical, assuming
that only one fixed level of prey is necessary to just maintain the predator
population at a zero instantaneous rate of change.

Intersection of the two isoclines indicates a point where both populations

are at equilibrium. Using traditional linear stability analysis one can infer
whether these equilibrium states are stable (Figure 2c) or not (Figure 2a).
Considerable importance is attached to whether the predator isocline inter-
sects the rising or falling portion of the prey isocline. As mentioned



_35_

earlier these techniques are only appropriate near equilibrium (May 24),
and the presumed unstable conditions in fact generate stable T1imit cycles
(Figure 2e). Moreover, it is unlikely that the predator isocline is a
vertical one in the real world, since competition between predators at high
predator densities would so interfere with the attack process that a larger
number of prey would be required for stable predator populations. It is
precisely this condition that was demonstrated by Griffiths & Holling (9)
when they showed that a large number of species of parasites distribute’
their attacks contagiously. The result is a "squabbling predator behavior"
(Rosenzweig 34,35) that decreases the efficiency of predation at high pre-
dator/prey rations. This converts an unstable system (Figure 2a) to a stable
one (Figure 2c); it is 1ikely that stability is the rule, rather than the
exception, irrespective of where the two isoclines cross.

The empirical evidence described above shows that realistic fecundity and
mortality (particularly predation) processes will generate forms that the
theorists might tend to identify as special subsets of more general conditions.
But it is just these special subsets that separate the real world from all
possible ones, and these more realistic forms will modify the general conclu-
sions of simpler theory:. The ascending 1imb of the Allee-type fecundity

curve will establish, through interaction with mortality, a minimum density
below which prey will become extinct. This can at the same time establish an
upper prey density above which prey will become extinct because the amplitude
of prey fluctuations will eventually carry the population over the extinction
threshold, as shown in the outer trajectory of Figure 2d. These conditions
alone are sufficient to establish a domain of attraction, although the bound-
aries of this domain need not be closed. Within the domain the contagious
attack by predators can produce a stable equilibrium or a stable node. Other
behaviors of the mortality agents, however, could result in stable 1imit cycles.

More realistic forms of functional response change this pattern in degree only.
For example, a negatively accelerated type of functional response would tend
to make the domain of attraction somewhat smaller, and an S-shaped one larger.
Limitations in the predator's numerical response and thresholds for reproduc-
tion of predators, similar to those for prey, could further change the form of
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the domain. Moreover, the behaviors that produce the sinuous reproduction
curves of Figures 3c and 3e can add additional domains. The essential

point, however, is that these systems are not globally stable but can have
distinct domains of attraction. So long as the populations remain within
one domain they have a consistent and regular form of behavior. If popula-
tions pass a boundary to the domain by chance or through intervention of man,
then the behavior suddenly changes in much the way suggested from the field
examples discussed earlier.

THE RANDOM WORLD

To this point, I have argued as if the world were completely deterministic.
In fact, the behavior of ecological systems is profoundly affected by random
events. It is important, therefore, to add another level of realism at this
point to determine how the above arguments may be modified. Again, it is
applied ecology that tends to supply the best information from field studies
since it is only in such situations that data have been collected in a suf-
ficiently intensive and extensive manner. As one example, for 28 years there
has been a major and intensive study of the spruce budworm and its interaction
with the spruce-fir forests of eastern Canada (Morris 27). There have been
six outbreaks of the spruce budworm since the early 1700s (Baskerville 1) and
between these outbreaks the budworm has been an exceedingly rare species.

When the outbreaks occur there is a major destruction of balsam fir in all the
mature forests, leaving only the less susceptible spruce, the nonsusceptible
white birch, and a dense regeneration of fir and spruce. The more immature
stands suffer less damage and more fir survives. Between outbreaks the young
balsam grow, together with spruce and birch, to form dense stands in which the
spruce and birch, in particular, suffer from crowding. This process evolves
to produce stands of mature and overmature trees with fir a predominant feature.

This is a necessary, but not sufficient, condition for the appearance of an
outbreak; outbreaks occur only when there is also a sequence of unusually dry
years (Wellington 43). Until this sequence occurs, it is argued (Morris 27)
that various natural enemies with limited numerical responses maintain the
budworm populations around a low equilibrium. If a sequence of dry years
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occurs when there are mature stand of fir, the budworm populations rapidly
increase and escape the control by predators and parasites. Their continued
increase eventually causes enough tree mortality to force a collapse of the
populations and the reinstatement of control around the Tower equilibrium.
The reproduction curves therefore would be similar to those in Figures 3c
or 3e.

In brief, between outbreaks the fir tends to be favored in its competition
with spruce and birch, whereas during an outbreak spruce and birch are favored
because they are less susceptible to budworm attack. This interplay with the
budworm thus maintains the spruce and birch which otherwise would be excluded
through competition. The fir persists because of its regenerative powers and
the interplay of forest growth rates and climatic conditions that determine
the timing of budworm outbreaks.

This behavior could be viewed as a stable 1imit cycle with large amplitude,
but it can be more accurately represented by a distinct domain of attraction
determined by the interaction between budworm and its associated natural
enemies, which is periodically exceeded through the chance consequence of
climatic conditions. If we view the budworm only in relation to its assoc-
jated predators and parasites we might argue that it is highly unstable in
the sense that populations fluctuate widely. But these fluctuations are
essential features that maintain persistence of the budworm, together with
its natural enemies and its host and associated trees. By so fluctuating,
successive generations of forests are replaced, assuring a continued food
supply for future generations of budworm and the persistence of the system.

Until now I have avoided formal identification of different kinds of be-
havior of ecological systems. The more realistic situations like budworm,
however, make it necessary to begin to give more formal definition to their
behavior. It is useful to distinguish two kinds of behavior. One can be
termed stability, which represents the ability of a system to return to an
equilibrium state after a temporary disturbance; the more rapidly it returns
and the less it fluctuates, the more stable it would be. But there is
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another property, termed resilience, that is a measure of the persistence
of systems and of their ability to absorb change and disturbance and still
maintain the same relationships between populations or state variables. In
this sense, the budworm forest community is highly unstable and it is be-
cause of this instability that it has an enormous resilience. I return to
this view frequently throughout the remainder of this paper.

The influence of random events on systems with domains of attraction is

found in aquatic systems as well. For example, pink salmon populations can
become stabilized for several years at very different levels, the new levels
being reached by sudden steps rather than by gradual transition (Neave 28).
The explanation is very much the same as that proposed for the budworm, invol-
ving an interrelation between negative and positive feedback mortality of the
kinds described in Figures 3d and 3f, and random effects unrelated to density.
The same pattern has been described by Larkin (18) in his simulation model

of the Adams River sockeye salmon. This particular run of salmon has been
characterized by a regular four-year periodicity since 1922, with one large
or dominant year, one small or subdominant, and two years with very small
populations. The same explanation as described above has been proposed with
the added reality of a lag. Essentially, during the dominant year 1imited
numerical responses produce an inverse density-dependent response as in the
descending of the mortality curves of Figure 3d and 3f. The abundance of the
prey in that year is nevertheless sufficient to establish populations of
predators that have a major impact on the three succeeding low years. Buf-
fering of predation by the smolts of the dominant year accounts for the
larger size of the subdominant. These effects have been simulated (Larkin
18), and when random influences are imposed in order to simulate climatic
variations the system has a distinct probability of flipping into another
stable configuration that is actually reproduced in nature by sockeye sal-
mon runs in other rivers. When subdominant escapement reaches a critical
level there is about an equal chance that it may become the same size as

the dominant one or shrivel to a very small size.

Random events, of course, are not exclusively climatic. The impact of fires
on terrestrial ecosystems is particularly illuminating (Cooper 3) and the
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periodic appearance of fires has played a decisive role in the persistence
of grasslands as well as-certain forest communities. As an example, the
random perturbation caused by fires in Wisconsin forests (Loucks 21) has
resulted in a sequence of transient changes that move forest communities
from one domain of attraction to another. The apparent instability of this
forest community is best viewed not as an unstable condition alone, but as
one that produces a highly resilient system capable of repeating itself and
persisting over time until a disturbance restarts the sequence.

In summary, these examples of the influence of random events upon natural
systems further confirm the existence of domains of attraction. Most
importantly they suggest that instability, in the sense of large fluctuations,
may introduce a resilience and a capacity to persist. It points out the very
different view of the world that can be obtained if we concentrate on the
boundaries to the domain of attraction rather than on equilibrium states. Al-
though the equilibrium-centered view is analytically more tractable, it does
not always provide a realistic understanding of the systems' behavior. More-
over, if this perspective is used as the exclusive guide to the management
activities of man, exactly the reverse behavior and result can be produced
than is expected.

THE SPATIAL MOSAIC

To this point, I have proceeded in a series of steps to gradually add more
and more reality. I started with self-contained closed systems, proceeded
to a more detailed explanation of how ecological processes operate, and then
considered the influence of random events, which introduced heterogeneity
over time.

The final step is now to recognize that the natural world is not very homo-
geneous over space, as well, but consists of a mosaic of spatial elements
with distinct biological, physical, and chemical characteristics that are
linked by mechanisms of biological and physical transport. The role of
spatial heterogeneity has not been well explored in ecology because of the
enormous logistic difficulties. Its importance, however, was revealed in
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a classic experiment that involved the interaction between a predatory mite,
its phytophagous mite prey, and the prey's food source (Huffaker et al 15).
Briefly, in the relatively small enclosures used, when there was unimpeded
movement throughout the experimental universe, the system was unstable and
oscillations increased in amplitude. When barriers were introduced to im-
pede dispersal between parts of the universe, however, the interaction per-
sisted. Thus populations in one small locale that suffer chance extinctions
could be reestablished by invasion from other populations having high num-
bers - a conclusion that is confirmed by Roff's mathematical analysis of
spatial heterogeneity (32).

There is one study that has been largely neglected that is, in a sense, a
much more realistic example of the effects of both temporal and spatial
heterogeneity of a population in nature (Wellington 44,45). There is a
peninsula on Vancouver Island in which the topography and climate combine
to make a mosaic of favorable locales for the tent caterpillar. From year
to year the size of these locales enlarges or contracts depending on climate;
Wellington was able to use the easily observed changes in cloud patterns in
any year to define these areas. The tent caterpillar, to add a further
element of realism, has identifiable behavioral types that are determined
not by genetics but by the nutritional history of the parents. These types
represent a range from sluggish to very active, and the proportion of types
affects the shape of the easily visible web the tent caterpillars spin. By
combining these defined differences of behavior with observations on changing
numbers, shape of webs, and changing cloud patterns, an elegant story of
systems behavior emerges. In a favorable year locales that previously could
not support tent caterpillars now can, and populations are established through
invasion by the vigorous dispersers from other locales. In these new areas
they tend to produce another generation with a high proportion of vigorous
behavioral types. Because of their high dispersal behavior and the small area
of the Tocale in relation to its periphery, they then tend to leave in greater
numbers than they arrive. The result is a gradual increase in the proportion
of more sluggish types to the point where the local population collapses.
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But, although its fluctuations are considerable, even under the most un-
favorable conditions there are always enclaves suitable for thé insect. It
is an example of a population with high fluctuations that can take advantage
of transient periods of favorable conditions and that has, because of this
variability, a high degree of resilience and capacity to persist.

A further embellishment has been added in a study of natural insect popula-
tions by Gilbert & Hughes (7). They combined an insightful field study of
the interaction between aphids and their parasites with a simulation model,
concentrating upon a specific locale and the events within it under different
conditions of immigration from other locales. Again the important focus was
upon persistence rather than degree of fluctuation. They found that specific
features of the parasite-host interaction allowed the parasite to make full
use of its aphid resources just short of driving the host to extinction. It
is particularly intriguing that the parasite and its host were introduced
into Australia from Europe and in the short period that the parasite has been
present in Australia there have been dramatic changes in its developmental
rate and fecundity. The other major difference between conditions in Europe
and Australia is that the immigration rate of the host in England is consid-
erably higher than in Australia. If the immigration rate in Australia in-
creased to the English level, then, according to the model the parasite
should increase its fecundity from the Australian Tevel to the English to make
the most of its opportunity short of extinction. This study provides, there-
fore, a remarkable example of a parasite and its host evolving together to
permit persistence, and further confirms the importance of systems resilience
as distinct from systems stability.

SYNTHESIS
Some Definitions

Traditionally, discussion and analysis of stability have essentially equated
stability to systems behavior. In ecology, at least, this has caused con-
fusion since, in mathematical analyses, stability has tended to assume defin-
itions that relate to conditions very near equilibrium points. This is a
simple convenience dictated by the enormous analytical difficulties of
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treating the behavior of nonlinear systems at some distance from equilibrium.
On the other hand, more general treatments have touched on questions of per-
sistence and the probability of extinction, defining these measures as aspects
of stability as well. To avoid this confusion I propose that the behavior of
ecological systems could well be defined by two distinct properties: Resili-
ence and stability.

Resilience determines the persistence of relationships within a system and is

a measure of the ability of these systems to absorb changes of state variables,
driving variables, and parameters, and still persist. In this definition
resilience is the property of the system and persistence or probability of
extinction is the result. Stability, on the other hand, is the ability of a
system to return to an equilibrium state after a temporary disturbance. The
more rapidly it returns, and with the least fluctuation, the more stable it is.
In this definition stability is the property of the system and the degree of
fluctuation around specific states the result.

Resilience versus Stability

With these definitions in mind a system can.be very resilient and still fluc-
tuate greatly, i.e. have low stability. I have touched above on examples
like the spruce budworm forest community in which the very fact of low
stability seems to introduce high resilience. Nor are such cases isolated
ones, as Watt (41) has shown in his analysis of thirty years of data collected
for every major forest insect throughout Canada by the Insect Survey program
of the Canada Department of the Environment. This statistical analysis shows
that in those areas subjected to extreme climatic conditions the popu1ations
fluctuate widely but have a high capability of absorbing periodic extremes of
fluctuation. They are, therefore, unstable using the restricted definition
above, but highly resilient. In more benign, less variable climatic regions
the populations are much less able to absorb chance climatic extremes even
though the populations tend to be more constant. These situations show a
high degree of stability and a lower resilience. The balance between resil-
ience and stability is clearly a product of the evolutionary history of these
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systems in the face of the range of random fluctuations they have experienced.

In Slobodkin's terms (36) evolution is 1ike a game, but a distinctive one in
which the only payoff is to stay in the game. Therefore, a major strategy
selected is not one maximizing either efficiency or a particular reward, but
one which allows persistence by maintaining flexibility above all else. A
population responds to any environmental change by the initiation of a series
of physiological, behavioral, ecological, and genetic changes that restore

its ability to respond to subsequent unpredictable environmental changes.
Variability over space and time results in variability in numbers, and with
this variability the population can simultaneously retain genetic and be-
havioral types that can maintain their existence in low populations together
with others that can capitalize on chance opportunities for dramatic increase.
The more homogeneous the environment in space and time, the more likely is

the system to have low fluctuations and low resilience. It is not surprising,
therefore, that the commercial fishery systems of the Great Lakes have pro-
vided a vivid example of the sensitivity of ecological systems to disruption
by man, for they represent climatically buffered, fairly homogeneous and self-
contained systems with relatively Tow variability and hence high stability and
Tow resilience. Moreover, the goal of producing a maximum sustained yield may
result in a more stable system of reduced resilience.

Nor is it surprising that however readily fish stocks in lakes can be driven
to extinction, it has been extremely difficult to do the same to insect pests
of man's crops. Pest systems are highly variable in space and time; as open
systems they are much affected by dispersal and therefore have a high resili-
ence. Similarly, some Arctic ecosystems thought of as fragile may be highly
resilient, although unstable. 'Certain1y this is not true for some subsystems
in the Arctic, such as Arctic frozen soil, self-contained Arctic lakes, and
cohesive social populations Tike caribou, but these might be exceptions to a
general rule.

The notion of an interplay between resilience and stability might also resolve
the conflicting views of the role of diversity and stability of ecological
communities. Elton (5) and MacArthur (22) have argued cogently from empirical
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and theoreticé] points of view that stability is roughly proportional to

the number of links between species in a trophic web. In essence, if there
are a variety of trophic links the same flow of energy and nutrients will

be maintained through alternate links when a species becomes rare. However,
May's (23) recent mathematical analyses of models of a large number of inter-
acting populations shows that this relation between increased diversity and
stability is not a mathematical truism. He shows that randomly assembled com-
plex systems are in general less stable, and never more stable, than less com-
plex ones. He points out that ecological systems are likely to have evolved
to a very small subset of all possible sets and that MacArthur's conclusions,
therefore, might still apply in the real world. The definition of stability
used, however, is the equilibrium-centered one. What May has shown is that
complex systems might fluctuate more than less complex ones. But if there is
more than one domain of attraction, then the increased variability could sim-
ply move the system from one domain to another. Also, the more species there
are, the more equilibria there may be and, although numbers may thereby fluc-
tuate considerably, the overall persistence might be enhanced. It would be
useful to explore the possibility that instability in numbers can result in
more diversity in species and in spatial patchiness, and hence in increased
resilience.

Measurement

If there is a worthwhile distinction between resilience and stability it is
important that both be measurable. In a theoretical world such measurements
could be developed from the behavior of model systems in phase space. Just
as it was useful to disaggregate the reproduction curves into their constit-
uent components of mortality and fecundity, so it is useful to disaggregate
the information in a phase plane. There are two components that are import-
ant: one that concerns the cyclic behavior and its frequency and amplitude,
and one that concerns the configufation of forces caused by the positive and
negative feedback relations.

To separate the two we need to imagine first the appearance of a phase
space in which there are no such forces operating. This would produce a



-l 5

referent trajectory containing only the cyclic properties of the system.

If the forces were operating, departure from this referent trajectory would
be a measure of the intensity of the forces. The referent trajectories
that would seem to be most useful would be the heutra]]y stable orbits of
Figure 2b, for we can arbitrarily imagine these trajectories as moving on

a flat plane. At least for more realistic models parameter values can be
discovered that do generate neutrally stable orbits. In the complex
predator-prey model of Holling (14), if a range of parameters are chosen

to explore the effects of different degrees of contagion of attack, the
interaction is unstable when attack is random and stable when it is con-
tagious. We have recently shown that there is a critical level of con-
tagion between these extremes that generates neutrally stable orbits.

These orbits, then, have a certain frequency and amplitude and the depart-
ure of more realistic trajectories from these referent ones should allow
the computation of the vector of forces. If these were integrated a poten-
tial field would be represented with peaks and valleys. If the whole pot-
ential field were a shallow bowl the system would be aglobally stable and
all trajectories would spiral to the bottom of the bowl, the equilibrium
point. But if, at a minimum, there were a lower extinction threshold for
prey then, in effect, the bowl would have a slice taken out of one side,

as suggested in Figure 4. Trajectories that initiated far up on the side
of the bowl would have amplitude that would carry the trajectory over the
slice cut out of it. Only those trajectories that just avoided the Tlowest
point of the gap formed by the slice would spiral in to the bowl's bottom.
If we termed the bowl the basin of attraction (Lewontin 20) then the domain
of attraction would be determined by both the cyclic behavior and the con-
figuration of forces. It would be confined to a smaller portion of the bot-
tom of the bowl, and one edge would touch the bottom portion of the slice
taken out of the basin. Figure 4 MSP 38.

This approach, then, suggests ways to measure relative amounts of resilience
and stability. There are two resilience measures: Since resilience is con-
cerned with probabilities of extinction, firstly, the overall area of the
domain of attraction will in part determine whether chance shifts in state
variables will move trajectories outside the domain. Secondly, the height



L6~

AT XK
KT

X POP

FIGURE 4. Diagramatic Representation Showing
the Feedback Forces as a Potential
Field Upon Which Trajectories Move.
The shaded portion is the domain of

attraction.



-U47-

of the lowest point of the basin of attraction (e.q. the bottom of the slice
described above) above equilibrium will be a measure of how much the forces
have to be changed before all trajectories move to extinction of one or more
of the state variables.

The measures of stability would be designed in just the opposite way from
-those that measure resilience. They would be centered on the equilibrium
rather than on the boundary of the domain, and could be represented by a
frequency distribution of the slopes of the potential field and by the
velocity of the neutral orbits around the equilibrium.

But such measures require an immeanse amount of knowledge of a system and
it is unlikely that we will often have all that is necessary. Gilbert &
Hughes (16), however, have suggested a promising approach to measuring
probabilities of extinction and hence of resilience. They were able to
show in a stochastic model that the distribution of surviving population
sizes at any given time does not differ significantly from a negative bi-
nomial. This of course is just a description, but it does provide a way
to estimate the very small probability of zero, i.e. of extinction, from
the observed mean and variance. The configuration of the potential and
the cyclic behavior will determine the number and form of the domains of
attraction, and these will in turn affect the parameter values of the
negative binomial or of any other distribution function that seems approp-
riate. Changes in the zero class of the distribution, that is, in the
probability of extinction, will be caused by these parameter values which
can then be viewed as the relative measures of resilience. It will be
important to explore this technique first with a number of theoretical
models so that the appropriate distributions and their behavior can be
identified. It will then be quite feasible, in the field, to sample
populations in defined areas, apply the appropriate distribution, and

use the parameter values as measures of the degree of resilience.

APPLICATION

The resilience and stability viewpoints of the behavior of ecological
systems can yield very different approaches to the management of resources.
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The stability view emphasizes the equilibrium, the maintenance of a predic-
table world, and the harvesting of nature's excess production with as little
fluctuation as possible. The resilience view emphasizes domains of attraction
and the need for persistence. But extinction is not purely a random event;
it results from the interaction of random events with those deterministic
forces that define the shape, size, and characteristics of the domain of attrac-
tion. The very approach, therefore, that assures a stable maximum sustained
yield of a renewable resource might so change these deterministic conditions
that the resilience is lost or reduced so that chance and rare event that pre;
viously could be absorbed can trigger a sudden dramatic change and loss of
structural integrity of the system.

A management approach based on resilience, on the other hand, would emphasize
the need to keep options open, the need to view events in a regional rather
than a local context, and the need to emphasize heterogeneity. Flowing from
this would be not the presumption of sufficient knowledge, but the recognition
of our ignorance; not the assumption that future events are expected, but that
they will be unexpected. The resilience framework can accommodate this shift
of perspective, for it does not require a precise capacity to predict the
future, but only a qualitative capacity to devise systems that can absorb and
accommodate future events in whatever unexpected form they may take.
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ABSTRACT

An experiment was conducted to assess and document interdisciplinary environ-
mental modelling activities. Groups of modellers visiting each of eleven RANN
projects were used to stimulate inter and intra project discussions of the process
of modelling. Results indicated that the process is seldom recorded and the tech-
nology of interdisciplinary modelling has not been captured. Each new effort fails
to maximize use of past experiences and three common issues are faced time and
again (1) how to define and bound the model, (2) how to orchestrate the team to
address the construction and validate the defined model, and (3) how to document
and communicate the model or its results. A brief review of the modelling liter-
ature indicated these problems were identified in the 1950's in aero-space model-
ling efforts, yet the technology developed to address these issues has not been
documented. There is a need to require clear, concise definition of any modelling
activity prior to funding. It is difficult to construct a model given some specific
boundaries and structure, and almost impossible, if these are lacking. A major
incentive for documentation of the process as well as the substance of the model
is required. In addition an accounting system that will provide a measure of the
real cost of model development and use is needed.

INTRODUCTION

There is concern that many scientist/modellers have become reductionists;
each problem is bounded, abstracted, and reduced until it can be analyzed by
individuals skilled in particular disciplines. Such an approach to multi-
disciplinary problem analysis has at least two hazards that retard completion
of the models. The first hazard is the failure of scientists to agree on the
reduction process, the result being the neglect of important aspects of the
problem because none of the reducers have scientific interest in that particular
aspect, or the reduction includes identification of artificial problems to
provide work for each scientist involved in the reduction process. The second
hazard is the tendency for individual scientists assigned a part of the problem
to model, to become enthralled with the science of the problem and lose sight of
the original issue. An alternative pattern of model development is typified by
the individual modeller who has attempted to broaden his knowledge and his ability
to abstract information from primary and secondary sources and with heroic effort
has single handedly created the equivalent of multidisciplinary models. Too often
such individuals are so preoccupied with the development and construction of the
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models, that they do not document the theory, process, or operation. Whenever
such people leave a project the models also disappear. Finally,most model build-
ers are more interested in the construction than the utilization of models. Thus
available models address problems that modelbuilders perceive rather than problems
that actually require solution. These perceptions of multidisciplinary modelling
have spread throughout the community of funding agencies and there are pressures
to reduce that support of modelling projects.

In response to these concerns, Dr. Philip Johnson, director of the Environ-
mental Systems and Resources Division of the National Science Foundation initiated
an experiment to stimulate modellers to develop a concensus of the actual status
of multidisciplinary modelling and document their successful processes so others
may learn from these experiences.

The experiment was to determine if a single individual (the author) given
adequate resources could stimulate modellers to define their processes and dis-
cuss them with their peers. A group of 11 Targe RANN project (severa] hundred
thousand dollar annual budgets, tens of researchers) concerned with environmental
modelling were selected as a trial set for the experiment. The experimental
procedures included group meetings with the investigators, crude Delphi surveys
concerning the modelling processes, on site discussion in the presence of exter-
nal peer modellers, and iterative reviews by the modellers of the documentation
from these activities. During the construction of the experiment it was observed
that it is extremely difficult to identify peer modellers, who are not NSF funded,
and who could devote 5 to 10 days to a discussion of modelling processes during
the Spring of 1973. Another observation was that the set of modellers were un-
accustomed to discuss the modelling process.

PERCEPTION OF ENVIRONMENTAL MODELS

The process of structuring models for environmental systems is not well
documented in the literature (Caswell et al., 1972). Many of the concepts of
model development are derived from the analysis of physical systems (weapon
systems, engineering works, deterministic systems) where well known procedures
exist for modelling. These procedures have developed following a general pattern
of explicit mental models, correlative models, and causal models (de Neufville and
Stafford, 1971). The first step in the development of a model in any problem area
is usually to construct models based on experience, intuition, and Timited data to
provide quantitative insights to the problem. The next step in the development is
based on extensive quantitative data and empirical correlation of significant
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parameters. Such models can be used to forecast system behavior within the
limits of observed data. The third step employs theory plus data and extensive
validation to develop models that can predict system responses where the model
is believed valid. In many physical sciences the process of model development
has evolved over decades and theories and data are abundant to support each
type of model development. In fact there are accepted forms of models to describe
many physical systems. With such rich understanding, it is possible to abstract
a physical system at many levels of resolution as the need arises.

Environmental modelling does not have such a rich history of model development.
The attempts to construct models representing some portion of an environmental
system encounter serious problems in the selection of the form of the model, the
lack of a knowledge base to formulate mental models, the lack of data to construct
correlative models, and the lack of data to substantiate causal models. Compound-
ing this problem of model development is the fact that the nomenclature used to
describe models, their characteristics, and their uses that exists in many
disciplines is not consistent. For example, Shubik and Brewer (1972) define models
as subroutines that are used in simulations, while Raser (1969) defines simulation
as a type of model, and Meier, Newell and Pazer (1969) refer to simulation as the
manipulation of models. Johnson, Newell, and Vergin (1972) describe a range of
models from mental images to highly formalized mathematical models. Such differ-
ences in nomenclature impede effective transfer of the modelling process between
engineers, ecologists, planners, management scientists, operation researchers,
etc. who are each concerned with phases of environmental modelling. It is almost
impossible for this report to avoid similar problems with model nomenclature and

to prevent misinterpretation of this report.
There seems to be common agreement that the word "model" has been used in so

many ways that it has lost any specific meaning. Each project and even individuals
in a project attach different meaning to the word. While most people use the word
"model" to refer to some representation of the real world, the form of this repre-
sentation is highly variable. In most of the projects selected for this study the
word model refers to quantitative representations that involve some form of com-
puter manipulation to conduct an analysis. Some of the projects indicated that
verbal and graphical representations or models were found to have greater utility
in transferring the project output and in managing the projects than the computer
based models. FOR THE PURPOSE OF THIS REPORT THE TERM MODEL IS USED TO DESCRIBE
MODELS, SIMULATIONS, AND GAMES IN THE GENERAL DISCUSSIONS.
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Based on the literature produced from these projects there is little
indication that a large computer model or simulation that can respond to all
environmental issues will be produced by these projects. Most of these projects
have selected specific models for analysis and are focusing the given resources
to address these models. In some cases the emphasis was on analysis rather than
modelling. (Modelling is defined in this context as the explicit construction of
an analytical framework for repeated analyses.) Models will be employed in these
analyses, but the review of project reports was insufficient to identify the role
of models.

Rather than attempt to classify models and analyze whether specific types of
models are more effective than others, the negative response of most projects to
the modelling issue redirected this study to examine the "process of analysis"
employed by each project. Indirectly, the role of modelling in this process
would hopefully emerge.

CONCERNS OF PREVIOUS ASSESSMENT OF MODELS

The concept of assessing large scale multidisciplinary modelling efforts is
not novel nor recent. Non-military applications of modelling by specific dis-
ciplines or professions have been reported for the past two decades. Meyers
(1972) effort to compile a continuing literature review of regional environmental
models is one example. C]jne (1961) analyzed the modelling process of over 50
large-scale weapon system modelling efforts in the early sixties. Models were
classified as analytical (use of mathematical and/or statistical tools to derive
closed functional forms), computer simulation (computer analysis with completely
specified representation), man-machine simulation (manual specification of some
representation) and game-simulation (computer used only for scoring). Over eighty
percent of the models studied were computer simulation. The assessment was con-
ducted by personal discussion with the principal investigators or analysis of
model documentation. Two symptoms that were observed in that survey were (1) if
a model was completed, documentation did not adequately represent the model and
the sole ownership of this knowledge remained with the model builders; when they
left the organization the model was essentially lost, and (2) if a model was under
construction, the principal investigator usually had not completely formulated the
model nor specified the analytical framework to be employed. The conclusion of
the assessment was that models were poorly documented and information flow between
similar efforts were poor. While some of the restriction of information flow was
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traced to security reasons, preoccupation of modellers with model construction
and proprietary interests to attract continual funding were also dominant
factors. Model builders had 1little incentive to document, since such action
would reduce their monopoly to service or extend these models. The survey
also revealed that persons responsible for model formulation had no basic
theory that could be used to justify the method by which a variable is intro-
duced into a model.

Shubik and Brewer (1972) recently conducted a similar but more ambitious
assessment that resulted in not only an assessment, but also in a review of
the Titerature on gaming and simulation as well as an index to and critical
abstracts on gaming, simulation and model building. Shubik and Brewer surveyed
132 projects employing a seventy page questionnaire that required an average of
15 hours to complete. The projects were all under the sponsorship of the Defense
Advanced Research Project Agency. One curious observation was that many research
groups have maintained families of models for many years by separately proposing
components of these models as discrete models to be funded, used, and evaluated
independently. The optimum size of a module to be funded appears to be
$200,000 to $300,000. Most research groups have found it is easier to sell the
$200,000 to $300,000 components of a large model rather than to sell the large
model for $400,000 to $600,000.

While the Shubik/Brewer questionnaire was more comprehensive and did not
cite the previous efforts of Cline, the same types of questions concerning
models were raised. The results of the questionnaire indicated that during the
ten year period between assessments, the problems. of poor documentation, low flow
of information between model builders, and tendency for model builders to advocate
selection of specific models rather than to employ a scientific basis had not
improved and probably worsened. In addition the assessment indicated that models
do not receive professional review nor are scientific standards of evaluation
applied when models are examined. Furthermore large models have found little
utility since shifts in personnel, poor documentation and communication, inadequate
professional review, and poor conceptualization are exaggerated with larger models.
Finally, the lack of cost information to construct, operate, improve and evaluate
models is poor to nonexistent, thus no criteria exist to measure the effectiveness
of proposed efforts.

In a separate study Brewer (1973) has found that the symptoms of military
modelling efforts are also common to urban modelling efforts of HUD.
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An unmentioned factor in military modellings is that the client had problems
that required analysis and could describe his problem to some extent. In many
environmental models the client is difficult to define and the sponsor of the
research (RANN) desires not only the development of a model but the identifica-
tion and transfer of the models to the client.

While these two surveys do not represent an exhaustive evaluation of large-
scale modelling efforts, they suggest that major problems exist with the transfer
of modelling science between large scale multidisciplinary projects. Another
indication of the lack of communication of the modelling process is the emphasis
on model results rather than on structure or construction in most scientific and
professional literature. The collection of articles published by Patten (1971,
1972) contribute 1ittle to the effective transfer of environmental modelling
processes to other disciplines, since most of these writings are too technical
in nature for the novice. ,

A TEMPO study (NSF contract C-747) to develop assessment criteria for can-
didate RANN research programs employed several of the projects visited in this
study as test "candidates". They identified the diffuse perceived need for
environmental modelling technology, the lack of capability of the user to employ
such technology, and the fragmentation of potential users as serious problems.

Environmental modelling has some parallels with corporate and economic
system modelling. In both areas the focus is upon policy issues and decision
making, and the problems typically involve interrelated physical, economic, and
social factors. There is almost a void in scientific standards for selecting,
evaluating, verifying and validating models. In their study of computer
simulation modelling of business and economic systems, Meier, Newell, and
Pazer (1969) found that there are few applications that could be called
standard applications. Models are generally problem-specific, and bear
little resemblance in subject matter or structure to prior models.

Very little research has been done on the organizational and administrative
problems associated with interdisciplinary research programs in a university set-
ting. One study was done for National Aeronautics and Space Administration by
Kast, Rosenzweig, and Stockman (1970). They found that the university structure
often makes interdisciplinary efforts difficult, and that there are many similari-
ties between administration of interdisciplinary research and the program manage-
ment form developed in government and private defense and space enterprises.
Although one of the most critical decisions affecting success of interdisciplinary
research is selection of the principal investigator and establishment of an effective
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mechanism for coordination, it appears that understanding of this role is not
clearly understood either in the university or the sponsoring agencies.

In summary, even in the high technology arenas of defense and space, and
the private sector where some degree of modelling success has been realized,
modellers have not developed a broad scientific basis for modelling that has
recognized standards for evaluating types of models, for selecting analytical
frameworks, for documenting and transfering models, and for receiving or validat-
ing results. The problems encountered in modelling or analyzing environmental
issues are further complicated by the lack of single well defined clients, or
at least clients that can identify goals. Also the human and natural elements
of the system to be modelled are much more complex than the man-made elements
of a weapon system that are designed to have few objectives and to have known
causal relations between elements. A critical step in the modelling of environ-
mental systems will be the ability of the modeller to identify the frontiers of
science in any given issue and not to propose applied modelling efforts that
require many major advances in science to support the model.

SUMMARY OF OBSERVATIONS ON THE PROCESS MODELLING

The visits to each project focused the discussion on the process rather
than substance of their modelling efforts. Most groups accustomed to site
reviews for substance could not easily adjust to this new thrust. Only by
repeated redirection cou]d'the discussion focus on how-models are formulated,
constructed, tested, employed, and transferred, and how the interdisciplinary
research effort is organized and integrated. Those individuals steeped in
modelling of physical systems or economic systems with accepted models con-
sidered much of the discussion trivial or irrelevant, while those individuals
seeking to develop a theory for empirical basis for analysis could not respond
to many of the modelling issues raised.

There appear to be three major issues that an environmental modelling
effort must resolve if it is to be productive; (1) a clear definition of the
system to be analyzed including a hierarchy of subsystems and components, plus
a clear understanding of the status of theory, experience, intuition, and data
that exists for each component, (2) an orchestration of individuals and manage-
ment of project resources that can capture the knowledge of each system compo-
nent in some form that can be integrated into an overall analysis employing
some modelling process, and (3) the ability to document, transfer and apply
the models or essence of the models to other modellers as well as potential
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clients. The following is a summary of the lies, myths, half truths, and
truths collected in this experiment relative to these major issues.

ISSUE #1 - A CLEAR DEFINITION OF THE SYSTEM TO BE MODELLED AND PROPOSED USE
OF THE MODELS IS REQUIRED INCLUDING A HIERARCHY OF SUBSYSTEMS, PLUS A CLEAR
UNDERSTANDING OF THE STATUS OF THEORY, EXPERIENCE, INTUITION AND DATA FOR EACH
COMPONENT IN THE SUBSYSTEM.

FORMULATION:

*The most difficult step in modelling is to formulate the proper framework for
analysis.

-Selection of linear programming as a framework simplifies the problem of model
construction and permits the major effort to focus on data development.

-The predominate modelling strategy is to decompose the problem into a set of
subsystems, and further reduce each subsystem into its components until each
component is recognized as a segment of some discipline that can be understood
by an individual.

-Once all segments are understood by their respective disciplines, the pieces

of the model can be integrated upward and the total model used for analysis.

+The decomposition strategy has a tendency not to address the primary issue,

since "adequate understanding" is never achieved and models never are integrated.
-An alternative strategy to construct integrated models at the Tower orders while
developing new information at the next higher order has not been used, even
though it would be a compromise between application and search for new knowledge.
-The strategy to construct models without data and then employ sensitivity anal-
ysis to identify critical components where research and new data would enhance
model performance is not commonly practiced.

USE OF KNOWLEDGE:

*A weakness in most model development efforts is the failure to properly define
the state of knowledge for each component of the system at any level. Lacking
this definition a commitment is often made to a level of resolution that has
too many components lacking information for construction. Thus, much effort
is required to gather all information before modelling is possible. Models
based on data that exists, but must be retrieved and analyzed are more likely
to be completed than models that require experimental observations to supply
the data. Models formulated to employ existing data should always be con-
structed prior to developing the next higher order model that requires new data.

VALIDATION:

-Models are sometimes considered to be validated when all components of the model
are scientifically understood. Thus, the thrust to decompose a system until the
components are small enough to analyze and resolve is very strong.

<A common theory of modelling concerning validation, sensitivity analysis, and
standards for construction is minimal.

-Many modellers consider models validated when all variables they feel are important
are included and none of the relationships between variables are incorrect by the
modellers standards.
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DIRECTIONS:

-General purpose models are less likely to be completed than models of

specific situations. Models can be used to communicate, simulate (train)

or predict.

+One school believes the decomposition will yield understanding that will

permit construction of rich first order models, while another school contends
the higher order models must be coupled directly to yield meaningful results.
*One model is claimed to be better than another when it has more variables, it
handles more nonlinearities, when it is more precise, etc. The premium appears
to be on proof by exhaustion rather than finese.

ISSUE #2 - AN ORCHESTRATION OF INDIVIDUALS AND MANAGEMENT OF PROJECT RESQURCES
FOR MULTIDISCIPLINARY MODELLING EFFORTS.

CHARACTERISTICS OF TEAM MEMBERS:

*Most individuals have a biased view of any system that features their discipline
and assume away the significance of factors considered by most other disciplines.

-Given a sector of a model to construct, individual scientists will prefer to
explore the frontiers of this topic rather than develop an adequate representa-
tion to support the total model.

«An adequate reward and accountability system for faculty engaged in interdisci-
plinary work has not been devised by most universities and most faculty par-
ticipate at the risk of professional advancement.

+The relationship between one model sector and all others is difficult to
translate to the disciplines involved. This translation problem usually Timits
the feasible number of disciplines in a modelling effort to 2 or 3 direct par-
ticipations. Introduction of more than this number requires each member to
learn more than 2 or 3 discipline languages. Each additional discipline requires
an additional year or so of team age. Thus, a team that is less than 3 years old
cannot have effective direct input of more than a few disciplines while a ten
year old team may have 5 or 6 direct discipline inputs.

-A team that has respect, plus a strong social interaction will have a higher
chance for success than one that operates on only an employer/employee relationship.

CHARACTERISTICS OF TEAM LEADERS:

-Most modelling efforts require a strong personality that dominates the effort
until the team can develop respect for each other.

-The principal investigator must be willing to devote a major proportion of his
effort to management of the research project to create a research environment
that encourages interaction among the project participants.

-In a university setting the more successful principal investigator is likely to
be a senior faculty member who is well established in his discipline, and who
has an interest in integrating the diverse activities required to accomplish
the research goals. A principal investigator who is interested only in perform-
ing research himself will ignore development of an effective mechanism for
coordination.

-The major function of an interdisciplinary modeller is to arbitrate disputes
between disciplines and catalyze cooperative modelling efforts. The ability

to pursuade and arbitrate are important.

-It may be necessary to have several leaders with differing characteristics to
provide the necessary traits for management. Not only must a catalyst be
present, but also someone who can synthesize and formulate.
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A project administrator (that relieves a principal investigator of management
concerns) who lacks technical expertise and academic standing will probably
not be effective in a university research environment.

MANAGEMENT PRACTICES:

«Concomitant with the need for a clear definition of the system to be analyzed

is a need early in the project for organization of the work--task identification
and task assignment. This is essential for subsequent integration of submodels.
«Formal control devices such as milestones, schedules, and goals are not widely
used in projects observed.

ALTERNATIVES:

-An alternative method of supplying multi-disciplinary input is to abstract
information from existing literature or authorities. While peer review or
judgment is eliminated, this alternative does provide input without interdisci-
plinary communication problems. One problem is that individuals unfamiliar with
a discipline may not properly abstract information to construct the model.

«Another alternative is to have one common discipline familiar to all individuals,
thus each submodeller can translate to the common discipline to insure compati-
bility. Economics, system engineering, system ecology, and forestry have been
used as common languages for modelling efforts.

*The concept that computer language or even a modelling language will integrate
multidisciplinary teams has not been verified, most teams still employ verbal
communication for a common basis. A new common language still appears to be a
distant goal.

-Directions from funding agencies stimulate strong obedience by most projects.
Some ‘moderation in response would be healthy.

ISSUE #3 - THE ABILITY TO DOCUMENT, TRANSFER AND APPLY THE MODEL OR ESSENCE OF
THE MODEL TO OTHER MODELLERS AND POTENTIAL CLIENTS.

DOCUMENTATION:

A model contains so much information in such a compact language that most
individuals feel it is easier to reconstruct a model rather than translate
one. The understanding of someone else's model requires knowledge not only
of the modelling language, but also the particular set of disciplines' nomen-
clature and philosophy.

«Even with minimum acceptable documentation, the majority of a model remains in
the mind of the modeller. When the modeller leaves the model also leaves.

*Costs of model development and application are not recorded and no yardstick
exists to determine "effective modelling efforts".

DOCUMENTORS :

*Most model builders have no incentive to document their products since they are
primarily interested in model development.

*A separate group of individuals interested in model operation would be more
inclined to develop proper documentation.

*Model transfer between modellers is apparently more difficult than transfer to
clients.
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TRANSFER AND AFPLICATION:

-Models are only one tool employed in analysis and decision making. The model
which performs functions similar to those currently used is most 1ikely to be
adopted. Models that require radical new skills of existing analysts will not
be as readily accepted. Thus, models that primarily process data or focus on
resource allocation problems are currently easier to transfer than simulation
models.
-Transfer of models can be effectively achieved if users participate in
construction.

a. Users can participate by leaving the agency and pursuing an advanced

degree while working on the team.

b. Users can participate by residing with the team.
-It may be more useful to transfer the insight obtained through model construction.

a. Books can be written.

b. Testimony can be made on critical issues.

c. Information can be supplied to advisory groups or key staff groups.
*Models can be used to educate through gaming forms of the model.
-The concept of constructing basic submodel modules that can be combined into
many models has been advocated but seldom successfully developed.
-Currently, fragments of modellers or methods of modelling are in higher demand
than the entire model. Graphic output routines, data preparation methods,
subroutines are being transferred.
«Minimum elements of model documentation should include:

a. Program listing.

b. Variable listing, definitions.

c. Flow charts.

d. Program description (verbal).

e. Operator's manual

f. Programmer manual
g. Documentation of model framework and theory
h. Description of methods to reduce data to construct model.
i. Cost data: construction, operation, maintenance.
J. Identification of personnel involved in construction.
k. History of review or validation by other peers.
1. Record of users and outcome.

DISCUSSION OF OBSERVATIONS

While an entire book can be devoted to the expansion, analysis, and
remedies for the observations summarized in the previous section, space
restrictions prevent such an undertaking. Attached to this paper are
proposed guidelines for proposals concerning modelling. These were derived
from suggestions by Holling (1973) and discussions with various modellers
visited in this experiment. The purpose of these guidelines is to force a
clearer definition of the goals of large complex models prior to the commit-
ment of major funds and to reduce the muddling model philosophy.

Since few of the projects visited could clearly define their models and
preferred to argue that they are constructing general models the question of
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verification is difficult to discuss. Until such definition is made the issue
of calibration and verification cannot be discussed with any meaning. It is
recommended that standards for verification be identified as soon as comparable
models are available. The use of sample problems in a "round-robin" of models
could be useful in comparing or standardizing submodels of similar levels of
precision. Unfortunately many model builders construct models that are not
comparable, because they do not define their submodels adequately.

Since many projects seem to have unbalanced strength in submodel construc-
tion, an alternative funding pattern to develop balanced modelling efforts is
to fund well defined submodel research where lack of adequate knowledge can be
clearly demonstrated. Large scale model development should only be initiated
if a knowledge base is adequate to support the degree of precision desired for
the models and if the major modelling effort is the integration and abstraction
of existing submodels. The major problem observed in the projects reviewed was
the major diversion required to generate new basic data to support model develop-
ment. Significantly less effort is required to locate existing data than to
experimentally generate new data. Many projects gather all existing data prior

to initiating the modelling process. Some experiments are required to define
the necessary data required to support models of various precision.

The influence of the Management Science discipline in projects that include
such individuals is observed to be highly positive. Previously, the need for an
accounting system to evaluate the modelling process was noted. Such individuals
are making efforts to develop such an account and provide a sense of management
to the modelling process. These efforts should be encouraged and explicit
direction given to establish these needed measures.

Many problems encountered in model development are related to disaggrega-
tion of data or information. This requires a compromise between data acquisition
and processing costs and saving in model construction and validation costs.

Since this debate has not been resolved, additional assessment of this issue is
recommended.

It is premature to judge the documentation of these projects, but discussion
indicates that little thought has been given to the style or content of any docu-
mentation. These observations confirm prior assessments and argue for firm
criteria for model documentation. ]

While few if any of the projects visited could demonstrate a total model of
the environment that is of concern, each project has developed some subcomponent
that is unique and of use to other projects. If firmer goals for environmental
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modelling are not demanded, the only useful products from these projects will
be the fragmented elements that other modellers identify and utilize. The
stimulation of communication between projects was recognized prior to this
assessment, but methods to implement communication are difficult. Several
alternative actionsby NSF could stimulate communication.

(1) Require that any newly funded project have the principal investiga-
tors spend several days at each of several existing projects to
identify common areas of interaction.

(2) Identify major topics that are central to most regional environmen-
tal modelling efforts and fund semi-annual workshops to maintain
interaction between researchers.

land use models

regional economics and allocation models
water quality models

air quality models

waste generation coefficients

public facility models

(3) Increased communication of new Ph.D.'s working in this field by
holding special workshops for this group, since they appear to be
the major forces in most modelling efforts.

Each interdisciplinary project funded must be considered another
experiment in the management and organization of such efforts. Sufficient
funds and resources must be allocated to analyze such experiments and con-

tribute to the science of such activities.
In summary, the needs for standards for model definition in proposals,

for demonstration of project orchestration and documentation, and standardized
model subsectors for validation are answered by a series of recommendations.
Since discussion of these recommendations by peer modellers would be healthy,
it is further recommended that a task group be appointed to draft formal state-
ments including examples that can be adopted as formal proposal specifications,
and a sequence of funding increments that would increase the effectiveness of
mode1ling efforts. Without these first steps toward standardizing model
development, the fragmentation and abuse of modelling will continue.
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GUIDELINES FOR PREPARATION OF PROPOSALS CONCERNING MODELLING
Brian W. Mar

Proposals that include major model development efforts must contain a
clear and concise description of the proposed model(s). Proposals that fail
to provide adequate detail on proposed model development will only be con-
sidered as candidates for short term exploratory grants and will not be
considered for development into formal proposals appropriate for the RANN
program. In.addition to the narrative required for RANN proposals, requests
for suppert of modelling efforts should also provide:

1. Definition of issues and variables - Identify the issues or questions

that the model will be designed to address. For each issue or ques-
tion identify those variables which will be internal to the model
and those variables which will be generated as output or required

as input. While it is acceptable to propose further research to
adequately define relationships between variables being modelled,
past experience has indicated that modelling efforts that have yet
to identify the variables of interest are poor funding risks as

RANN programs.

2. Flow Diagrams - Most major modelling efforts involve complex inter-

action between variables which are difficult to identify with only
a list of variables. Frequently submodels are used to group vari-
ables that are highly related. Flow diagrams based on conventions
used in control theory, cybernetics, and information theory have
routinely been used to communicate these relationships. The
simplest possible diagrams are preferred in the proposal to iden-
tify the relationship between the submodels, as well as the

relationship between variables in each submodel. Since many
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conventions exist for display of a flow diagram it is recommended
that a key be provided identifying the significance of various
arrows or various shaped boxes found in each diagram. The minimum
diagrams included in a proposal are (1) relationship of all sub-
models in the overall model, and (2) relationship of significant
variables in each major submodel. Notice that the flow diagram is

a definition of relationships not a computer programming flow chart

for logical computation.

Interaction Matrices - When proposed models are extremely complex

with many submodels, variables, and interactions even flow diagrams

can become too cumbersome. In such cases, an alternative form of
presentation is sUggested; for each variable included in the model,

a statement is made defining the other variables which are affected

by the variable under discussion. In matrix form this information

can be presented by an identity matrix with rows and columns contain-
ing all the variables used in the model. The ihpact of one variable

on another can be indicated by an "X" or other symbol in the appropriate
row or column. For example a model relating births, deaths, population,

and migration could be represented by a flow diagram as:

BIRTHS |
t POPULATION { — > MIGRATION

L

DEATHS
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The equivalent interaction matrix would be displayed as

(Column)
z .
o =
— o
| =t
e L2 3 =
E F D
o <C [a W (]
= a6 & =
BIRTHS, B X
DEATHS, D X
(Row)
POPULATION, P, X | X X
MIGRATION, M X

where the convention is used that a row entry impacts the column entry.
Both the diagram and the matrix can be further translated to a mathematical
form when the nature of the inferaction is defined. In most proposals, the
thrust of the research is to define and verify these iﬁteractions. Both
the interaction matrices and the flow diagrams are mechanism to define

for proposal reviewers what variables will be related in thé model.

Given this explicit definition of the variables proposed for any
model, reviewers of the proposal can assess the difficulty in developing
the proposed relationships between variables. A discussion of background
knowledge and sufficient Titerature citations should be included to
demonstrate the feasibility of developing each proposed relationship
defined in the interaction matrices.

Degree of Precision Table - In order to provide some measure of the proposed

modelling effort, the proposal should 1list for each submodel, the design
level of precision. This is a statement defining for each input and output

variable the units that will be employed and the estimated acceptable
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tolerance for data used in the models. For example, in the simpTe
population model used earlier, defining the units for births as #/1000
population/census tract for a statewide model would require much more
effort than #/1000 population/state. Also if order of magnitude values
are acceptable, much less effort is required for validation that if a
maximum of 1 percent errors in outputs are required.

The specification of the design level of precision permits reviewers
to accurately evaluate if existing knowledge can support the level of
modelling proposed and permits evaluation of the requested funding levels
to accomplish the proposed modelling. An additional purpose of the degree
of precision tables is to guarantee that individual components of the
proposed models can eventually be integrated (dimensional and precision
compatibility). In past modelling efforts excessive integration costs
have been encountered when submodels were constructed independently without

such definition.

While these requirements may appear stingent and redundant, the review
of multidisciplinary modelling proposals cannot be effective without such
data. Some reviewers will be familiar with flow diagrams, while others
prefer matrices, tables, or lists. The presentation of the model definition
in several formats will assist reviewers in the evaluation process. Explicit
rather than implicit statement of the precision and boundaries of the models
will promote clearer understanding of the proposed effort and the capability

of the existing knowledge to support such efforts.
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While it is recognized that these definitions specified for modelling
proposals require substantial effort to develop, the cost of funding modelling
projects that fail to provide such specific definition has been too high
relative to their output. In the future, the definition of a plan for model
development will not be funded as part of the model development, this plan

must be formulated prior to major funding.

OPTION FOR PILOT STUDY

There may also be an interim funding phase between plan development and
major funding where the project is requested to demonstrate the ability of
the group to implement their plan. A six or twelve month pilot project could
be authorized to conduct the first phase of model development. In order to
facilitate this option, the proposal and plan should provide an iterative or
evolutionary development of the models. One iteration or evaluation should
be amenable for use in a pilot study, if this would become necessary. The
purpose of the pilot study would be to demonstrate the orchestration of the
team in model development and to sample the documentation and model transfer

abilities of the team.

DESCRIPTION OF FINAL MODELS

In addition to the description of proposed model development, the proposed
application and transfer of completed models must be described in the proposal.
Upon completion of the project the following minimal elements of model documen-

tation must be published

a) Description of the model including variable listings and definition,



h)

i)
J)
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flow diagrams, interaction matrices, degree of precision table, and
Tisting of relationships between variables

Program description if a computer model including Tistings and card
deck or tape

Operator's manual including sample problem inputs and outputs
Programmer's manual explaining the maintenance and modification
procedures, as well as the development of the program

Documentation of the theory and rationale for the mode1

Description of methods used to reduce data used in the construction
of the model

Cost data for the construction, operation, and maintenance of the
program(é)

Identification of personnel involved in model development, testing,
and operation and their current address

History of review and validation by peers

Record of uses and ‘outcomes of model application

The proposal should cite previous model documentation prepared by the

proposing institution and indicate how these elements of documentation will

be satisfied.
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Problems of Scale and Detail in Ecological Modelling

D.W. Goodall

The continued existence and stability of ecosystems is
closely bound up with niche structure. Though in the forms
in which it is sometimes expressed it seems tautological,
Gause's principle of niche separation lies right at the
base of synecology. Species can coexist because their
niches are not coincident. They do different things; or, if
they do the same things, they do them at different times, in
different places, or with differing response to the factors
influencing them. If several species are identical in all
their responses, all but one of them will go to the wall as
a consequence of natural selection.

It follows that to try to account for or model the
dynamics of an ecosystem without incorporating niche
heterogeneity is highly hazardous. The special features of
ecosystems, as against systems in other fields, stem from
this heterogeneity, based on the laws of genetics and
evolution which have only rather remote analogies in other
types of systems. It is consequently to be expected that
ignoring the niche structure of ecosystems will lead to
gross over-simplification, and a failure to recognize what
makes ecosystems different from other systems, both in their
structure and behaviour.

Niche structure is made up of space and time, of
processes and responses. In most ecosystems, spatial
heterogeneity is intrinisc, and inseparable from their mode
of functioning. Even in well-mixed planktonic systems,
apparent spatial homogeneity is modified by the organisms
themselves, for one not infrequently finds close spatial
association of organisms from different groups in a symbiotic,
commensal or parasitic relationship. To a parasite, the
environment can never be spatially homogeneous so long as a
host is present.

But in most ecosystems spatial heterogeneity is far
more general and all-pervading. The abiotic environment
initially provides heterogeneity on various scales--from the
major physiographic feature down to minute soil-surface
irregularities. And all these types of heterogeneity pro-
vide niche differentiation--from the distinction between the
dominant trees of north-facing and south-facing slopes to
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that between the saxicolous lichens of rock surfaces and
humicolous species in the spaces between them. As in the
planktonic community, but more markedly because many of the
spatial relationships are long-lasting, spatial heterogeneity
is intensified or created by the organisms themselves. The
fact that north-facing and south-facing slopes have a
different tree cover means that conditions for a whole host
of organisms--shrubs and herbs, fungi, birds, insects, and
the rest--are still more different than the geomorphology

and climate alone would have made them. Even in an original-
ly homogeneous landscape, occasional shrubs--perhaps
established at random--will constitute foci of biological
activity of all sorts, so that the landscape for most other
organisms is far from homogeneous. In the more severe
deserts, areas away from the sparse perennial plants may be
almost sterile of animals and microorganisms, which
congregate under and around these primary producers. And
places regularly occupied by one animal species--birds'
nests, rodent burrows, termitaria--provide specially modified
niches of which other animals and plants may take advantage.

Temporal heterogeneity is also important as a generator
of niche diversity. That different species of animals are
active at different times of day--some diurnal, some noctur-
nal, some crespuscular--is obvious even to the casual
observer. These habits enable them to encounter different
prey, predators or competitors, and to find different sets
of abiotic conditions in which to pursue their activity.
Similarly, in a seasonal climate, seasonal patterns of
activity and reproduction differentiate niches. The hiber-
nator and the species which continues active through the
winter have adopted different strategies which, with
appropriate concomitants, may both be viable in the same
environment, so that this type of niche differentiation may
enable them to coexist even though otherwise their require-
ments and responses may be very similar.

As with spatial heterogeneity, the fact that organisms
respond to temporal heterogeneity increases the temporal
heterogeneity of the environment for other organisms. It is
unlikely that owls would have evolved the habit of nocturnal
predation had a special class of suitable prey species not
previously developed nocturnal patterns of activity.

A third way in which organisms may differ, and thus be
enabled to coexist, is in the processes which they undergo
or perform. A simple form of this differentiation is in
trophic levels. A herbivore and a predator may be identical
in their other characteristics and responses; this trophic
distinction is fully enough to place them in separate niches.
And the same is just as true, for instance, of microorganisms
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with different biochemical roles or activities--proteolysis
and nitrogen fixation, say.

Finally, niche differentiation and species coexistence
may depend on response differences. Two species may be
doing the same things at the same time in the same places,
but may still persist without one being exterminated so
long as some of the processes in which they engage respond
differently to the factors on which their rates depend.
This seems likely to be the principal way in which the
diversity of planktonic algal populations is maintained in
a fluctuating environment: they differ in their responses
to temperature, light, and nutrient availability, and thus
are able to take advantage of thos periods of the seasonal
cycle that happen to favour them over their competitors.

Having recognized the many-dimensioned diversity of
ecosystem structure, and its importance for ecosystem dynam-
ics, the would-be modeller is faced with the problem of how
to include or represent this diversity in his models. If
these models are to simulate in some sense--at some degree
of resolution, with a certain precision--events in the real-
world ecosystem, at least those parts of system diversity
which are relevant to the particular events to be simulated
need to be included in the model. If, for instance, one
wishes to predict forage available for cattle, then it
would be fatal if the model excluded processes involved in
population explosions of an insect which defoliates the
major forage species. If all insects or all herbivores are
combined in the model, this effect will be lost.

Most ecosystem models developed so far have been very
crude in this respect. The tendency has been to combine
large numbers of biological elements, with widely differ-
ing responses and activities, into a single trophic level--
or at best to divide them into a small number of broad groups-
-and to ignore a large part of the biological diversity of
the system, as well as (usually) all the spatial diversity.

This tendency to extreme simplicity is certainly
understandable. A model incorporating even a small
proportion of the biological and spatial diversity of the
system, and existing knowledge of the mechanisms involved,
would be dismayingly large and complex. It would tax the
capacity of existing computers, time requirements would be
very demanding, and interpretation of the behaviour of the
model would be fraught with difficulties. It seems that the
future of ecosystem modelling may lie along some middle
road, a road avoiding both the wilderness of simplistic
irrelevance and the swamps of impracticable complexity.



Some of the most important problems resolve themselves
into "lumping" vs. "splitting." To what extent should
biological components of the system be divided? To what
extent can they be combined without serious effects on the
value of the model for the purpose in question?

These are not questions which can be answered a priori.
They must probably be answered by exercising existing models.
And it seems reasonable to start from the "splitting" end
of the continuum of possible models. If one has a model in-
corporating a great deal of biological diversity, and
proceeds to amalgamate groups of biological elements, then
a comparative study of the performance of these models of
diminishing resolution will show how important the biological
diversity is for the performance sought. It is not to be
expected that resolution will be equally important in
different parts of the system--if indeed "equality" can
here be given any useful meaning. In other words, one would
need to test the effect of changing resolution in different
biological (taxonomic or functional) groups within the
system independently and in combination, rather than across
the board.

Moreover, it should not be assumed that the same degree
of resolution in a particular part of the system will be
required for all the processes in which those organisms are
involved. It may be, for instance, that large groups of
insects may be "lumped" as far as their processes of
assimilation, respiration and excretion are concerned, but
that they must be kept separate to the specific level in
respect of feeding habits and reproduction.

" Detailed studies of a model of part of the system with
high resolution may be used as a basis for replacing it with
a different type of lower-resolution sub-model. One may,
for instance, by exercising a high-resolution sub-model of
nutrient uptake by roots, in which each plant species is
included separately, be able to show that a reasonable
arbitrary approximation may be possible in which species are
not distinguished, though several soil horizons are included
separately. While the high-resolution submodel incorporated
actual mechanisms of nutrient uptake, including the concen-
tration gradient across the root surface and the root
respiration rate, the low-resolution alternative is more
empirical, relating nutrient uptake simply to the temperature,
water tension, and concentrations of nutrients and of root-
tissue in the different soil horizons. The justification
for replacing one submodel by the other, for a particular
purpose, is then purely pragmatic: the low-resolution model
gives results (input to the rest of the model) which are
adequate to the purpose, within the range required. And the
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low-resolution model is, in a sense, a summary of the results
of operating the high-resolution model within this range.

Another possible way of reducing the computation load
imposed by biological diversity is to introduce it only
during critical periods. To take a particularly obvious
example, it may be possible to "lump" a large range of
plants during the winter months--to assume that they are all
behaving uniformly--but to "split" them and take account of
their differing behaviour and response patterns during the
summer months.

In some cases, instead of modelling a group of biologi-
cal components individually, it may be possible to treat
them as a diverse population, with known statistical
properties--perhaps by a stochastic model. Instead of
predicting that a particular insect larva in a particular
year will reach epizootic proportions, the model might
predict a probability that, in that year, some unnamed
insect species of specified properties will reach epizootic
numbers. Existing techniques for ecosystem modelling do
not, however, handle parameters which are neither determinate,
nor single samples from a known distribution, but cover
simultaneously a range specifiable by a distribution. This
methodological advance would be necessary before the
suggestion above could be implemented.

Rather than "lumping" or "splitting" biological
components, one may vary the resolution within a model in
another fashion; in the time dimension. The time scales
for different processes, or for different biological
components, may differ widely, even by several orders of
magnitude. Reproduction of vertebrates may often be treated
on a time scale of a year, whereas their food consumption
may require a time scale of a day. Some microorganisms may
require time scales of an hour, while for earthworms a month
may suffice. As with resolution among biological components,
the appropriateness of different time scales of resolution
for different processes should be tested by exercising
models which incorporate the flexibility needed.

The same problem--though usually ignored--confronts the
ecosystem modeller at a lower level. How is one to deal
with sub-specific variation? In most groups of organisms,
every individual differs to some extent from all others.

To treat a species as internally homogeneous is to ignore
differences which may be of importance in ecosystem
functioning. And if these differences are taken into
account, it will often happen that the average behaviour
and response of the species will change in the course of
time, as a result of selection on the micro-scale, which
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would most likely never lead to speciation, but may well
have its influence on the dynamics of the system in which it
is taking place.

Spatial heterogeneity is also important in ecosystem
dynamics--not only in generating some of the niche differ-
entiation on which biological diversity is founded, but
also in determining the course of some of the processes in
components of the system which are not differentially
adapted to locally different condition. In the first place,
heterogeneity in certain respects leads to accompanying
heterogeneity in others--even at the abiotic level. Soil
surface irregularities change the pattern of wind and water
flow, and so may lead to localized deposition of mobile
particles of different sizes, differences in rates of
evaporation and water infiltration, and local temperature
differences through (for instance) albedo changes.

Concurrently, these differences in abiotic conditions
will lead to changes in the biota. Certain localities will
meet better than others the requirements for particular
species of plants, animals and microorganisms, and consequent-
ly the spatial distribution of all components of the system
will become heterogeneous.

How does this affect ecosystem dynamics? In the first
place, since almost all biological processes in a system are
density-dependent--at least in the longer term--the average
rate of a process will not be the same in a system where the
biological components are patchily distributed as where the
same components are homogeneously spread over the area.
Then, many organisms may be able to make specific use of the
spatial heterogeneity--may even require it as part of the
habitat to which they are adapted. They may need different
environments for feeding and for reproduction, different
ones for night and day. Were the environment homogeneous,
these species might not be able to survive. Consequently,
the development of heterogeneity changes the species
complement of the ecosystem, not only by providing single
specialized niches for some species, but by providing the
actual range of different environment which may for others
constitute part of the niche specification.

Vertical heterogeneity is at least as important as
horizontal. Even in a planktonic system, there is often
some stratification with respect to temperature and solutes,
and inevitably with respect to illumination. In a benthic
community, and even more in a terrestrial community, the
vertical differentiation affects more characteristcs and is
reasonably constant through time, and hence more important.
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A terrestrial plant community usually has a structured
canopy, providing a range of environments for other organisms.
And, within the soil, conditions in successive horizons are
very different--for root growth, for soil animals, and for
the microflora.

In the spatial differentiation of ecosystems--horizontal
and vertical--there are numerous discontinuities. Some of
these are absolute, but more are partial, consisting of a
zone of much more rapid change separating two zones which
are relatively homogeneous. This means that the partial
differential approach, which has had considerable success
in modelling problems of meteorology and physical ocean-
ography, is not well suited to modelling spatially hetero-
geneous ecosystems.

Many ecosystem modellers have avoided facing this
rather challenging problem. The question of vertical
heterogeneity has not infrequently been approached by
dividing the ecosystem, above and below the soil surface,
into a number of discrete compartments, transfers across
the boundaries being handled by difference equations. This
is reasonably practicable, since the number of such
compartments 1s often quite manageable--of the order of ten,
say. But the same approach cannot be applied as easily to
horizontal heterogeneity. But the same approach cannot be
applied as easily to horizontal heterogeneity.

Some ecosystem modelling projects have distinguished
compartments in the horizontal plane--for instance, in
connexion with drainage patterns and their concomitants for
plants and animals. It is then assumed that each of these
compartments can be treated as internally homogeneous,
with fluxes taking place across the boundaries. But this
is appropriate only for rather large-scale heterogeneity;
and in ecosystems, as has already been pointed out, one has
several nested scales of heterogeneity, none of which may
safely be ignored in its possible influence on ecosystem
dynamics.

Much horizontal heterogeneity takes the form of a
mosaic pattern, with the same type of element recurring
repeatedly, though the class of similar elements is subject
to considerable variation in composition, size, and shape.
This suggests that it might be possible to treat the
ecosystem as composed of a limited number of populations of
patches, each of which populations could be defined by
statistical distributions of their biological and abiotic
characteristics, as well as their size, shape, and peripheral
relations with patches of other types. Again, the problems
of handling dynamic relations in a system specified by a set
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of distributions rather than a defined set of values would
arise. And there would be further problems associated with
the boundaries between patches of different types.

As with biological diversity, so with spatial heteroge-
neity, the problem poses itself: "How much does it matter?
Is it really going to affect the dynamics of the system, for
the particular purposes in question?" No answer can be
given a priori. One must try. If one has a model in exis-
tence 1ncorporating, as realistically as possible, the main
features of spatial diversity, one can then modify it by
removing these features one by one, or all together, and see
how much effect it has on those aspects of behaviour of the
whole system which are currently of interest. By eliminating
spatial heterogeneity from the model, and treating the
system as homogeneous (but with parameters selected to
correspond with the known pattern of heterogeneity), can one
approximate sufficiently closely, in a variety of circum-
stances, the results obtained with the more complex model?
If so, then one may accept the simpler approximation.

Throughout this presentation there has run the theme:
though diversity is inherent and important in ecosystem
structure and function, for practical modelling purposes
we must perforce simplify. What simplification is permis-
sible and acceptable depends on a definition of goals--
definition in terms of what predictions are needed, and
with what precision. The answers may differ enormously,
and a model satisfacory for one purpose may be quite inade-
quate for another.

There are essentially two ways in which proposed
simplifications may be tested. One--and probably the most
satisfying--is against actual field observations. Valida-
tion in this sense has been discussed at length elsewhere
(Goodall 1972). Again, objectives must be clearly defined,
not only in terms of predictions and their precision, but
also in terms of the universe of systems to which the
prediction capacity should apply. It will rarely be intended
that the prediction should apply to a single ecosystem, and
probably never only to one ecosystem in a particular period
of time, with its specific meteorological and other inputs.
The particular ecosystem, and the particular time period,
are to be regarded as representative samples of a wide range
of conditions to which the model is intended to apply.
Consequently, field observations to validate the model, and
to provide evidence on the acceptability of proposed
simplifications, should constitute a sample covering this
whole range of systems--a weighted sample, perhaps, if
different parts of the range are not of equal interest.
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This is probably the ideal method of testing proposed
simplifications of the model. But it is clearly very
laborious. The alternative--somewhat less satisfying, but
much more practicable--is to use models which incorporate
the best available biological knowledge of the system in all
its detail as a surrogate for the actual real-world system,
and adopt the simplified models in so far as they do not
deviate unacceptably from this more complex basis for
comparison.

The comparisons need not necessarily involve models of
the whole system at all stages. Deviations in sub-system
output could be tested first, for instance, and then the
effect of such deviations in input to the rest of the system
could be examined without actually incorporating the two
alternative subsystem models. And, as suggested above, it
may often be possible to use sub-models "off-line," so to
speak, to generate inputs for a whole-system model which
would then be effectively simplified in that respect.

It should be emphasised again, however, that these
alternatives to direct validation imply an existing model,
or set of models, incorporating the most detailed biological
knowledge of the system that can be assembled. And this in
turn implies an expansion of ecological knowledge, for any-
one who has tried to build such a model 1s aware that the
gaps in existing knowledge are enormous. No efforts by
modellers can compensate for these gaps. They must be
filled by direct biological studies.
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Introduction

CEPEX is a cooperative research plan to study the effects
of pollutants on the marine environment. It involves labora-
tories in the U.S., Canada and the U.K. and is part of the
International Decade of Ocean Exploration. The scientific
leader of the programme is Dr. David Menzel of Skiddaway
Institute of Oceanography, Savannah, Georgia, U.S.A.

The plan is based on the primary tenet that the important
and long-term effects of pollution are those which influence
the stability of marine populations. This requires that the
study include: (1) a basic understanding of a natural or con-
trolled experimental ecosystem with the ability to predict
normal fluctuations in the former or to compare control and
perturbated systems in the latter, (2) laboratory and field
studies of the effect of pollutants in their environmental
form, (3) ecosystem surveillance studies of the concentrations
of these same chemicals within all trophic compartments of
the system, (4) simulation models of the energy fluxes and
effects of pollutants within the marine food chain, and (5)
most importantly, field validation studies involving the manip-
ulation of test ecosystems.

In dealing with natural marine ecosystems having unknown
or variable boundaries (such as any given oceanic area) the
rates of input, flux and loss from the system must be consid-
ered on three dimensional axes. Given estimates of these
parameters the effects of pollutants in a multi-compartmental,
often transient food chain must be predictable. To acheive
these results, it is necessary to understand hydrography in
terms of both vertical and horizontal advection and eddy dif-
fusion. Estimates of standing crops, production rates, popu-
lation fluctuations, migrations and species interdependence
(food chains) are also required and must be predictable. Such
a comprehensive study is at present considered unfeasible in
"open marine" systems for the following reasons:

(1) Accurate estimates of biomass are contingent upon
being able to quantify the effects of patchiness and uneven
population distribution. This would require a major collection,
assessment program over an area of at least 50 x 50 km and in
the open ocean to a depth of at least 2000 m. At present it is

B



-86-

difficult to quantify and separate temporal and spatial
variability from normal random unevenness in distribution
except by elaborate collection and statistical techniques.

To obtain usable "base line" information on population struc-
ture in the ocean it is estimated that a continuous record of
10 years is required. Thus, it is suggested that unless events
lead to catastrophic decline the net effect on populations will
not be easily ascertained on a "real time" basis.

(2) Excepting phytoplankton and in some cases fish (the
latter where fisheries statistics are available) the natural
growth rates and production (turnover time) of organisms can-
not be determined. This applies most critically to the zoo-
plankton, which are likely to be the most sensitive component
of the food chain.

(3) It is currently not possible to quantify properly the
upper trophic levels of the food chain or to determine if the
presence of larger predators is transient or permanent in the
confines of the area under study.

(4) If population alterations are detected, it may not be
possible to determine if the cause is climatic, due to fishing
pressure, a normal population fluctuation, or is due to pollu-
tion.

(5) If the above objections can be overcome an overriding
limitation is that "open systems" cannot be experimentally
manipulated.

One solution is to downgrade the "open ocean-complete
ecosystem" approach to pollution effects studies and to ini-
tially restrict the program to an environment that can be
properly managed, experimentally manipulated and which is
sufficiently like the "real world" to provide field validation
studies for simulation models.

The characteristics of such controlled ecosystems should
be:

(1) Two or more trophic levels need to be used with more
than one species at each trophic level. Many of the most
significant effects are likely to arise from changes in com-
petition for nutrients, food selection and other "natural"
processes which determine ecosystem stability.

(2) The volume of the enclosed water must be capable of
supporting populations at their natural levels (without con-
centration) for at least 30 days and optimally 100+ days so
that deviations from normal production and decomposition
processes can be studied. The 1life cycle of a copepod is 30-
90 days. The time from egg to juvenile of many fish species
is in the same order of time.
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(3) Ability to perturbate the system. Since the aim of
this study is to observe the effects of different pollutants
it is necessary not only to be able to introduce pollutants
into the system at realistic levels but to have replication
of controls and of the pollutant. Thus, 4 to 8 or more con-
trolled environmental enclosures are required.

(4) Verification of computer simulations. If a model can
simulate the results obtained in the experimental ecosystems
proposed here then the reliability of the model for predicting
the consequences of pollution in other areas will be greatly
increased. This capability is particularly necessary for
predictions of effects in the open ocean.

Thus the program for CEPEX contains observational,
experimental and theoretical components. Only the proposed
plan for modelling is given here.

Modeling in plastic enclosures

In models concerned with transfer, particular pollutants
are used as variables in determining rates of movement between
large "blocks" of a natural system. When effects on the
ecosystem are being considered, pollutants are not introduced
directly as parameters. It is the effect of the pollutant,
such as a change in growth rate of a particular zooplankton,
which is the input to the model and the output is the conse-
quence to the rest of the system. Thus, discussion of the
theoretical aspects is, essentially, a consideration of the
problems in defining and then quantifying the basic ecological
parameters.

Our first assumption is that simple Volterra type models
are insufficient when considering those factors which induce
stability in ecosystems. More complex models are required and
these added complexities can be of three types:

(1) Physical: e.g. the effects of lateral diffusion and
vertical stratification and their relation to the known
"patchiness" of phyto- and zooplankton.

(2) Population diversity: It is possible that species
diversity may be a necessary factor in producing dynamic
stability in ecosystems although theoretical work (Steele, in
press) shows that, by itself, it is not sufficient to remove
the inherent instabilities of simple models.

(3) Behavior: The feeding and breeding responses of zoo-
plankton may be much more complex than the functional relations
used in simple models. It has been shown (Steele, 1972) that
the introduction of threshold feeding responses of zooplankton,
for which there is experimental evidence, can produce "realistic"
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outputs from a model.

The introduction of these complexities presents two

difficulties, one technical and one biological. The step-by-
step computer solution of a set of equations using numerical
methods is relatively straightforward when there is only one
independent variable; for example, when nutrient concentration
(N), phytoplankton (P) and zooplankton (Z) densities are
functions of time only. When a model also contains a space
variable (e.g. either horizontal, x, or vertical, z, distance)
there are technical problems concerning the size of increments,
Gx, 6z, 5t that can be used. In particular there is usually

a condition that Gt has to be small relative to the size of

the space increments Gx or 62. In a simple "time" model the

increments may need to be fractions of an hour. Thus the
introduction of a space variable not merely adds its own
complexity but can increase the computing time required by
several orders of magnitude. For this reason space-time

models tend to be as simple as possible in other aspects.

The upwelling model of Walsh and Dugdale (1971) has "boxes"

to represent compartments between which there is lateral
exchange, herbivores are considered only as nutrient excretors
and the emphasis is on the nutrient-phytoplankton interactions
over a five-day period in the downstream flow of an upwelling
plume. The expected distribution in the plume was determined
by starting from conditions at the initiation of upwelling and
running the model for 10 days with time increments of 1 hour.
Vinogradov et. al.(1972) looked at vertical profiles of nutri-
ents, bacterla, phytoplankton and zooplankton from an upwelling
area taking account of vertical stratification but ignoring
lateral mixing. Their model ran for 60 days to show the ver-
tical changes that could occur as the water mass moved away
from the upwelling area. They obtained general agreement with
observation, particularly in the mid-water chlorophyll maxima
but give no details of the computing methods. Again, zoo-
plankton are considered in terms of biomass rather than as
numbers of individuals growing and reproducing. Further, their
work illustrates the major defect of such biologically simple
models in that there is no evidence of the system coming to a
steady state. It is the conditions for maintenance of a longer
term "steady state" which are the main concern of models
relating to large scale low level pollution. It seems likely
that this requires more realistic representation of plant and
animal populations.

The biological problems concern the introduction of more
than one species of phytoplankton or zooplankton. Theoretically
this means having more than one type of response at each
trophic level, e.g. varying nutrient kinetic curves for dif-
ferent parts of the phytoplankton population, different grazing
characteristics for zooplankton feeding on these phytoplankton
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groups, a range of sizes for adult zooplankton, etc. Theoret-

ically we have some concept of how this could be done (Steele,
in press), at least for two size groups of phyto- and zooplank-
ton. The problem is that, although we have information on,
say, kinetics of natural phytoplankton as a single group in
relation to nutrient concentration, we are hardly yet in a
position to separate these into a large number of categories.
It is possible that some separation could be made on the basis
of size of cell (Eppley, pers. comm.). Similarly, herbivore
grazing may be expressible as a function of cell size but the
actual form of the functional relation is not yet known.

Given these various problems, it is not practical to set
up immediately a model combining (1) spatial and temporal
processes, (2) species diversity and (3) complex functional
responses of individuals. The basic assumption in this approach
to the effects of pollutants on ecosystems is that these must
be studied over relatively long periods and by examination of
the more subtle responses at herbivore and primary carnivore
levels. Thus, for this aspect, the model should concentrate
on details of metabolic, behavioral and reproductive processes,
including some simple "diversity". The modeling of physical
processes should be as simple as possible but some separate or
sub-model of vertical processes affecting phytoplankton should
be investigated, possibly along the lines of the simple mathe-
matical model of Steele & Yentsch (1960) which has some support
from field observations (e.g. Kiefer et. al., 1972). On this
basis the experimental counterpart of the theoretical model is
an enclosed, well mixed, body of water containing phytoplankton,
more than one, but not too many, herbivores, with carnivores
as an optional extra.

This gives the theoretical background to the development
of large plastic enclosures (CEE) for experimental work in
sheltered sea areas. The first test in CEE is whether lateral
spatial heterogeneity can be removed and the system still operate
in a reasonably realistic manner with the horizontal dimension
of 0.01 km rather than 10-100 km which is order of "patches" in
the sea. The first and simplest trial concerns the nutrient
and carbon budgets. Fig. la illustrates short term nutrient
flow in the upper layers where the zooplankton nutrient (Z)
is partitioned between excretion (E ), faeces (F) and predators
(C). The carnivores, such as young!fish, in turn excrete
nutrient (E ) but their growth is lost to the system over the
time period3 considered (100)days). At the same time nutrients
are mixed up from deeper water (M). Two possible CEE units are
indicated, one with - one without predators. Some hypothetical
numerical proportions are given in Fig. 1lb. The simplest CEE
unit to use is that without predators, but in that case two
factors must be considered. The faecal material will sink to
the bottom of the bag. Either it remains there and decomposes,
or it is removed at fairly frequent intervals. The latter is
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preferable since (1) in the sea it falls out of the surface
system, (2) we wish to measure this rate and also, with
pollutants, to know this transfer from the pelagic to the
benthic system. However, if this is removed, nutrients must
be reintroduced. The most natural way to do this is by re-
moving some nutrient poor water from the bag and replacing it
with nutrient rich deep water. The second factor in this
simple CEE is that there is no predation on the herbivores.
This can be simulated by filtering daily a percentage of the
water to remove the copepods. (The exchange of water will
perform, at least part, of the same function.) This also
removes the nutrients in the plankton which would have been
returned to the water by the excretion of the predators.
Thus some nutrients (esp. NH ) may need to be added to the
water. N

Within each CEE there can still be vertical stratification
giving very marked vertical gradients in chlorophyll. It is
possible that this spatial heterogeneity is important to the
herbivores who may concentrate for feeding in the maxima.
However, these gradients would introduce a spatial dimension
in the model with the resulting difficulties already described.
This may have to be-eliminated theoretically by averaging
over the vertical dimension. Experimentally, mixing of the
whole or a large upper part of the column would provide a
better comparison. Thus a further initial experiment should
compare a mixed and unmixed column. It seems easiest to
start without carnivores in each case but it is possible that
the carnivores could be cleverer than a plankton net. '

During these initial experiments, measurements would be
made of carbon and nitrogen transfer rates within and outside
the two CEE units. This could provide the test for a simple
input-output (I{Q) model. Measurements of phytoplankton
production by C ', and experiments on zooplankton grazing rates
would estimate internal transfers and also would provide a
test of theoretical formulae for these factors which are
essential components of the model. These experiments would
provide (a) experimental evidence of the adequacy of the bags
as a simulation of the environment outside, (b) tests of the
adequacy of a model based on single categories of "phytoplank-
ton" and "zooplankton". A food chain (F/C) model of this type
is already available in a general form (Steele, 1972) and Fig.
2 illustrates the type of output. This model ignores effects
which operate differently on different species within a given
trophic level; also it ignores factors other than food which
may affect reproduction. It could handle effects such as a
general change in photosynthetic rate or a general decrease in
feeding rate of all copepods present. Where it has been shown
from laboratory experiments that a pollutant can have such an
effect, then the model would predict the consequences for the
general plant and herbivore populations in the CEE and this
could be tested. This is one way in which an immediate use
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could be made of the model in relation to pollution.

However, the real use of CEE is to study the effects on
mixed populations including factors affecting reproduction.
To understand what is happening in such an experiment and to
provide basic information for the construction of a better
model, certain types of data are required which are not
presently available; on the growth rate of individual phyto-
plankton species; on the grazing rates of different species of
copepod as a function of their own size and the species com-
position and density of their food organisms; on copepod
reproduction as a function of factors other than food intake
and the causes of mortality of eggs and early naupliar stages.
A simplifying assumption for which there is some evidence is
that phytoplankton growth and zooplankton grazing are functions
of phytoplankton cell volume, i.e. that actual species compo-
sition can be ignored. This brings the problems of measurement
within the scope of equipment such as particle volume counters.

The first stage in development of a food web (F/W) model
would be the running of a 2-plant/2-herbivore system. This
would be used to explore the problems of interactions within
trophic levels. Beyond this further development would depend
on the results coming from the bags and from the concurrent
laboratory experiments. As a starting point a simple analytical
model is available which shows how small changes in parameters
can produce unstable oscillations or eliminate species from
the assembly (Steele, in press).

A simple diagram of the possible sequence of CEE experi-
ments and the relation to modeling is given in Fig. 3. It
illustrates the problem of an excess of choices starting from
a simple plant-herbivore association with the addition of
various carnivores, a range of pollutants or both. The or-
ganizing of the sequence of experiments will require consid-
erable thought. The squares represent stages in complexity
of experiment within the bags but the separation into different
"experiments" is arbitrary since, for example, some "F/C"
measurements would be made at the I/0 stage.
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The possible development of experiments within CEE indicating the options and
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AN INTERDISCIPLINARY APPROACH TO DEVELOPMENT
OF WATERSHED SIMULATION MODELS

Carl Walters

SUMMARY

A workshop approach for the rapid development of simulation models
is described. The key feature of the approach is intimate involvement of
resource specialists in the model building process, so that communication
between resource disciplines is greatly enhanced. Two watershed models
that have been developed in one-week workshop meetings are described to
show the kinds of factors that can be considered. One model is concerned
with small coastal watersheds in the Pacific Northwest, and the other dea!s
with part of the James Bay Area, Quebec. Both of these models have helped
scientists of Environment Canada identify major information needs that are
not being considered in current research and management programs; in parti-

cular, little is known about the dynamics of recreational demand.

INTRODUCT ION

Hydrologic simulation models are now widely applied for investi-
gation of short and long term water flow patterns in watershed systems.
However, there is a need to see if such models can be connected to biological
and economic predictions to provide a comprehensive picture of the watershed

as a management unit. Considering present knowledge of ecological interactions
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in watersheds, it would be unreasonable to expect any comprehensive model to
have high preaictive power. However, a major problem in watershed management
is to ensure communfcafion between the research and management disciplines
(e.g. forestry and fisheries) that are responsible for various phases of
programme development. Too often we find watershed investigations conducted
as a series of fragmentary studies that have little relevance to one another.
The exercise of developing a simulation model, by providing a common language
and concrete focus for discussion, can provide specialists with a unique
opportunity to present their mutual information needs clearly and precisely.
For example, the fisheries biologist cannot be content with a vague statement
about his need for water flow data; he must instead show exactly what numbers,
in ferms of spatial and femporal resolution, can be used in his fisheries pre-

dictions.

Almost always the exercise of model building suggests major inform-
ation needs that would not otherwise be recognized, both at the interface
between disciplines and within particular areas of study. It is only after
some preliminary but intensive modelling work has identified these information
gaps that we can expect the kind of data to be collected that will eventual ly
Iead‘To useful predictive models. It is usually supposed that data collection
must precede modelling; the fallacy of this argument becomes apparent whén one
notes that the investigator must have some model, usually subjective and not

clearly articulated, in mind to guide any of his data collection.

Perhaps the most difficult task in watershed management simulation
is to ensure that resource specialists, who are usually not trained in modelling,
are intimately involved in model building and testing. Whatever mathematical
and simulation framework that is considered appropriate must incorporate the
ideas and information of such specialists, and must further provide feedback about

the consequences of these ideas when incorporated into an overall prediction
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of system change.

The intent of this paper is to describe a workshop approach tfo
interdisciplinary modelling, and to outline two watershed models that have been
developed by resource specialists using the approach. Each of these models was
conceptualized and implemented in a 5-day workshop meeting involving 15-20
scientists from Environment Canada and 5-7 model builders from the University
of British Columbia. One model is concerned primarily with interactions
between forestry, fisheries, and recreation activities in small coastal water-
sheds of the Pacific Northwest; scientists from several Environment Canada
laboratories and offices in British Columbia were involved in its development.
The second model tries to examine pofential impacts of hydroelectric develop-
ment in the LeGrande River Basin, James Bay Area, Quebec; most of the personnel
involved in its development were from Environment Canada headquarters management
staff in Ottawa. We choose these examples as extremes to show that the work-
shop approach can be applied tfo a wide variety of problems and personnel situ-

ations from very narrow and research-oriented to very broad and policy-oriented.

TACTICS OF WORKSHOP ORGAN IZATION

Most of the time required to develop a typical simulation model is
tied up in computer programming, juggling data, and achieving communication

between model builder and subject matter expert. Identification of variables,

relationships, and appropriate mathematical format usually proceeds very quickly.

A small group of programmer-modellers, working with purely hypothetical data
drawn out of the air as needed, can put together a very respectably complex
model in a few days. Our modelling workshops are essentially attempts to

bring together the communication and implementation phases of modelling into

a single, efficient time package.
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Because computer programs require the use of many arbitrary defini-
tions and conventions that must be chosen by the programmer, it has proven
unwise to have too many people involved in model implementation. We have
found it most efficient to have one programmer for each major subsystem under
consideration, along with a maximum of four subject matter specialists. Work-
shops with more than six groups of this kind become unmanageable. It is critical
that each programmer have a reasonable grasp of the subject matter and jargon
of the specialists with whom he will deal. Programmers with training only
in mathematics or computer science are often less than useless, because they
tend to introduce still another confusing jargon. Our best modellers have
been resource students who have picked up a bit of programming on their own
or through one or two undergraduate courses. It is essential that the pro-
grammer and the participants view the mathematical and programming work as
technical translation, rather than as a fundamental addition fo the conceptual

understanding of the problem.

When programmers with some model building experience are used,
it is not important that the participants have any special background training.
The only requirement for effective participation is a willingness to be a bit
simple-minded and general in looking at each part of the system. Quantitative
models can only capture some simplified features of any system, and we have
found that many specialists find it impossible to think about simpler rather than
more complex ways to view their parts of the system. In other words, most people
find it easier to take a system apart into smaller conceptual pieces; putting
the pieces together into some simplified overview is much more painful, because
it requires that the specialists exercise some judgment about the relative
importance of each piece. About all that can be said in general is that the

best workshop participants are usually those peoplé who have had to deal with
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practical problems, where judicious simplification is usually necessary to

get any answer at all.

During most workshops it is important fto have experienced model
builders who can carefully avoid the use of mathematical jargon. Participants
have no way of judging the importance of unfamiliar terms, so they often believe
that the model ler has said something profound when he uses a term like "matrix"
instead of "table". Such a slip can have really serious consequences if it
leads the participant, who usually has the best conceptual understanding of the
system, to think that the modeller has some special understanding of what is
happening; a lot of models are filled with elegant but irrelevant mathematics.
It is critical that the participant understand exactly how his ideas are being
translated for the computer. The business of translation makes the model builder's
Jjob harder, but there is little about model building that cannot be stated in

everyday terms with a bit of thought.

We have used a variety of computer systems, ranging from an [BM 1130
(8k, card reader, and printer) through an IBM 370-155 with remote batch process-
ing. The best systems we have found so far have been those with interactive
terminal capability and special programmed packages for inpuf and output
(Hilborn, 1973). The interactive terminal systems allow programmers to type
models directly onto disk storage, with instant access for debugging and test
runs; programming time can be cut to an order of magnitude less than would be
required with the usual batch processing. Also, interactive systems make it

much easier to do repeated runs of a model, as gaming exercises.

We have held over a dozen model building workshops in the past
three years, varying in length from two days fo one year (with weekly meetings).
For most purposes, the optimum seems to be one or more 4-5 day long sessions,

separated by not more than two months. Irregular short meetings (few hours)
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spaced more than a week apart are almost sure to be unsuccessful. One com-
promise that we have used for particularly difficult problems has been fo hold
two one-week sessions, a month apart. The model is conceptualized during the
first session, then data juggling and programming are done between the

sessions, and the second session is devoted to testing, modification, and

gaming. The workshop organization that we have found most useful is shown below,

for a typical 5 day session as used with each of the watershed models:

Introductory lectures, Identification Submodel testing
demonstrations ——P of variables development, \51 and
(1 day) and |inkages — smal | groups —> gaming,
between sub- (2 days) ’/)' overal |
systems model
(14day) (1 day)

The introductory lectures and demonstrations are fairly straight forward,
and usually involve the complete development and implementation of a very simple

(2-5 variable) model.

The really critical time is durihg the second day, when the general
problem for the mee+§ng is made explicit and divided info manageable components.
It is here that the general level of abstraction of the-model is decided by
identifying the list of state variables to be simulated, and it is made clear
exactly what information must be generated about each component of the system
in order to simulate the other components. The most common problem encountered at
this stage is that specialists want to build unnecessarily detailed models for their
own subsystems; when serious conflicts do arise, we simply attempt to sketch out
two alternative sub-models, one simple and one detailed, and try to decide how

their behaviour will differ. The more detailed alternative is selected only
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if it appears that the behaviour of the overal| system model will be affected.

It is emphasized that the output of the second workshop day must con-
sist of a list, for each major subsystem, of the variables that must be simu-
lated by that subsystem model ling group for use in the other submodels. I+
is left completely up to each subsystem group to decide what other variables
to consider, knowing that their central objective is to generate these |inkage
variables. The second day'is a particularly valuable part of the overall
workshop, since here most of the communication ftakes place between specialists

of different disciplines.

After the identification session, the workshop programmers meet and
decide on computer variable names and other programming conventions. Each
submode| can then be programmed and run alone with dummy values for input from
other submodels, and any combination of submodels can be tacked together quickly.
Dummy values can be replaced by dynamic calculations as other submodels become

available.

The participants then divide into smaller groups, each led by a
prpgrammer—modeller, fo develop the submodels. The emphasis in these sessions
is on laying out the basic components of change of each variable assigned to the
subgroup, and on graphical description of functional relationships between change
and other variables being simulated. For example, the first step in developing
a fish population model would be to state the basic components of population
change as "new population = old population + recruitment + growth - natural mortality
- harvest". Next, each component of change would be related graphically to other
factors being considered. No attempt is made to develop elegant mathematical
formulae for the functional relationships; finding an equation of the right
shape is considered the programmer's task. Also, we defer questions of data

availability and parameter estimates until after the overall conceptual framework
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has been laid out with graphs and flow charts; otherwise the group invariably
~gets sidetracked on questions (offen trivial) of data acquisition. It is
usual ly necessary to reiterate, frequently, the idea that a major Qoal of . the
eXercise is to identify as many information gaps as possible, and to assign

some relative importance (sensitivity) to each.

The business of programming, keypunching, and debugging each
submodel is usually left entirely to the group programmer while the parti-
cipants assemble relevant data. The participants work through the com-
pleted program, with the help of the programmer, to ensure that he has
translated their conceptualization as intended. Problems can arise at
this stage if the programmer encounters a particularly difficult coding
problem and finds that he must use some additional simplifying assumptions
in order to complete his task within the time available. Such coding
problems are most commonly associated with the representation of spatial

inferactions in the system.

After the groups have the various submodels working separately
and producing reasonable answers, the programmers sit down as a group
and put together the overall system model. Almost invariably, errors
arise through confusion about variable names, units of measurement,
and extent of information exchanged between submodels. Formulation of
the submodels has usually indicated that other variables need to be
generated besides the ones originally agreed upon; decisions about these
variables are made by informal discussion befween subgroups, and usually
a few of these variables are overlooked in the rush. The overall process
of interfacing submodels usually takes about one full evening, if each sub-

model is already working properly.

The final day of testing and playing with the overall model is
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usually a confusing time. The typical model has many variables and several
hundred parameters; also each submodel can usually accept several ménage—
ment interventions. The assortment of possible fests and analyses is
staggering. To make things simpler, each subgroup is asked to I[temize

a few key runs that test sensitivity to parameters and management inter-
ventions. These basic runs are made first, and further runs decided upon

by discussion among the participants.

A major problem during the testing session is to ensure that
the model output is both comprehensible and comprehensive. Tables of
numbers are very difficult to read, so graphical output is necessary.
When many variables are graphed or displayed for each run, the process
of interpreting the results can be time consuming and confusing. So,
each group is asked to generate one or two key indicators for the per-
formance of its submodel, such as a general index of population size, an

index to economic well being, or the like.

The workshop closes with an evaluation session aimed at identi-
fying key areas for future research work and obvious implications of the
model for management practice. Only at this point is emphasis placed
on the disparity between the kinds of data available, and those needed
for the model. We have found it important that this overall evaluation
not be deferred until weeks or months after the session, since parti-
cipants always seem to quickly forget most of the ideas that are brought

out by the modelling exercise.
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THE SILT CREEK EXERCISE

The economy of western Canada is partly dependent on three major
resource activities: forestry, salmon fisheries, and outdoor recreation.
These activities are often centered around small coastal watersheds |ike
the hypothetical Silt Creek shown in Figure 1.  Environment Canada devotes
considerable research effort to forest management practices and is responsible
for coastal fisheries management; recently a large research program was
initiated by the Fisheries Research Board to explore impacts of forest manage-
ment on salmon production in a small watershed (Carnation Creek). However,
there has been rather poor communication between the forest and fisheries
agencies; the Silt Creek Workshop was intended to bring these disciplines
together for a look at mufual research needs and possible management frade-
offs for small waTershed_sysfems in general. A hypothetical area was cho-
sen to help participants focus their attention on conceptual problems rather
than routine questions of data acquisition. The workshop ran for five days,

with twenty participants from all of the Environment Canada offices in B.C.

A first step in the workshop was to identify major areas of disciplin-
ary concern (submodels) and the information that would have to be transmitted
between these areas in order to simulate watershed behavior over long periods
(15-100 years). The result of this effort was an information table (Table 1)
showing exactly what each discipline-oriented submodel was expected to produce.
The discussions leading to Table 1 also made it possible to agree on the degree
of spatial resolution needed to adequately represent local management activities
and transport of materials; it was decided to treat the watershed as a series
of 160 acre parcels (Figure 1), each homogeneous with respect to forest stand

conditions, runoff characteristics, and stream condition. It was made clear
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Figure 1. The Silt Creek Watershed and its abstract representation in the simulation model .
Each grid area is assumed to have homogeneous forest type and stream conditions.
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that the submodels had to represent: (1) the dynamics of individual areas in
terms of a single general set of calculations that could be repeated every
simulated year for every area, with different starting values; and (2)
connections between areas in fterms of forest seed dispersal, water movement,

and'The like.

The submodels for each disciplinary area were then developed and
tested by small groups of participants. These submodels are listed as
the row and column headings in Table 1; the following paragraphs give an
overview of the factors and relationship considered in each. The intent
of this overview is to show the kinds of factors that can be considered
in a short workshop exercise; the description should not be considered a

definitive outline for watershed models in general.

Forest Management

The forestry submode! is divided into two major sets of calculations,
for production and for utilization. The production section is essentially
a stand development model; for each 160 acre area in the watershed, it
calculates changes in wood volume present as a function of tree age (since
last logging), management practice, and forest site quality (areas near the
mouth of the watershed were assessed to have the highest site). For any
simulation run, management practice is defined as a series of yes or no
decisions concerning planting, stand thinning and fertilization. A different
volume production function is used depending on which decisions are taken.
The stand age and volume estimates are used to generate indices of overall
forest condition for each area (e.g. slash, regenerating, mature), which are

used in the hydrology, fisheries, and recreation demand submodels.

The forest utilization calculations are essentially a bookkeeping
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system to keep track of the location, timing and pollution impact of logging
operations. Any logging pattern across the watershed over time can be estab-
| ished by intervention before a simulation run. When an area is logged, its
stand age and volume are set tfo 0. Depending on another intervention, silft,
nutrients and stream slash blockages may be created for use in other submodels.
The silt input and blockages to fish passage are assumed to persist for several
years after logging. A road building pattern, represented in the computer
by a time-varying access code for each 160 acre area, is also established by
intervention. Road construction and presence are assumed to result in silty

loads in adjacent streams, independent of actual logging operations.

Some forestry problems were not considered at all, for example, fire
and insect damage or intensive free farming activities. Thus the forestry
submodel produces an optimistic picture of natural productivity. Treated as
a black box, it has as its main inputs patterns in space and time of forest

management, and as output it produces patterns of forest yield and pollution.

Hydrologic Conditions and -Water Qﬁalify

Water flow patterns and water quality (silt, nutrients, coliform count)
are simulated on a monthly basis in order to provide seasonal extreme conditions
for the fishery submodel. Each 160 acre area is assumed to have a monthly
contribution to runoff dependent on its forest stand condition. Higher winter
and lower summer runoffs are associated wifh recently logged areas. No attempt
is made to relate runoff explicitly fto precipitation, ground water movement,
and evapotranspiration; runoff estimates used in the simulation are assumed
to be the result of these processes. Monthly runoffs are accumulated down-
stream from area fto area to give an overall picture of stream flow for each

month in each area. The computational bookkeeping for downstream calculations
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is simplified by assuming that each area has one and only one area to which

it delivers water.

Silt, coliform and nutrient inputs to each area are estimated fn the
forestry and recreation submodels. The hydrology submodel dilutes these
inputs, based on water flow, and moves them downstream. Nutrients and
coliform count are assumed to be conserved (not used up or degraded) as they
move down the watershed, but silt concentrations may change due to sediment-
ation and resuspension. The basic dynamics assumed for silt transport are
shown in Figure 2. The key feature of these calculations is consideration
of accumulation and later release of silt by the stream gravel bed; release
from the bed may result in silty conditions for several years after any

pollution source has been stopped.

Salmon Population Dynamics -and Harvest

Though several salmonid species would normally occupy an area |ike

Silt Creek, we chose to simulate only coho salmon (Oncorhynchus kisutch) as
a typical example or indicator population. One problem that appeared |
immediately during the development of this submodel is that salmon may home
to very specific areas within the watershed for spawning; thus we chose to
treat the fish in each stream section defined by a 160 acre area as a separate

population (with potential for straying and dispersal to other sections).

The life cycle of fish is treated as a series of stanzas: egg, fry,
smolt, first ocean year, second ocean year, spawning. Thus the state of the
population in the model is characterized by a large table of population
numbers, where the rows represent stream sections (defined by 160 acre areas)
and the columns represent stanzas. Survival rate in fresh water stanzas is

assumed to be a function of stream flow, silt and nutrient loads, population
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density, and stream bank cover conditions (estimated from forest conditions).
Dispersal is assumed to occur in the fry and smolt stages, so that juvenile

fish are spread evenly over all accessible portions of the stream network.

Most adults are assumed to home to the section where they spend the fry stage,
but a small fraction are distributed across all available sections to simulate
straying. Logging operations may result in blocks to fish passage; adults
unable to reach their home sections are qisfribufed over all accessible sections

in proportion to relative water flow in these sections.

Beyond a basic mortality rate, survival in the ocean and spawning
stanzas is assumed fo be affected only by fishing. Ocean harvest rates
(commercial plus recreational) are chosen by intervention before each simu-
lation run. Recreational fishing effort for spawners moving upstream is
estimated each year in the recreation submodel; catch is related to this

effort with a standard fisheries catch curve (exponential function).

Inshore Marine Productivity

It was assumed that Silt Creek empties directly into a protected
area of the Pacific Ocean, such as the Strait of Georgia. Pollutant materials
(silt, coliform bacteria) from the stream could affect productivity of the
adjacent marine environment, particularly for benthic organisms. As in the
fishery submodel, we chose to look at only one indicator species, the Japanese
oyster. The marine productivity submodel attempts to predict silt and
coliform concentrations along the shoreline adjacent to the stream mouth,
and fo relate these concentrations to potential commercial production of

oysters.

No attempt was made to develop a comprehensive hydrodynamic model to

predict transport patterns of materials in the ocean. Instead, it was simply
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assumed that water movement is nearly random, so that average concentrations
decrease as the inverse square of distance from the stream mouth. Parameters
for rates of decrease were chosen so as to represent typical rates of silt
settling and coliform death as observed in empirical studies in waters along
the B.C. coast. Silt is assumed to affect oysters by decreasing spat
settling success and growth rate. Overall potential production rates for
representative areas along the shoreline are calculated from spat success and
growth rate, under the optimistic assumption that spat will be abundant every
year unless silt is limiting. Coliform counts are assumed to affect only the
marketability of the oysters; maximum permissible coliform levels are set by

intervention before each simulation run.

Recreational Land Use

The fisheries, forestry, and water submodels generate an overall
picture of resource condifions across the watershed. The recreation sub-
model attempts to predict how these resources will be used as a function of
environmental quality and land owﬁership policy. For any simulation run,
part or all of the watershed may be placed in public ownership (parkland)
before or after logging.  Each 160 acre area of this public land is assumed
to receive recreational use (man days of hiking, hunting, and fishing) in
proportion to its accessibility and perceived environmental quality.
Accessibility is assumed to be inversely proportional to distance from the
nearest logging road. Perceived environmental quality is measured as a
0-1 index; virgin forest areas with clear water and many fish are given
index values of 1 while areas deficient in any of these characteristics are

given smaller index values.

Subdivision info recreational lots and potential cabin development

is assumed. to occur on all non-park land in the wéfershed, except that
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designated for forest management. Marine waterfront lands near the stream
mouth are assumed to be fully developed when the simulation begins. The rate
and spatial pattern of inland lot development are assumed to depend on environ-
mental quality (as represented by the combined forest-water-fish index), on
road access, and on the degree of crowding as development proceeds. In each
simulated year, the model first estimates a potential demand for lots (total
number of lots that could be sold); this potential demand can be varied over
time by setting a growth rate parameter before any simulation run. A gravity
model is used to allocate demand over available lots, where the gravity weight-
ing for each lot is a function of access, quality, and number of lots already
developed in the same 160 acre area. The lots with highest gravity weight-

ing are developed first.

Cabin construction is assumed to result in silt input to adjacent
stream sections, and recreational use-days are assumed to result in some
input of nutrients and coliform count to streams. Cabin use is assumed to
be more polluting than camping or day use. The pollutant loadings due to
recreation for each 160 acre area are added to loadings due to forestry
operations to give an overall input picture that is used by_The hydrology-

water quality submodel.

Since we expect potential demand fo be largely a function of condi-
tions (population, alternative recreation areas) outside the watershed, uncon-
ditional predictions from the recreation submodel are not likely to be meaning-
ful « Its predictions are useful only to the extent that they indicate some
broad response patterns and general impact problems that might arise for some

different demand patterns that could occur.
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Environmental Quality and Economic Impacts

A final submodel in the Silt Creek exercise was devoted to the repre-
sentation of regional economic fmpacfs of watershed development, and to gener-
ation of overall indicators of environmental quality. This submodel is
essentially a bookkeeping system with no dynamic relationships or feedbacks
To other submodels. It takes information on rates of return from logging,
fishing, oyster farming, and recreational development and compares these
rates to operating and capital costs for each industry; +the result is a
measure of net economic return. The total number of jobs in primary resource

industries is also generated.

The environmental quality indicator mentioned above (recreation sub-
model) is estimated for each 160 acre area in this submodel. There is also
an indicator for overall quality of land (area of mature forest divided by
total area) and for water quality (fotal salmon run divided by the run size
expected under pristine éondiTions). These indicators we designed to give
a general feel for how the Silt Creek area would look over time, under alter-
native management strategies; they are not meant to be absolute measures

of quality.

Results of the Silt Creek Exercise

It must be remembered that the Silt Creek mode!l described above was
developed over a very short period of time (3 days), so many factors were
necessarily omitted or overlooked. Nevertheless, the model gives a rather
more comprehensive picture of watershed problems than we expect is used as
the basis for most management decisions today. Most participants in the
workshop indicated that it gave them a valuable chance to look at the problems

and assumptions of other disciplines, and several indicated that it had helped
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identify research areas where critical information is lacking.

Some sample results from the overall model are shown in Figure 3,
to indicate how it might be used to compare alternative management strategies.
Most participants felt that test runs such as these that were made during
the workshop were not particularly valuable, since there was l|ittle time to
develop parameter estimates. Interactions between the submodels resulted
in few really surprising predictions of overall system behavior, but Figure

3 shows some results that had not been anticipated by the participants.

In runs A and B in Figure 3, for example, the model predicted that
there should be no simple relationship between stream deterioration due to
logging and changes in salmon runs; instead of a gradual population decline
with worsening condiTions, the population shows almost no response until some
"resilience |imit" is reached. Beyond this limit, the population declines
catastrophically without producing any clear warning signs that would be
detected with appropriate biological monitoring. Other test runs with the
model suggest that this general response pattern will occur for about all
reasonable parameter estimates. The basic reason for the pattern is that
salmon runs normally contain a large excess of spawners relative to space
avallable in the stream for egg deposition and rearing of onng; this excess
is usually not reflected in future population sizes, except when conditions

for the average spawning fish become very poor.

A second interesting prediction of the model can be seen by comparing
the environmental quality index plots in runs B and C in Figure 3.  Though
the usual cut-and-go logging tactics result in a severe short term decline in
environmental quality, the long run picture is not so bad. On the other hand,

integrated multiple use with only the sustainable logging cut taken each year
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-==SILT CONCENTRATION AT STREAM MOUTH TOTAL JOBS CREATED —
——TOTAL COHO RUN NUMBER OF CABINS PRESENT ---
------- FOREST VOLUME PRESENT ENVIRONMENTAL QUALITY -

SCENARIO A — RAPID FOREST CUTTING, NO
LAND TRANSFER OR PROTECTION

TIME (YEARS)

SCENARIO B — SLOWER CUTTING, LAND RELEASED
FOR RECREATION, FISHERY CLOSURE
IN YEARS 10 -30

SCENARIG C — SUSTAINED CUTTING, COMPLEX LAND
OWNERSHIP ZONING, FISHERY
CLOSURE YEARS 10-30

Figure 3. Typical simulation results from the Silt Creek Mode!, showing how it
can be used fo compare alternative management strategies. Only
relative values over time for selected variables are shown, to
emphasize that absolute quantitative predictions from such models
are likely fto be very misleading.
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(supposedly the ideal for B.C.) results in lowered environmental quality all
the time; clear cut areas and some stream pollution are always present.
Though there may be other ecological interactions not considered in the model
that make rapid cutting a poor policy, the suggestion is clear that we need

to take a hard look at the apparent benefits of multiple use management.

It is ins{rucfive to itemize a few of the data gaps that were identi-
fied while constructing the model, to demonstrate that models do not require
pecul iar kinds of data that are really not needed to make management decisions.
First, it was obvious that there is very little data on the quantities of silt
and nutrient that can be expected fo run off a logged area, given different
logging practices; we had to estimate these loadings from crude data on
changes in soil depth collected in erosion studies. Second, there is little
empirical understanding of silt transport into and from gravel beds, especially
in relation fo freshet runoff conditions. Finally, we wére surprised fo see
that noone knows how flexible salmon are in choosing new spawning areas when
homing is impossible due to slash blockage or when silt conditions would pre-
vent successful egg hatching. I+ is not even possible with existing data to
énswér crude questions like: suppose half of the watershed is blocked off;
will fish homing fo this area spawn in the other half of the system? It was
depressing to see that questions |ike this had not been.identified as important,

and some answers obtained, a long time ago.

JAMES BAY MODEL

In contrast to the Silt Creek exercise, the James Bay Workshop was
geared to a real and pressing resource problem, the LeGrande River Basin

emptying into James Bay, that will involve millions of dollars in impact
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studies by various resource agencies and the livelihoods of several thousand
people. The LeGrande area is scheduled for a large hydroelectric development
(Figure 4) over the next decade. The area supports an Indian population of
1500, and has great potential as a recreation area especially for people from
Montreal. Our workshop was an attempt to involve high level policy makers
as well as field researchers (20 participants in all) in an integrated look
at development impact and also long range management of the area. An immedi-
ate goal was to see if Environment Canada should modify its exisfing plans for
impact studies. Again, we did not expect to produce any solid predictions

in the 5-day meeting.

We began the James Bay exercise by identifying a basic set of
specific predictions that we would expect the model to handle; this was a
tactic for helping to identify problems and quesfions of interest to Environ-
ment Canada. First, it was decided that the model must represent the time
course of broad impact on land area, water coverage, and shoreline of the
hydro-electric dams and diversioné. This is essentially a data summary and
bookkeeping problem.  Second, we hoped fo show the overall biotic response
over time to these gross changes; it was expected that the development will
destroy habitat for some organisms, but improve conditions for‘ofhers.
Third, it was expected that hydroelectric development will alter the temporal
stability of aquatic and shoreline environments, by reducing variation in
water flows. The model was expected to represent effects of this stabiliz-
ation on vegetation, fish and wildlife. Fourth, construction and maintenance
activities are likely to generate various water pollutants, especially silt.
The model was expected to represent the spatial and temporal distribution and
dispersal of these materials, and give some prediction of biotic impacts for

at least extreme conditions. Finally, development will dramatically alter
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accessibility of the area, which may result in greatly increased human activity.
The model was to represent the general - impact of increased exploitation on

animal populations of the area.

The identification of these problem areas led tfo the subsystem break-
down and information transfer scheme shown in Table 2. System components
missing from this table include the marine environment and the atmosphere.
Hydroelectric development is expected to alter marine conditions, especially
winter ice patterns, and there is also the possibility of climatic changes.
Meaningful predictions concerning these questions would require the develop-
ment of very specialized and complex sbafial models, which we decided were
beyond the scope of a workshop session. Along with the information table,
it was necessary to decide on a sysfem_for representing spatial patterns;
as shown in Figure 4, we decided to divide the LeGrande area into a series
of irregular land units, with each unit containing no more than one compon-
ent of the hydroelecfricvdevelopmen+ (e.g. one dam) and small enough to be
considered homogeneous with respect to transportation access and general pro-

ductivity for wildlife and fish.

We next developed the submodels described in the following sections.
Unless otherwise indicated, the calculations were set up to be done separately
for each land unit in each simulated year. To save time during the sub-
model | ing sessions, we had developed before the workshop a basic data bank of
land inventory and ecological information. Also, participants were advised
beforehand of particular data problems that we knew would arise, so they
were able to provide reasonable parameter estimates in many cases as the

submodels were being developed.
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Hydrology and Hydro-
electric development

Information transfers in the James Bay (LeGrande Basin) model.
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Vegetation and
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Hydrology and Hydroelectric Deve |lopment

The key submodel developed during the workshop was that concerned with
hydrologic conditions in relation to hydroelectric development. I+ takes as
input (before any simulation run) an arbitrary time plan for hydroelectric
construction across the land units. This plan is combined with a year to
year simulation of water runoff patterns to give an overall picture of water

storage, seasonal flow rates, and power generation.

Each simulated year begins with an evaluation of seasonal runoff con-
fributions from each land unit. In the absence of dams or divisions, these
runoff contributions are simply cumulated downstream to give flow at the major
river exit from each land unit. For units receiving development, the model
considers three activity phases: construction, filling, and sustained regu-
lation. During the construction phase, the submodel generates only pollutants
(silt) below the construction site. During the filling bhase, the model
generates pollution inputs, and reduces flows through the unit to a minimum

set by intervention before the simulation run.

For each reservoir site, the model has as input an empirical depth-
volume-area covered relationship which is used to regulate filling and to simu-
late sustained regulation. The regulation calculations consist simply of an
attempt to keep outflow at the dam constant, given expected water inflow and
constraints on permissible fluctuation of water level (also set by inter-
vention). The flow control patterns are calculated on the assumption that
every year will have average flows, in other words that the hydroelectric
planners will have no means to forecast runoff conditions. Thus reservoirs
are depleted in simulated dry years, and water is wasted in wet years fprovided

reservoirs are full). Minimum and maximum pool constraints, set by intervention,
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are used to see that no reservoir is dried completely and that water is added

to storage whenever possible.

Power output is estimated as an empirical function of outflow for each
reservoir, and this along with silt loadings, road access>indices and land area
plus shoreline changes constitute the output to other submodels each simulated
year. The construction plan is used in the Land Use Demand Submode! (see

below) to provide estimates of recreational impact due to construction workers.

Vegetation and Shoreline Environments

Plant communities in each land unit are represented by a list of acre-
ages of various vegetation types (mudf{af, marsh, willow, deciduous forest, coni-
ferous forest). Acreages are moved from one type to another (and lost under-
water) depending on water flow and reservoir stage patterns generated in the
hydrology submodel.  Of pérficular concern is the shoreline area maintained in
mudflat by water flucfuafion, and the successional changes in this area that
may be permitted by flow control. - The vegetation submodel handles this
succession around reservo{rs very simply by moving acreages into and from the
mudflat class according to area change information provided by the hydrology
submodel. Mudflat area changes along river banks are estimated from empirical
flow-stage-area curves for points near the mouth of each land unit. Vegetation
conditions away from the reservoirs and streambanks are assumed to be stable
(at climax). The LeGrande area is too far north for commercial logging, and

forest fires are not a serious problem.

As output to other submodels, the vegetation calculations provide the
acreage classes and also some silt pollution estimates. River bank erosion
results in some siltation, but a major source is assumed to be bank erosion

along newly created reservoirs. Crude estimates of silt contribution from
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this source were obtained from soil depth data. The amount of shoreline

soil available for erosion is stored as a dynamic variable which decreases as

the simulation proceeds.

Wildlife Populations

The major animals that may be affected by the development include
moose, caribou, beavers, rabbits, puddle and dfving ducks, and geese. The
model| attempts to represent dynamic changes in these major indicator popu-
lations for each land unit, as a function of habitat conditions and harvesting
demand. [t is assumed that there is a carrying capacity or maximum breeding
density per unit area for each populafidn on each vegetation type, or when
appropriate per mile of shoreline or stream. For example, geese use primarily
the mudflat areas, for fall staging, so mudflat acreage is used to estimate
capacity for this population. Caribou require woodland areas and marshes
for winter range, and estimates were available of their maximum population

densities in these habitats.

Annual net population change in the absence of harvest is assumed
to be a function of spring population size and degree to which the carrying
capaCiTy is filled. Population increase per breeding animal is assumed to
decrease toward zero as the population nears carrying capacity (logistic
growth model). Migration between land units is assumed to be insignificant
for the furbearers, but large mammals and waterfow! are assumed to distribute

themselves over the area in relation to habitat quality.

Mortality to hunting is estimated from hunting effort (provided by
the Demand Submodel described below) and population density. Higher densities
result in higher kills per hunter, while increased hunting effort results in
lowered success per man. Mathematically, these relationships are represented

with an exponential function similar to the catch curve commonly used in
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fisheries management. Different success parameters are used for indian
subsistence hunting and trapping as opposed to recreational hunting by resident

and visiting white beople.

Water Quality and Fisheries

The water quality parameters considered in the LeGrande area were
the same as for the Silt Creek exercise: silt, nutrients, and coliform count.
Essentially the same bookkeeping procedures are used to move these materials
downstream from any effluent sources (e.g. construction sites). The calcu-
lations for each year begin with a picture, provided by other submodels, of
input loadings across the watershed. These inputs are diluted according to
water flows and expected degradafidn or settling rates. A special problem
in the siltation calculations is the effect of reservoirs and other standing
water bodies; the simple aésumpTion is made that the proportion of silt
settling out in a water body increases as a negatively accelerated exponential
process toward 100% as retention time (volume divided by flow) increases.

Thus a reservoir such as LG1 (see Figure 4) may prevent pollutants due to up-

stream construction from reaching the lower portions of the watershed.

Four indicator fish populations are considered, for the waters of
each land unit: char, lake trout, northern pike, and anadromous whitefish.
The first three are of potential recreational value, while the whitefish is
used extensively by indians. The structure of each population is represented
in the computer as the number of animals in each immature age group, plus the
number of mature individuals. Each population is assumed to have specific
habitat requirements for spawning (e.g. streams versus lake shores) and growth.
Population changes are related to conditions in these habitats, fto population
size, and to harvesting effort. For example, pike reproductive rate ié related

to the shoreline length and water level stability of ponds and lakes; water level
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fluctuation during spring and summer may result in lowered production. White-
fish spawning success is related to water flow and silt concentrations only in

the lower reaches of the LeGrande River, and so on.

Harvesting effort is generated in the Demand Submodel and is assumed
to be concentrated on adult (mature) fish. This is an optimistic assumption;
harvest of juvenile fish may have serious consequences, especially since the
number of years required to reach sexual maturity is high in cold northern
waters (e.g. 8-10 years for lake trout). Fishing success is related to the
density of fish and to the number éf competing fishermen, as in the wildlife
submodel.  Though the demand submodel provides a different estimate of overall
fishing effort for each land unit, all waters within any unit are assumed to
receive equal fishing effort; this again is an optimistic assumption, since

overfishing problems may be much more severe in localized areas along roadways.

Demand for Wildlife and Fisheries

Though non-consumptive fourist use of the LeGrande area may become
important, we decided to concenfréfe on consumptive users as the major source
of resource management problems. The Demand Submodel fries fo predict the
amount and spatial distribution of hunting and fishing effort directed at each
animal population as a function of accessibility, abundance as measured by

past success, and type of restrictive regulation.

The demand calculations in each simulated year begin with an estimation
of expected total demand over all land units, by the indian population and by
tourists and construction workers. Indian demand is assumed to be influenced
by local population size, which grows at a rate set by intervention, and by
the existence of alternative sources of income such as construction jobs. The

number of indians who will give up hunting, trapping, and fishing in favor of
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construction jobs is assumed to be a function of the abundance of game; the
number of jobs offered to indians is set as a policy intervention. This is
a particulariy weak area of the model; if many indians choose to give up
hunting and fishing, some animal stocks that are now heavily harvested (e.g.
caribou) may actually benefit indirectly from the construction activities.
External demand is assumed to be a function of average hunting and fishing
success over the whole area, according to the graphical relationship shown
in Figure 5. Demand by construction workers is assumed to be affected in
the same way, though it is expecfea that these workers will have lifttle time

for recreation.

Next the submodel distributes overall demand across the land units.
Those areas with no road access due to hydroelectric construction receive very
low effort relative to acégssible areas. Units that have had high hunting or
fishing success the previous year receive proportionately more effort. Full
knowledge on the part of hunters and fishermen is assumed as to where the best
places will be to go; thus it is implicitly assumed that people will explore
around the area to find high quality conditions. A series of interventions
before any simulation run allow for regulation of demand through closure of

units or restriction of total use to campground areas with |imited capacities.

From the external demand, construction work, and indian population
estimates, the demand submodel generates nutrient and coliform count inputs to
the major river section of each land unit. Initial test runs with the water
qual ity submodel }ndicafed that these inputs may be sufficient to cause
problems at Ft. George, where the major indian community takes its water supply

directly from the LeGrande River.
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Results with the James Bay Model

As the submodels deséribed above were being completed, it became
obvious that the overall model would be able to accommodate a bewildering
variety of policy options, and that sensitivity analyses on every component
of possible research interest would not be feasible. So, we decided to
recast the workshopvparficipanfs into policy analysis groups, each represent-
ing a major interest group in the James Bay controversy. Each group was then
asked to do three things: (1) develop a short list of Simulafion variables
that best indicate those aspects of system condition that are of concern to
the interest group; (2) formulate one or two overall management scenarios,
each expressed as a combination of input interventions, that the group felt
Intuitively would represent best management; and (3) develop a set of
a priori intuitive predictions about the effect of each intervention on each
output indicator variable. After some discussion, we decided to have three

of these groups: resource development, environment, and indian welfare.

Results from the scenario runs proposed by these groups are shown in
Figure 6. In all three cases it was assumed that the overall hydroelectric
deveiopmenf would occur, but with different sorts of resfrictions on con-
struction activities, management of flows and levels after construction, and
access to the area for recreation. A qualitative comparison of predictions
made by the model as opposed to intuitive predictions made by the policy groups
Is presented in Table 3. It is interesting to note that the basic impacts
(positive or negative) predicted by the model were exactly opposite from what
had been expected for over 70% of the intervention-indicator combinations.
In every case, a simple explanation for the difference was clear after brief
examination of the model structure, and the participants generally agreed that

there had been obvious flaws in their intuitive reasoning.
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The model made three major predictions that were counter to any expect-
ations expressed either by the workshop group or in published impact statements
related to the James Bay Area. First, by providing an overal| bookkeeping
assessment of the land and water areas involved in hydroelectric development,
the model pointed out that the direct impacts of dam construction are not
likely to be all that significant; only a small percentage of the land will
actually be inundated. Second, by far the largest impact on fish and wildlife
resources is likely to come from the increase in recreational demand; in retro-
spect it is obvious that even small recreational fisheries can seriously deplete
northern lakes and streams that can support only a few fish per acre, turning
over only once every several years. Finally, it is not simply the case that
more intensive hydroelectric developmenf.in the area would result in worse
environmental problems. We Tesfed the model with the standard LeGrande
Complex construction plan, then compared this fo an even more elaborate dam
and diversion plan that has been contemplated (The Complex du Nord). The
hydrology submodel predicts that the LeGrande Complex would not result in much
regulation of water flows and levels, so reservoirs would be surrounded much
of the time by large mudflat areas that would not be attractive for recreation
(geeée might prosper by these areas). On the other hand, the complex diversion
scheme in the Complex Du Nord should result in much stabilized flows and levels,
making river banks and reservoirs more attractive for recreation (but some

waterfow!| habitat would be lost).

Considering these predictions, it is not surprising that the workshop
suggested several possible changes in impact assessment studies. In particular,
it appears that much more emphasis should be placed on monitoring of lands and
waters that are not directly involved in the development but that will be made

accessible for recreational use. Also, the impacts of the construction workers
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should be carefully monitored. Obviously the whole question of indian values

and resource utilization needs to be looked at much more careful ly.

Throughout the workshop, participants were asked to compare information
requirements of the model to the data gathering plans that have already been
formulated for the LeGrande area. In general, we concluded that the plans as
currently formulated for intensive surveys and environmental monitoring Qould
contribute very little to future management models, even though data gathering
for eventual systems analysis is considered by Environment Canada to be a central
~goal in the James Bay Area. It is hard to imagine how effective management
decisions about the James Bay Area can be made without answers to some of the
questions that arose during the development of the model described above, and
it is clear that those questions will not be answered by the impact studies
now planned. We have as yet no way to assess whether or not this point will
be remembered by the workshop participants, some of whom will be making
decisions about allocation of research effort in the next few years. A work-
shop wrap-up session was held to sound out participants about what they had
learned, but the results were inconclusive. Many participants were enthused,
but others felt that their own study plans had been made to seem foolish or

Irrelevant. In the defense of empires, rational thinking is often put aside.

DISCUSSION

Obviously most of the parameter estimates used in the two models were
pure guesses; in many cases better estimates simply do not exist, especially
those related fo recreational demand. Simulation models in resource management
are often open to this criticism, and typically the conclusion is drawn that
model ling is premature. The James Bay exercise points out very nicely the

fallacy of this conclusion; given current direction of research and monitoring
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effort, the appropriate data would never be collected. We tend to forget
that all data collection is guided by some model of nature; workshops and
other exercises only try to bring this model out into the open so that its

basic assumptions can be examined objectively.

A central problem that we have not fouched in discussing either of
the models above is validation. Both models deal with long range predictions
that we cannot hope to test with a few years of monitoring data or with any
careful ly planned experiment. IT might be possible to validate (or reject
and replace) some of the submodels, but the major prediction errors will pro-
bably be due to factors and system components that have not been considered at
all. For example, a whole new set of problems in small watershed management
could arise if economic factors permit a major shift in forest practice from
rotation logging to intensive tree farming. The point is that resource model
predictions are usually conditional on the assumption that social and economic
factors which determine resource demand will not change in the future; since
this assumption is not reasonable, it is absurd to demand that any resource

model have absolute predictive power.

Why develop resource models at all, if validation is impossible and if
any long range predictions are almost sure to go wrong? Most participants in
our modelling workshops have felt that the exercises were worthwhile; have they
been deluding themselves? The best answer to these questions appears to be
that resource models must be judged relative to one another and against
intuitive decision making paradigms. We must somehow make decisions about
resource problems, so some model is always going to be used; we need only ask
whether it is worthwhile to make this model explicit. Validation questions
should not be couched in the form "Is this model correct?"; rather, we should

ask "ls this model more likely fo give correct answers than any alternative which
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we can now envision and implement?".

During the Silt Creek and James Bay workshops, we faced some serious
technical problems for which we were not able to provide adequate answers
and which forced us in many cases to be more simple minded than was necessary
considering available data. Most of these problems are related to the |imited
speed and capacity éf electronic computers in handling discrete representation
of phenomena that occur more or less continuously in time and space. We were
not able, for example, to provide a really clear picture of impacts on the small
lakes and streams that may be very important for recreation in the James Bay
Area; all of these waters within each large land unit were considered fo be
equally accessible and productive. In the Silt Creek model, we might have
obtained much better estimates of pollutant transport rates by considering
water flow variations associated with each storm event, since the short peak
flow periods are critical for material fransport; obviouély this would require
much more computation time. There do not as yet exist any objective criteria
for deciding how much spatial and temporal resolution is necessary in particular
models, since simplification can lead to a variety of different kinds of errors.
The only suggestion that can now be made is that the model builder should not
rely on a single representation of any system; several alternative schemes

should be tried, and the results compared for error patterns.

The Silt Creek and James Bay exercises strongly suggest that the
major information need for watershed management modelling is not associated
with any of the traditional resource disciplines. We can muddle along with
existing understanding about hydrology,_foresfry, fisheries and wildlife;
where the models really fail is in representation of demands for resource
use. Too often fisheries and wildlife investigators assume either that

the animals can take care of themselves, provided that habitat conditions are
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maintained, or that demand will aufomatically adjust to whatever conditions
of abundance prevail. Likewise, little is known about non-consumptive demand

for wildland resources and about demands for recreational cabins and lots.

It is very easy fto criticize many simulanon models in ecology on the
basis that they contain only figments of the imagination of the model bui lder,
who often has only a superficial understanding of the system that he is trying
to describe. We believe that the workshop approach, by making possible a
more intimate feedback between model and subject matter expert, has helped to
alleviate this problem in the models described above. The assumptions and
functional relationships in each.seem to capture (and in some cases go beyond)
the basic state of understanding in the disciplines concerned, though we could
certainly go back and considerably elaborate each submodel. However, it hardly
seems worthwhile to spend time on more elaborate models, considering the major
information gaps +ha+ even the simple models described above have helped to

identify.
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Introduction: Planning and Strategy

In Canada, as elsewhere in the Western World, the
era in which laissez-faire free enterprise was the primary
political stimulus has come to an end. We are apparently well
into a period of extensive cultural instability and of massive
institutional transformation which will predictably extend
several decades into the future. The implicit hope is that
major transformations can occur by stages, that neither bloody
revolutionary anarchy nor rigid state autocracy are necessary
to effect the transformations, and that intense trauma to any
major group of citizens and major social institutions can be
averted without crippling the transformation process. All
major political parties now recognize the need to perceive the
nature of major social prbcesses and to plan accordingly.

Planning mechanisms are developing at all levels
within a hierarchy of political units defined geographically,
i.e. global, regional-international, national, regional-national
provincial, regional-provincial, metropolitan and municipal.
Within these levels major planning emphases have to date been
focussed at the national, provincial and metropolitan levels,
but at other levels is developing rapidly. Much of the inter-
facing between levels is still unstructured, i.e. iﬁ is
haphazard, ad hoc, and relatively unplanned.

Within a particular political unit there exists a
further institutional hierarchy, and there also the planning
process is tending to organize itself in a three-tiered

structure.
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Politicians, particularly within the party and cabinet, consider
major goals, alternatives, capabilities, and then set priorities.
The "mandarinate" or senior level of the civil service identifies
and formulates major strategic or policy alternatives fér cabinet
action. The directorate or mid-level of the civil service plans
program and project alternatives for decision by the mandarinate.
Each of these three levels seeks to engége fesponsible and know-
ledgeable persons within non-governmental organizations in the
relevant planning process. As this three-tiered institutional
process appears now to be developing within Canada's Fisheries
and Marine Service has been analyzed by MacKenzie (1973) who
referred in particular to work on planning by the Economic Council
of Canada (1971) aﬁd on fisheries planning by Rothschild (1973).

A variety of flow charts have been published that suggest
how planning might proceed efficiently. Figure 1 is taken from
MacKenzie (1973) and Figure 2 was adapted by I. S. Fraser (see
Regier, et al, 1973). Figure 1 more clearly identifies the
tiered structure, Figure 2 depicts some of the finer details,
particularly among the interactions between levels, and with the
public or non-governmental organizations.

One of the consequences of the widespread transformation
from a laissez-faire to a more planned approach is that science-
technology as well as scientists-technologists are being mobilized
and integrated into the ordered, tiered, cyclical planning and
decision-making process. One of the events in this mobi-
lization was that research and researchers within the fisheries

and marine components of the Canadian federal government were
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integrated into the hierarchic line—managemeht mechanism, and
the semi-autonomous Fisheries Research Board lost its authority
over research and has been assigned an advisory function. A
second featuve relates to a change in funding of research in
universities from relatively unrestricted grants to negotiated
research agreements.

The mobilization-integration of research appears to
be an irreversible step in an irreversible movement toward
explicitly structured planning and decision-making procedures.
Though this has been much decried, the opportunities for doing
first-rate science and for applying it efficiently and effectively
are likely to be fully as great, and perhaps considerably greater,
than in the days of laissez-faire. But a new set of rules is
being developed for supporting science and technology. What
those rules will be is not yet fully determined and researchers
still have the opportunity to collaborate in developing rules to
mutual advantage. The present paper proposes a framework within
which possible rules or scientific strategies may be analyzed

and evaluated.

Research within Applied Systems Analysis

Research necessary in the planning and decision making
process sketched in the preceding section can and will occur at
very different levels of generality, which again may be viewed in
a hierarchic structure. Thus the entire process depicted in

Figure 2 as it operates in practice may be the subject of scientific
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analysis in order to improve its efficiency or to measure its
usefulness, in comparison to an alternative process. Though

this kind of research may well be relevant to strategic planning,
i.e. to responsibilities within the terms of reference of the
mandarinate, it will not be considered further here, - for lack
of competence on my part.

A second lower level of generality addresses the question
of which traditional disciplines to co-opt with respect to already
identified, major classes of problems, which scientific traditions
within various disciplines to develop further, which traditions
and disciplines to induce to fuse, whether new traditions‘might |
be created, how the research corps of an agency should be balanced
with respect to disciplines, traditions, special technical
competence, etc. This paper is addressed particularly to questions
at this level of generality, which is here viewed as relating to
concerns of the mandarinate, as well. |

A third level of research, integrated within the problem-
solving process which Raiffa (1973) calls "applied systems analysis"
or ASA, relates more closely to the concerns of the directorate
levels. It may be viewed as a microcosm within the broader process
sketched in Figures 1 and 2, particularly as nested within the
lowest. level of Figure 1. Excerpts from Raiffa follow.

"ASA...involves the use of techniques, concepts and a
scientific, systematic approach to the solution of complex problems.
It is a framework of thought designed to help decision makers
choose a desirable (or in some cases a "best") course Qf action.

The approach may entail such steps as:
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(a) recognizing the existence df.a problem or a constellation
0f interconnected problems worthy of and amenable to analysis;

(b) defining and bounding the extent of the problem area.
It is necessary on the one hand to simplify the problems to the
point of analytic tractability and on the other to preserve all
vital aspects affected by various possible solutions. The
difficult judgement upon the inclusion or exclusion of problem
elements - balancing their relevance to the analytical grasp of
the situation against their contributions to unmanageable
complication - often determines the success of systems research;

(c) identifying a hierarchy of goals and objectives and
examining value tradeoffs;

(d) creatively generating appropriate alternatives for
examination;

(e) modelling the ... interrelationships among various facets
of the problem, ...;

(f) evaluating the potential courses of action and investigating
the sensitivity of the results to the assumptions made and to
facets of the problem excluded from the formal analysis;

(g) implementing the results of the analysis.

Precisely because ASA is a rational approach rather than
a technique, the liét of steps above should be understood in a
qualified sense. Not all the steps need be included in every
instance of responsible system analysis. Some steps may be

handled in a more formal manner than others): etc.
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So far, Raiffa. Actual experience in perfoming
applied systems analysis according to this model (in essence)
has been summarized and analyzed by Holling and Chambers (1973).
Within Canada's Fisheries and Marine Service two projects of
this type are now in the planning stage: the Straits of Georgia
Project and the Gulf of St. Lawrence Project. Canada's plans
within the Man and the Biosphere Program (MAB), are essentialiy
of an ASA nature.

I reiterate that the details of identification and
solving of actual problems, within the natural resources fieid,
using ASA is not the primary concern of this paper. To what
extent ASA should be stimulated and supported, and how various
stimuli might be applied and modulated, are relevant to the
strategic or policy levels of decision making. Appropriate
guidelines on these questions will emerge iteratively as a result
of experience and evaluation within successive cycles of the

larger process depicted in Figure 1.

"~ Problem Complexity

As indicated by Raiffa (see above) not all problems
are equally difficult. Some screening mechanism may be conceived
that wéuld help to sort problems objectively into different
classes of difficulﬁy. Or a number of screens that are conceptually
orthogonal or independent might be used to sort problems into |
a 2- or 3- dimensional ordering, if this is seen to be useful

within the broader process. - The development of such a mechanism,
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and servicing to ensure its proper functioning, might be a
Strategic responsibility.

Cartwright (1973) has produced a context that neatly
interrelates problem complexity, research challenges, and
likely limits of action, in the short-term (Table 1). Raiffa's
full description of ASA appears to relate to what is termed a
"metaproblem" by Cartwright. But Raiffa doesAimply that less
difficult problems may not require the full gamut of formal ASA
steps. Clearly the scope and major components of the operation
to be mounted in studying a particular problem is an important
decision, and Cartwright's formulation may be useful in approaching

such a decision objectively.

Scope and Scale

Within any ordered, cyclical research and decision-making
process whether within ASA and solving problems in the field or
within the context of Figure 1 where major institutional problems
arersolved - questions of scale and scope rapidly materialize.
But they are seldom addressed explicitly, particularly within
fisheries work. By scope I refer to the overall dimensions
conceptually (and/or spatially and/or temporally) of the models
employed in the research; scale refers to the relative magnitude
of the units of measurement employed with particular variables
included in the model - i.e. the inverse of the "degree of
resolution" or precision. Raulik (1972) and Holling and Chambers

(1973) have discussed aspects of this question.
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Table 1. Limits of analysis and action by type of problem.
(Modified from Cartwright, 1973)
Has an Are all
adequate variables Type Limits Limits
model been readily L 8l QL
developed? measurable? proslemn apalysis aatlion
Yes Yes 1. Simple Comprehensive Maximization
and adequate or
in practice optimization
No Yes 2. Compound In-depth Sub-optimi-
analysis of zation,
parts of "second best"
problem .
Yes No 3. Complex Broad, impre- Overall
cise under- improvements
standing
No No 4, Meta- Identifica- Partial
problem tion of improvements

points of
departure,
set bench-
marks

*
The question may be asked:

how can it be know what

are the relevant variables if an adequate model has not yet

been developed?
that can only think dichotomously.

This is the o0ld chicken-egg conundrum, to those
Here a number of experts

presumably can agree on a semi-structured model and share a

consensus that it appears to be ready for orderly development.
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Elaborating the point further, research models of
particular components of a process may be of much greater
scope and of grosser scale than is appropriate to the nature
of the problem. Conversely relatively very delicate models
or intricate assemblages of delicate models may be devised
where something more robust is in fact required. Where models
and problems are mismatched, research will eventually provide
some useful information but at relatively high cost.

In fisheries.work serious mismatches of model and
problem are now the rule rather than the exception, although
the mismatching is beginning to be recognized as such. In
particular certain macro—problems1 now facing Canada's
fisheries scientists are by and large being addressed in terms
of scientific micro-models. The following series of ten macro-
problems may serve as a check-list to test the above contention.

1. Cooperatively with other disciplines, ecologists
must devise effective management and regulatory guidelines for
fishery exploitation to maximize economic rent or some other
social index or indices. Most basically, the common property
problem must be solved conceptually and in practice. This
involves both "open access" and "multi-purpose" aspects. The

scale and scope of the ecological models must be consistent

1By "macro" I mean of large dimension conceptually;
c.f. "meta" as used by Cartwright which refers to a large
measure of complexity.
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with those of the economists, sociologists, political scien-
tists (re law, regulations, institutions), etc.

2. More particularly, extension of Canadian
sovereignty to the edge of the continental slope will require
that Canadians know how to manage a mix of interacting species
resources being harvested by a mix of interacting fisheries
interests. In the foreseeable future it will only be possible
to model a minority of the fish species involved, a la
population dynamics, - and then only where the various species
interactions are "simple" as perceived in the population
dynamics paradigm.

3. The "new frontier" of the oceans may well involve
us in the classic frontier-type scramble for resources using
the only technology available - which will be highly inefficient
and will quite accidentally severely disrupt the life supporﬁ
systems of some of the fishery resources. Macro-models are
needed to predict the likely impacts of this new example of a
process now several hundred years old in North America.

4, Another new frontier, the North, poses similar
demands for macro-models. This demand manifests itself in
the call for "environmental impact assessments" for proposed
major industrial developments. The difficulties being exper-
ienced at the present time in producing useful assessment
relate in part to the fact that the ecologists involved are

attempting to apply micro-models that are quite inadequate.
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5. Fisheries ecologists have called for pollution
abatement programs but have great difficulties predicting how
the aquatic ecosystem, or the fish community component of it,
will respond as pollution loading rates are reduced. Community
indices or variables should be modelled as a function of loading
rates by various nutrients, toxic materials, acids, etc.

6. Aquacultural initiatives are being encouraged,
particularly in the inshore areas of the seas and estuaries,
and in freshwater bodies. These habitats are highly vulnerable
to stresses from conventional onshore practices - e.g. urban,
industrial, or agricultural wastes; stream flow modification,
port construction; etc. Also the inshore habitats, whether in
salt, brackish or fresh waters, are of critical importance to
a number of valued fish species. Clearly multi-disciplinary,
macro-models are needed for inshore habitats.

7. Recreational uses and tourist industries will be
expanded or intensified in remote areas, into the marine habitat,
etc. If these enterprises are to benefit native peoples,
existing fishermen, and other present users, as well as others
in society, then a more effective and more comprehensive under-
standing is essential.

8. Urban complexes are growing and with them the
inevitable, uncontrollable urban run-off problem. Fisheries
ecologists will need to address themselves to the question

where such urban complexes should be sited - a macro-problem.
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9. Agriculture is becoming progressively more inten-
sive - and will continue to do so for at least the next five
decades. Already pesticides, fertilizer run-off, drainage from
feed-lots, etc. are creating major problems for fisheries.
Agriculturalists should be assisted to develop procedures to
minimize impacts on aquatic systems - what is needed is an
appropriate environmental impact model for each major agricul-
tural option

10. Last - and also least, in our frontier culture -
the desirability of preserving a series of native ecosystems in
wild state in perpetuity requires a set of criteria, or a
macro-model, of the ecological values associated with such a
program.

We will come back to the question of alternative
models in a following section titled "Scientific Traditions
within Fisheries."

The question of appropriate scope can itself become
complex. Emery (1973) has remarked that major practical
problems - to be researched and resolved - may themselves arise
from a serious mismatching of the scopes of two social processes
both important to the decision maker. This may-frequently be
the case within fisheries. For example eutrophication may
trigger a phaSe—change or transformation of an entire multi-
species fish community while the harvesting, trade, and regu-
latory process remains geared to individual species populations

or to closely related species groups. Pulse fishing and its
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consequences may be another case. According to Emery, the
effective approach may be to organize the problem at the out-
set so as to fully encompass the largest unit of interest.
This was in essence the perception and stimulus for our
Symposium on Salmonid Communities in Oligotrophic Lakes of

1971 (lotus and Regier, 1972).

A Multidisciplinary Approach

Many of the problems now facing society, and fisheries
workers, are of a scope and complexity such they they simply
extend far beyond the bounds of any single scientific discipline
(e.g. fisheries biology, economics, ecology, political science,
law, etc). Within Kuhn's (1962) paradigm, it may be inevitable
that any or all of these disciplines will and should cease a
separate existence in order to amalgamate, to be extinguished,
or perﬁaps to evolve into something qualitatively quite differ-
ent. Though that is the long-term prospect, the short-term
reality is quite different, perhaps because of the overpowering
conservativeness of the universities in this respect.

The realistic option appears to be a rather coy liai-
son between two or more disciplines on problems of major social
significance. But this liaison can take one of a number of
forms, not all equally desirable or useful from the viewpoint
of the matchmaker.

In the present context the objective of multidisci-
plinary collaboration is to solve important problems - hence
problem-solving capability is what is desired. Such a capa-

bility (PSC) may be perceived as being a function of
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technical competence (TC) deriving from education, training,
or past experience; existence of appropriate theory (AT) as a
result of past work mostly by others in the discipline(s) of
interest; and accessible data (AD) already in store or readily
measurable in situ. Symbolically PSC = f(TC,AT,AD).

Almost all of our science is compartmentalized into
"disciplines". Within a discipline there is generally some
redundancy in that a number of "traditions" and/or "schools"2
are implicitly encouraged, or at least tolerated, to develop
and compete. Within a particular "school" and with respect to
particular practical problems of special interest to a "school",
TC, AT, and AD tend to evolve as a coordinated and mutually
congruent set with respect to scope, scale, special techniques,
model characteristics, etec.

Let us identify a particular discipline by the sub-
script i, and a tradition within a discipline as j. (Ignore
the third tier in the hierarchy, i.e. "school" - it simply com-
plicates the subscripting.) One strategy for generalized prob-
lem-solving would be to identify and select the most effective

and efficient amont the PSCij Symbolically:

( )
select optimum ( PSC.. = f(TC,AT,AD).. )
1J 1J )

i,

2These terms are defined and discussed further in a
following section titled "Scientific Traditions Within Fisheries"
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This results in selection of the best discipline-tradition
combination for a particular job, i.e. a unidisciplinary
approach.

Implicitly, the above approach has been used until
recently in fisheries, and "fisheries bilologists" of the
locally dominant tradition have been assigned to solve any
particular problem essentially alone. In water resource devel-
opment in the U.S.A. during the early 1960's, cost-benefit
analysts were the dominant tradition to the practical exclusion
of others.

The multidisciplinary approach now being nurtured
appears to rely on the existence of a number of traditions
within each of a number of disciplines all of which are in some
degree relevant to the practical problem. One or more tradi-
tions within each discipline, it is assumed, are conceptually
congruent and of similar scope and scale to one or more tradi-
tions in some other disciplines, and to the problem of interest.
The conceptually simplest case for the decision maker would
occur when each discipline, i, would contain only one tradition,
Jj, that was sufficiently congruent with only one tradition in
each of the other disciplines and with the problem. Clearly if
a multi-disciplinary approach would then be undertaken, there
would only be one candidate interdisciplinary approach avail-
able for selection.

But suppose that there are a number of mutually
congruent sets, each with a different contribution from each

relevant discipline. Identify such interdisciplinary congruent
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sets by the subscript k. Then the strategy is to select

optimum E PSCk = f(TC,AT,AD)k g

k

The situation may in practice be more complex. With
appropriate interdisciplinary or transdisciplinary education
and training, technical competence may be interchangeable bet-
ween disciplines and, of course, traditions. Also, available
theories in different disciplines may be seen as being isomorphic,
or variants of the same theory. Even accessible data may be
mathematically transformed to be relevant within more than one
discipline. This implies that a particular f(TC,AT,AD) as
conventionally identified already contains parts that are
readily interchangeable with other sets, with respect both to
disciplines, i, and traditons, j. Under these circumstances
the organizer selects

optimum ( pgo . £(TC,, AT_

)
1, m, n ( 1mn ADn) )

>
Here the (1, m, n) set ultimately selected may or may not
include a component from each discipline. But because of the
general desirability of a measure of functional redundancy, it
would seem a good practice to duplicate each of TC, AT, and AD,
within a study of any major significance.

Again, the concerns of the mandarinate on this point
need not extend beyond ensuring that in fact problems are being
approached in an objective, explicit and defensible fashion.
The details of the selection of appropriate problem solving

capability for major field problems would presumably be the

responsibility of the directorate level.
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Isomorphisms

D.J. Rapport and J. Turner have for some years
addressed the question of whether and to what dégree theories
and models already in use by some economists are in some
sense analogous or homologous to those used by some ecologists.
Some relevant comments by Rapport follow (see Regier, Bishop
and Rapport, 1973):

"Natural communities of organisms as well as human
societies fundamentally face similar problems with regard to
resource use. Resources are limited in both communities and
resources possess many alternative uses. Therefore allocation
mechanisms are required to distribute resources to particular
uses. In both communities there are rewards to the efficient
user of resources, profits to the entrepeneurs who produce at
low cost, higher reproductive rates to the species which can
obtain resources with the least expenditure of energy. The
payoffs to organisms can be represented by fitness sets; to
economic man, by "indifference curve" maps...

"One of the many problems confronting those planning
for the rational preservation of our planet is the lack of
communication between those whose concerns lie with economic
(growth) well-being and those who strive for our ecological
well-being... A transdisciplinary framework for resource allo-
cation could permit insight into both economic and ecological
community functions. A common language ... might be developed
so that theoretical structures which exist in one area would be

readily transferred to the other. Such a framework would simplify
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knowledge by condensing theories which are currently. stated
in terms of specific languages to a theory which can be stated
in a single language ... thus (joining) two disciplines which
have thus far evolved on separate'paths. This would then
permit considerably more effective feedback among theory,
monitoring and policy".

Similarly, attempts have beep made to bridge ecology
and sociology (see e.g. Emery and Trist, 1973), ecology,
thermodynamics and economics (see Georgescu-Roegen,l971), and
others.

Progress as a result of efforts to identify conceptual
isomorphisms and to condense scientific theory and methodology
should be of socrie strategic interest to government. Communication
can be simplified and made much more efficient, multi-disciplinary
problem-solving teams need not be as large aé would otherwise

be the case - in general costs would be reduced.

An Environmental Macro-Discipline

In a Toronto speech in March, 1973, Ian McHarg
identified a mutually compatible set of disciplines and
traditions related to environmental concerns and problems.
These are: ecology, ethology, ethnology, certain traditions
within human geography, or ethnography aspects of cultural
anthropology, and epidimiology. Following Rapport (see above),
certain traditions within economics might also be compatible
to this set, - see e.g. works by K. Boulding and perhaps

J. K. Galbraith.
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Individually and as a set the disciplines .identified
above tend to treat man and environment as mutually interdeéendent,
but from a higher-level viewpoint. None is bounded by an
artificial man-environment interface.

Efforts to create a new or-macro-discipline to encompass
all of these units - now widely scattered within social institutions
such as the universities, the professions and government - might
now be timely. This would be of strategicvinterest. Marshalling
teams from among this set for practical problems might remain
a tactical-level responsibility to be addressed by the directorate.

To practical people such as engineers, physicians,
lawyers, cost-benefit analysts, systems analysts, planners, and
administrators there neéd be no threat in the above suggestion.
Quite the reverse! The intention is to provide broader, more
encompassing and hence more useful models in.order that decision-make
fulfil their responsibilities more effectively at less cost to
themselves and their employers.

The present section is based in part on the paper by
Regier, Bishop and Rapport (1973). That paper also contains a
critical examination of the artificial man—environmenf dichotomy
inherent in our culture and its counter-productive implications
from the viewpoint of our responsibilities with renewable

natural resources and the ecological environment.

Technical Sophistication

Several of the preceding sections have dealt primarily
with the question of available theory; this section addresses

aspects of technical competence and some facets of experimental
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design and sampling theory as related in essence to the
intensity of the man-environment interaction. The section

is based on work by Regier et.al. (1973) as restated by

Regier, Bishop and Rapport (1973).

By and large ecology has developed through time
approximately as shown in Figure 3. Perhaps because the
overall trend was largely uncharted and unplanned, the
process has been quite uneven among different traditions
of ecology, broadly, defined, such as meteorology,

fisheries, forestry, hydrology, etc.
1930 1950 1972 1980(?) 1990(?)
NEVA T AN AN [ B2 B\
G/ s 1/ s\ B

Figure 3. The size of the various strata is a very approx-
imate of the effort (corresponding roughly to the cost to
Canada) expended in collecting, processing, and applying
corresponding data classes.

The symbols used in Figure 3 are defined as follows:
Alz An inventory survey, undertaken by workers in a

particular narrow discipline. A few factors and

quantities are measured on selected sites over a broad

area. Development of specific resources may be

initiated on the basis of such data.
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Assessments of the potential of natural resources, whether
renewable or non-renewable, or of skilled manpower, etc..
This step is used in early stages of planning developments
that required large social and/or capital investment; and

in regulating resource use.

Assessments of the likely environmental impact of proposed
large-scale developments. "Impact statements" are used in
simplified socio-economic planning, e.g. in applying cost-

benefit procedures.

Routine monitoring of indices, the mathematical definitions
of which are derived from experience and scientific theories,
of factors that relate closely to the well-being of society
from cultural, ideological, political, economic or environ-
mental viewpoints. Indices that measure fairly comprehensive
factors over a broad area may be useful for longer term

projective/extrapolatory planning by government agencies.

Process monitoring and real-time control of some particular,
important man-resource interactions such as the off-loading
of noxious wastes or the harvesting of certain sensitive
renewable resources. This approach tends to forestall
overly intense stresses being applied within intensely

interactive situations.
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Step-wise, experimental management in which an explicitly
formulated decision process uses information from past
management experiences and experiments, together with
measurements of indices routinely monitored, to guide

future management.

Formal functional analyses of components of man-resource
problems as dynamic systems. Usually a number of
disciplines collaborate. This phase is still largely

experimental.

Integrated planning and decision making using formal
analyses of policy alternatives performed as much as
possible in a transdisciplinary context. A few trials
have been begun in Canada in man-resource problems.

The trends sketched in Figure 3 have the following six
implications:

- From early stages of economic development, where
questions of resource potential and unpleasant
aspects of the natural environment predominate, the
data requirements have gradually shifted to what is
needed to understand, order and manage man's demands
and impacts on certain resources and the environment.

- Single factor, simple resource and separate discipline
conceptualizations are eventually displaced by multi-
disciplinary and finally transdisciplinary approaches.

- Inventories of relatively static resources lead
eventually to predictions on complex interactions using
functional analyses of dynamic man-resource systems.
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- Elementary scientific and technical methods
appropriate at early stages are superseded by highly
sophisticated and complex precisely-ordered procedures,
together with higher-levels of concept coordination.

- Simple records stored in survey notebooks are
eventually succeeded by data systems in a national

network of electronic computers.

- The more highly a region is developed in a conventional
"economic" sense, the more intense the man-resource and
the man-environment interactions are likely to be, and
the further along in the direction of sophisticated
transdisciplinary procedures will the technical data
process need to be developed.

Figure 3 may be used as an approximate standard by which
to judge the present state of the information-analysis-
planning complex for certain major components of our

man-environment problems.

- Level A methods should be extended to cover all
of Canada with respect to some factors and
resources.

- Level B should be applied to all new develop-
ments.

- Level C methods should be expanded to greater
parts of the more developed areas, and more
types of information should be obtained in
this manner.

- Level D approaches should be used more widely
and facilities for the necessary technical
training expanded.

- Level E research should be encouraged in a

number of appropriately sophisticated university
contexts across the country.

It should be emphasized that the techniques under Level E
should be developed to use "citizen input" as well as traditional
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"scientific" data.

Alternatives among Scientific Traditions Relevant to
Fisheries Problems

Elsewhere (Regier, 1974b) I have expanded at length
on the question of how different tyées of major problems
facing fisheries as harvesting and management processes should
be addressed within different scientific traditions that
already exist within the set of disciplines related to
natural resource ecology and management.

A two-dimensional classification of existing and
perceived problems is presented in Figure 4. The two basic
criteria of stratification are mean and variance, where the
latter refers to temporal oscillations or fluctuations. For
each of the four classes in Figure 4 there already exists a
number of alternative, scientific and practical models and
methods within the natural resource family of disciplines.

Some have not yet been adapted to fisheries situations, but
this could be done expeditiously given an appropriate stimulus.

Further details and suggestions were elaborated
by Regier (1974b). It seems clear that the "population
dynamics tradition" - conventionally the dominant and sometimes
sole tradition applied to a particular fisheries problem -
is really only effective and efficient with Class A situations.
This class may now include considerably less than half the
situations in which major problems are emerging within world
fisheries. If so, it should be of strategic concern that
effective scientific models and methods be adapted and refined
for classes B, C, and D - without sacrificing the necessary
emphaéis on Class A approaches where these remain appropriate.
Perhaps the first priority would be to systematically search
out appropriate approaches in related disciplines and adapt them
to fisheries situations. The stimulus from such an exercise
might fortuitously result in the creation of novel approaches -

if so, so much the better. But much can be accomplished
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HIGH

Class D: Many small re-
sources interacting within
systems that are fluctu-
ating due to pronounced
non-constant natural and/or
cultural stresses. Vari-
ability may be modelled as
an "independent" variable
within a set of similar
systems. A major objective
of management is to prevent
the exploitation-regime
from developing a positive
feedback interaction with
other stresses, using a
step-wise experimental
approach. Examples:
intensely exploited, pol-
luted, fluctuating systems
such as Great Lakes, Baltic
Sea, some estuaries and
bays.

SMALL €—SIZE OF INDIVIDUAL

Class C: Numerous small
resources usually inter-
acting ecologically in
systems that are likely to
remain relatively unstressed
or tnat possess cava-
bilities to accommodate
expected stresses. Yield
in toto or by taxon--groups
may be modelled as a
function of large-scale
natural and cultural
variables; management may
be explicitly experimental
and step-wise.

Examples: mixed resources
in lakes, large reservoirs,

Class B: A few large re-
sources dominate; they fluc-
tuate markedly- and consequent-
ly interact - as a result of
large-scale non-cyclic stimuli
related to climate, oceano-
graphic processes, the fishery,
etc. Monitoring, Markov-1like
modelling, and probabilistic
forecasting may be used to

plan industrial activities so
as to compensate for vari-
ability, and perhaps to develop
negative feedback mechanisms

to control variability.
Examples: clupeids, flood plain
fisheries.

SPECIES RESOURCES OR STOCKS—®LARGE

Class A: Several large stocks

that are relatively independent
ecologically dominate the eco-
system in which biomass compo-
nents are quite constant and/or
relatively unresponsive to
moderate stimuli. Resource use
may be optimized separately stock
by stock using population dynamics
techniques.

Examples: marine benthic taxa,
tuna, whales, anadromous salmonines.

near shore in seas, on reefs.

g}‘————TEMPORAL AND/OR SPATIAL FLUCTUATION IN BIOMASS COMPONENTS

oy

Figure 4. A conceptual model of four major clusters of problems
related to fisheries exploitation, with identification of a
scientific tradition particularly relevant to each.
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without any further basic innovations. In other words,
the work of identifying and developing further a number
of alternative approaches for each of the four classes in
Figure 4 can now be planned, costed-and programmed quité
objectively.

A preliminary examination of social, political
and economic (industry and trade) feaﬁures associated with
problem classes A to D suggested that they tdo could be
usefully stratified in this manner. If so, then this would
be an instance of a large-scale isomorphism, across disciplines,
and would provide useful cues on how multi-disciplinary
teams might be structured for major problem classes. Thus -
risking over-simplification - four classes of multi-disciplinary
teams might effectively cover all the major problem types with
"conventional" exploitation and management. Not just any
multi-disciplinary assortment - even within the constraints
specified in the section on "Multi-Disciplinary Approach"
above - will do. But four (and only four) different teams,
suitably organized perhaps as implied in Figure 4, may be
sufficient. Thus some specialization might be possible and
also desirable.

A further isomorphism may be.of interest, At
present, and from the vantage point of the population dynamics
tradition, problemclasses A to D correspond in sequence to
Cartwright's problem types 1 to 4 described in Table _ 1 above.
But given appropriate models, each of classes A to D can in

theory be reduced to a type 1 problem. At least that is the hope.
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I hasten to add that no problem is ever settled
permanently from the viewpoint of Kuhn (1962) as elaborated
by Grabow and Heskin (1973), Emery and Trist (1973) and others.
Rather it can be solved, for the timé being, within the
conventional paradigm, or even more specifically within the

present temporal Gestalt and institutional arrangement.

Ecological Levels of Organization

Rather closely related to the discussion in the
preceding section is the matter of the ecological level-of-
organization at which a problem should be addressed. Three
tiers have come to be accepted in ecology as in some sense
"natural" hierarchic nodes - whatever that may mean. Those
three levels are: whole organism, species population or
stock, ecosystem. (I rather favour an additional level -

a "community" of taxa that are fairly closely related within
the evolutionary paradigm, and are generally also closely
related ecologically; see Loftus and Regier, 1972. But this
intermediate level between population and ecosystem may be
ignored for purposes of this paper.)

If the discussion of scope and scale above, and
also particularly that in the preceding section are seen to
touch on useful concepts, then the matter of ecological
level-of-organization may be seen as simply an elaboration of
those points. Thus class A problems in Figure 4 are likely
to be mose usefully addressed at the population level, class D

at the ecosystem (or community) level.
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Elsewhere (Regier 1974a) I have reviewed the
present status with respect to fisheries interests of the
science of whole-organism ecology (autecology, physiological
ecology, physical factors ecology, etc.), population ecology
(population dynamics, population genetics, "natural history",
etc.), and ecosystem ecology (succession theory, stress
responses, stability, etc.). An explicit stratification might
well contribute to more useful strategic planning, particularly
in that universities may be indiced to balance their
undergraduate and graduate programs in this respect. Because
universities tend now to work within this context, rather than
that depicted in Figure 4 or any of the preceding discussion,
and because of theirfconservativeneSS will continue to do so for
some time, selection of new personnel for mission-oriented
research may be improved by noting the manner in which
competence in the ecology of a particular level of ecological

organization relates to a class of practical problems.

Interactions Between Universities and Government Agencies

P.L. Bishop has suggested the model and dynamic
depicted in Figures5 and 6 as appropriate for discussion for
interactions between such institutions as universities plus
research organizations and action-oriented agencies (see

Regier, Bishop and Rapport, 1973).
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Figures 5 and 6 may be self-explanatory. It may,
however, be useful to point out that the two dimensions of the
paradigm are knowledge and institution. The institution
dimension is defined with gradient limits, which move from
mission- or action-orientation to speculation or theory.
Similarly, knowledge is defined on a gradient from use or
application to elaboration or further development. Through
such knowledge-institution definition, one is able to focus
on major phases in the management of large scale problems
in man-environment interfaces. Analysis, always based on
a theoretical construct, is then given a control or positive
feedback correlate by means of theory in analysis. 1In turn,
theory in analysis is controlled by theory in intervention
(strategy), and theory in intervention by intervention.

The processs can be further iterated by emphasizing actual
intervention as it relates to operational analysis, achieving
a "spiral" effect which results in policy.

In summary, one can achieve not only activity foci but
also organizing principles (higher level coordination) for
those activities. By the introduction of transdisciplinary
links between organizational (institution) contexts and
scientific (knowledge) activities, a two level coordination of

terms, concepts and principles results. The contexts move

through analysis and its theory, through theory (science) and its
strategy, strategy (theory in intervention) and its intervention,
and finally, these contexts spiral through interactions back

through analysis, theory and strategy, which results in policy.
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USE OR APPLICATION
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Figure 5. The quadrants identify four major types of
complementary activities that may result from
effective use of knowledge by institutions.
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that will likely occur, implicitly or explicitly, in the

course of solving a major problem.
will be man-environment interrelatedness.

The overall paradigm

Phase 1 may be

termed formalization; the phase 2 circuit is research
iteration through experimental intervention; phase 3 leads
to policy articulation and routine program delivery
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Implicit in Figures 5 and 6 is the dictum commonly
heard that vertically-organized structures are efficient’
for solving perceivedproblems, and loosely co-ordinated
- horizontal networks work best for developing scientific
inferences and theories. A third dimension might be added -
perceptions are likely to emerge and be clarified within the
public and the politicians beyond the &eciéion-making process
and the research network. Hence the necessiﬁy for advisory
councils and citizen participation to interact particularly
with the "action-oriented institution". To the extent that
the subject matter of Figure 6 is largely within the domain.
of the social science disciplines, social science researchers
might well mediate between all three:decision-makers, researchers
and public advisors.

Emery (1973) makes the point that if social scientists
seek only to study the process, they will inevitably influence
it; hence they might approach the issue at the outset as one
of mediation. But the responsibilities are great, and the process
demands an explicit higher level conceptualization - perhaps a
credo - that other actors in the process may recognize and take
into account,

Recapitulating, an action-oriented institution will
not long remain effective, - even if it has mobilized a corps
of researchers to attack important questions - unless a loosely
co-ordinated network of robust and relatively independent researchers

exists and is accessible, and unless a balanced corps of
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knowledgeable public advisors make available its insights
to the agency.

Some redundancy will exist, but functional
redundancy may be a most important property tending to ensure
desirable evolution, relative, stability, orderly and manage-

able response patterns, and a healthy resilience.

International Transfer of Science and Technology

Scientific and technical information developed in
other countries is transferred to Canada to our advantage
(Science Council of Canada Report No. 20). Clearly this is
an item of strategic interest and deserves explicit recog-
nition, study, planning, and management. In Canada the
Ministry of State of Science and Technology is now developing
procedures to oversee and regulate aspects of this process,
and the interests of fisheries deserve fair consideration.

Fisheries conflicts have in the past led to inter-
national violence and may well do so in the future. The Law
of the Sea process is seeking to develop conventions to fore-
stall such events. .Perhaps equally important, international
organizations of scientists are forming to study problems
jointly and to develop common approaches toward and under-
standing of difficult problems.

The International Institute of Applied Systems
Analysis located at Laxenburg, Austria, is a recent creation
and joins a large constellation of other international insti-

tutions that perform a similar function plus other functions
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(e.g. FAO, UNESCO, WMO, ICSU, IUCN, etc., plus various deri-
vative groups). Closer to home, numerous Canadians and some
Canadian universities are associated with the Institute of
Ecology (TIE), an international institute with headquarters

in Madison Wisconsin. TIE objectives and programs are of
particular relevance to strategic planning within Environment
Canada, for example. The number of committees, working parties,
seminars, etc, has proliferated to the point that a medium

power such as Canada cannot hope to participate in all.

Whether a screening mechanism could be devised to sort out

those of particular interest to Canada should be considered.

Mohilization

As indicated early in this paper, researchers
and other classes of professionals are gradually being mo-
bilized into more explicit and disciplined institutional
structures and problem-solving processes. With respect to
ecologists, this is partly a consequence of the success of
their campaign to alert the public and politicians to their
concerns, and also of their clamoring for a gréater role in
planning and decision making to help rectify past mistakes
and prevent major future catastrophes. If a crisis threatens
we do mobilize and forego some freedom temporarily in order
to prevent a more massive and more permanent loss of freedom

which would follow if the mobilization did not occur.

But in general the present mobilization appears
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to be the result of other processes as well, those
related to post-industrialism, anti-consumerism, anti-

opportunism, etc.

If the more pessimistic ecologists are correct in
their assessment of the future, then mobilization will
expand and intensify. Clearly this prospect deserves
very close study. As with mobilization for war, it seems
likely that the first casulties of the actual process
will be freedom and truth, at least if a really major
crisis threatens. Thus mobilization, even with the best

intentions, may pave the way to hell.

The mobilization is now occurring concurrently
in a number of ways. Thus researchers within the Fish-
eries and Marine Service have been in part integrated
into problem-solving units. In universities, grants
from Ford Foundation, Fisheries Research Board, National
Research Council with respect to the International
Biological Program, etc., have led to the formation of
voluntary, semi-disciplined teams. The Man and the Bio-
sphere Program plans to develop disciplined teams that
will include personnel from universities, a number of gov-
ernment agencies, and perhaps private organizations.
Among the "public," such groupings as the Fisheries Ad-

visory Council, Environmental Council, and civic groups
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such as Pollution Probe, SPEC, STOP, etc., are developing
strong structures and exerting major forces.

The nature of this semi-integrated system now
developing needs careful study, and alternatives should be
considered. From the viewpoint of science, it seems clear
that most major advances will emerge within the loosely
co-ordinated network. But it seems equally clear that
problem-solving should be vertically organized. The in-
terfacing between these two major groups needs particular
attention - at present there is little if any understanding,

planning, or management of this interfacing process.

Perhaps the Fisheries and Marine Service should
stratify its researchers into three groups - program directed,
mission-oriented, and undirected. The latter would perhaps be
the "senior scientist" type, likely to inﬁovate to the long
term advantage ot society. The mission-oriented group might
interface four groups - the undirected, the program directed,
the outside network in Canada, and foreign workers, The mission-
oriented scientists would review, synthesize, integrate, interpret,
for the benefit of both problem solvers and scientists.

Associated with them should be some scientific writers to
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communicate with laymen and the public. Thirdly the program
directed workers would in the future frequently work with an
explicit applied systems analysis approach. The fact that
such an approach is explicit, rational and adjustable from
within as well as from without would tend to guarantee that
creativity of the researcher would have scoped in which to

operate.

LIMITS TO MOBILIZATION

The science of today exhibits in general a form of radi-
cal agnosticism. Grabow and Heskin (1973) have abstracted
one formulation of the current scientific world-view as fol-
lows:

"See Thomas Kuhn's description of the rise and fall of

scientific paradigms in his The Structure of Scientific Revo-

lutions (1962). He traces the emergence and inevitable dis-
integration of competing explanations of the perceived uni-
verse; the competition for attention among alternate views;
the arrival of consensus upon one view; the articulation and
extension of that view to cover all perceptions of reality;
the emergence of a phenomenon which calls the view into ques-
tion; and the crises in which alternate views again compete
for attention to resolve the anomaly. It is by calling into
question the principles of validation by which consensus comes
about, as well as articulating the inevitability of the cycle,

that Kuhn effects a profound loss of innocence".
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In that they perceive this process to be gradual, long-
term and perhaps uncontrollable, - if they perceive it at all -,
the great majority of scientists ignore it. They are con-
tent to work within the present time stanza, or the present
temporal Gestalt, in which the horizon extends a decade or
two into the past and half a decade into the future. But we
are now part-way into a period of intense transformation, per-
haps fairly called a revolution, in which institutions, culture,
and science are changing or evolving rapidly. Emery and Trist
(1973) predict that this process will continue for several
decades. If so, Kuhn's dynamics of scientific paradigms may
provide a useful context within which to seek to understand
what is happening right now within fisheries science in Canada,
and will presumably continue to develop for the foreseeable

future.

With respect to limits on mobilization, a recognition
and tentative acceptance of Kuhn's dynamics will lead to the
inference that it is counter-productive to mobilize too broad-

ly or organize too closely.

CONCLUDING COMMENTS

From the viewpoint of Kuhn's model and dynamics of science,
the underlying assumption of the present paper is that in-
telligent, knowledgeable outgoing people working together co-
operatively and democratically within an ordered process in

which the rules are explicit and adjustable can resolve some
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of the problems facing us, to our subsequent long-term ad-
vantage. This is the assumption of the entire planning and
decision process now building within the government. If this
assumption is valid within the present time stanza, it is not
clear how long it will remain valid. Presumably the life span
of this (Kuhn's) paradigm can be shortened or lengthened by

our activities within the process.

The above paragraph sounds trite to the point of embar-
rassment. But one of the preeminent rules in this process
that we are learning is that assumptions, credos, paradigms,
models, etc. be made explicit. Where this rule is not applied,

the process fails to be rational.

It is, of course, inconceivable that all research and de-
cision making will be forced into an explicit ordered sequence.
As Emery (1973) points out, in any temporal Gestalt some prob-
lems are perceived as critical and some of these will be ad-
dressed in this way. The great mass of problems,perceived as
being of minor significance, will be dealt with informally.
Some of these will blossom into major problems even within the
present Gestalt, or may come to be perceived as major with a

change in phase of the culture and the formation of a new Gestalt.

This paper, partially or totally, may be trivial if all
that it implies ultimately consists only of resorting and struc-
turing of existing components of information, technical com-
petence, insight, theory, disciplines, traditions, and per-

sonalities (see Dansereau, 1970). If so, then my endeavours
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would be analoguous to those of a child building a tower from

a set of bullding blocks already arranged in the form of a
church steeple. The toy tower is no more useful than was the
toy steeple. A few scientists do play such games, apparently
half consciously, using the work of many other scientists as
blocks (or scientists as pawns) for their purposes. The
decision-maker will of course seek to guard against supporting
exercises that are analoguous to juvenile games. The serious
practical objective is to build or rebuild structures and create
processes - in science as elsewhere - that are useful in an
appropriate broader context. It is questions such as these

that the Science Council of Canada has been addressing in recent

years (Lakoff, 1973).

In this paper I have attempted to see into the present,
- to collect and collate pieces of insight and information on
how one might approach the question of what should be the re-
search strategy of Canada's Fisheries and Marine Service.
Secondly, given that mobilization of researchers is occurring
and will intensify, how might the mobilization occur to the

long-term advantage of society, science and scientists.

Summary and Formulation of Some Strategic Questions

1. Science and scientists, and particularly fishery ecolo-
gists, are progressively being mobilized concerning natural
resource exploitation and management, environmental disruptions,

consequences of pollution on human health, etc.
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2. The mobilization is occurring in a disjointed, ad hoc
manner - essentially as a series of relatively unordered
responses to a mix of crises including political, environ-

mental, resource and poisoning components.

3. The conceptualization that appears to underlie the present
mobilization appears to be thoroughly pragmatic:

a) How large should the research budget be and how
should the budget be divided concerning resource management,
eutrophication, toxic contaminants, assessments of major engi-
neering works, etc.?

b) How much research should be done in the Arctic,
Great Lakes, Gulf of St. Lawrence, etc.?

c) How rapidly can changes be instituted in the
light of the likely gut reactions of strong personalities
within the Service? |

d) What existing long-term undertakings concerning
support of scientific excellence or centres of excellence now

constrain strategic options?

4, Without challenging the strategic importance of the above
questions, this paper addresses the problem of research strate-
gy from a more abstract viewpoint, though hopefully no less

relevant than those above.

5. Following are some of the questions that relate directly
to the conceptual framework sketched in the paper. The ordering

is not intended to be in any priority ranking.
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a) Given that "applied systems analysis" is the
preferred format for a problem-solving approach, how rapidly
and to what extent should it be stimulated to develop within
the Service?

b) Should a formal screening mechanism be developed
to identify different levels of problem complexity, only the
more difficult to be approached formally as applied systems
analyses ?

c¢) Perhaps as an aspect of screening, how can the
important properties "scale and scope" be identified and clari-
fied objectively?

d) Should the approach to multidisciplinary research
and problem solving be formalized beyond the degree to which
this occurs within applied systems analyses undertaken ad hoc
on important issues?

e) How much support should be accorded to ongoing
efforts to identify and clarify conceptual isomorphisms, among
the disciplines of particular interest to the Service, in
order to improve the efficiency of multidisciplinary work?

f) Should universities be encouraged to reorganize
parts of their disciplinary framework, and should an environ-
mental macro-discipline be explicitly encouraged to develop?

g) As the demands for particular kinds of technical,
quantitative sophistication evolve, should a formal mechanism
be developed to stimulate and direct the evolution?

h) In order to effect efficient links between tech-

nical quantitative competence and the various demands of dif-



-184-

ferent problems, can competence and problem characteristics
be analyzed into mutually congruent sets?

i) Should the various traditions, within that
science which is generally accepted to have some relevance,
be assessed objectively for their possiblé future contributions,
and supported in the light of such an analysis?

j) Should the structure and dynamics of interactions
between a government agency, universities, advisory bodies,
plus other non-governmental organizations be structured more
explicitly in order that the general planning and decision-
making process can become more efficient through division of
labour upon which there is mutual agreement?

k) How can the transfer of science and technology
be ordered between nations to be usefully effective yet not
swamp a nation's scientific corps?

1) Would it be useful to classify an agency's
scientists into three groups with somewhat different duties,
related to the need for undirected research, mission-oriented
research and program-dictated research?

m) How should the vertically-organized problem-
solving scientific corps - including mission-oriented plus
program-dictated researchers - be interfaced with the lateral-
ly-coordinated theory-seeking scientific corps - including
undirected researchers plus many workers in universities?

n) Given that mobilization is occurring and will
likely intensify, what safeguards will prevent excessive

sacrifices of "truth and freedom".
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o) By what criteria can a Service or institution
know that proposed conceptual frameworks, mobilization schemes,
perceptions of pending crises, etc. will be useful in practice

for the "foreseeable future"?
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OVERVIEW

The International Institute for Applied Systems Analysis has
a unique.oppor:unity to create a truly international intellectual
commﬁnity of scholars dedicated to the development and application of
systems analysis to both theoretical and practical problems shared by
peoples of many nations. We applaud this effort to carefully define
and implement a research strategy that can benefit from this wunique
institution. These benefits will arise from the quality of the intellectaul
effort and the unique opportunity to synthesize and catalyze methods of
systems anlaysis for application to major societal problems.

Ecology will benefit world wide from the stimulus and insight
to be provided by toolsof the systems analyst. We wish to emphasize
that both the discipline of ecology and the ecosystems context of most
other problems to be considered by IIASA will benefit from ecological
research undertaken by the Institute. Since IIASA cannot and should
not overcommit its limited resources, projects of high leverage shsuld
be carefully selected. In many practical problems it may be sufficient
to restrict systems analysis methods to problem definitiom, structuring
of hypotheses and ordering of priorities. To the extent that emphasis
is placed onmethodology development, it will help in transfering such
results to apply them to selected scenarios for alternative solutions of

practical problems.
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GENERAL RECOMMENDATIONS

Rec. 1 The NAS/US Advisory Panel on "Environmental Systems" supports
the initial efforts of IIASA.

- The Project 7.4 on "Ecological Modeling and Control" is
well conceived and organized. It is imperative that this
initial project succeed for continued viability of the
theme, and full support of the Institute is recommended.

- The issues raised by Symposium Leader Holling for the
September 4-7 Conference on Ecological Systemsl/ constitute
fundamental issues common to all ecological and environmental
systems analyses. These need to be considered in future
planning efforts and operations.

- Specific responses to issues raised above for procedures to
(1) identify, (2) implement, and (3) document environmental
systems efforts will be addressed specifically in presen-
tations by U.S. participants Goodall and Mar at the September 4-6,
1973 IIASA symposium.2/

Rec. 2 The role of ecological studies within the Institute (ITASA)
needs to be evaluated in the context of the central theme
of ecology which prevails in other projects.
~ Both Research Themes 6.5 (Urban and Regional Planning)
and 6.7 (Environmental Systems) must rely heavily on
ecological inputs. Besides Project 7.4 (Ecological
Modeling and Control) the ecological contributions to the
following projects need to be examined:
7.1 Energy Systems
7.3 Water Resources
7.6 Global Simulation Studies
- Implicit in these recommendations is the recognition that
the broader aspects of environemntal systems need to be
considered in future contributions from the ecological
community.
Rec. 3 Scientific emphasis and tactical leverage should be placed on

the Institute's (IIASA) development of methodological capabilities

in environmental and ecological systems analysis.

1/ "Preliminary List of Issues for Consideration at IIASA Conference
- on Ecological Systems"

2/ Goodall, David W., "Problems of Scale and Detail in Ecological
Modelling"

Mar, Briaﬁ W., "Where Resources and Environmental Simulation Models
are Going Wrong"
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This is a rationale for the badly needed integration of
ecology and systems analysis compatible with the unique
abilities of IIASA organization and staff.

The NAS considered several questions in addressing its

recommendations and suggests that, among others, these

questions be utilized by the Ecological Systems Conference

in formulating future research strategies of the IIASA
Environmental Themes.

- What are the unique contributions of IIASA to the
scientific community?

- What are the problems that the IIASA's programs should
address and, more critically, what are the criteria to

be used in selecting research projects?

- How are priorities relative to problem assessment and
policy implications established?

- How does the Institute relate to other researchers,
decision-makers, and environmental programs?

Specific attention needs to be devoted to identifying and
interfacing with both the research community and the user
communities so as to capitalize upon ongoing efforts and
provide a unique coordination and synthesis of dispersed
efforts.

Provision needs to be established for cgntinuity of projects
and themes by incorporating into the research plan appropriate

planning options and principles of staff responsibilities.

PROJECT CONSIDERATIONS

Ecological Systems

Recognition of the merits of Project 7.4 on Ecological Modeling

and Control should not blind one to the need for exploring other fields
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in ecological modeling. Project 7.4, as illuminated by other documenta-
tion, is primarily concerned with delineation of zones of multidimensional
space within which ecosystems are stable. In practice, one is concerned
to know, not only whether an ecosystem will be stable within a certain

zone, but where it will be within that zone, and for how long. In other

words, one needs quantitative information about the state of the system,
as well as the qualitative information as to whether or nof it 1is within
a zone of stability. A stable system may be useless for practical pur-
poses; and careful cybernetic management may even enable an ecosystem to
be maintained in a useful state within a zone of instability. The
development of agriculture during the last six millenia may be an example.

The understanding of the carrying capability of ecolegical systems
is fundamental to sustained management for many uses and combinations of
different intensities of uses. In spite of wide application of this
concept to grazing management, ecological modeling is so far largely
inadequate to specify such usage loads for the other food, fiber, water,
land, recreation or urban demands. Thus in addition to the items outlined
in the Preliminary List of Issues, carrying capacity, indirect effects
and quantitative prediction should be considered.

Insufficient attention has been given to the systems problem of

interactions among components of ecosystems. It is imperative that

data bases, functional relationships and systems techniques be developed
which will permit dynamic coupling of the components and processes of
ecosystems. This effort must be a prerequisite to assessing consequences
of environmental impacts which are a result of systems component interacts,

e.g., what is the response of system properties resulting from perturbations

of its components?
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A field of ecosystem modeling which has been little pursued,
and which may be very important, is that of agricultural and silvicultural
ecosystems. Application of the concepts of ecosystem dynamics, and their
study by a systems approach, to the specialized ecosystems constituted
by fields and plantations of crop plants might yield considerable dividends
in the decades ahead in which food and fiber production has difficulty in
keeping pace with population growth.

Human Interaction

A key element in ecological modeling and control, if they
are to be of maximal usefulness in the real world, is human interaction.
Man is at oace the most adaptable of animals to ecological change and
the major force in ecological change. Man's behavior, while complex,
is not quixotic, and reasonable assumptions as to growth, distribution
and consumption can be advanced.

Man's ability to adjust to change or his ability to bring
about change is related not only to number and rate of growth, but
to cultural level and political organization. The technologically
-advanced nations or peoples can determine major elements of the ecology
of faraway places, and many of the exogenous elements that every model
must admit are introduced by man -- the great destroyer but also the
great-creator. The world is being remade for man's use; a major problem
of ecological modeling is to specify the long-term costs of careless
or immediately beneficial actions.

In fact, when we speak of ecological control we really assume
ﬁhe ability to control man, to keep his modifications of the environment
within sustainable limits and within such limits that the political
divisions of mankind constitute a particularly bothersome problem since

ecological changes initiated in one country have effects in others.
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Economic concerns are of overwhelming importance since they
determine the extension and development of agriculture and the
exploitation of minerals and other resources. Furthermore, the
use of a country's resources is not entirely of its own choosing.
Worldwide forces of supply and demand are too powerful for even the
largest countries to resist. And, not to be overlooked is the increasing
economic and technological gap which separates the more developed from
the least developed countries and which increasingly limits the areas of
action left open for the less developed countries,

In short, Work Section II of Item 7.4 (Systems behavior in the
Eggl_worlA) should be expanded beyond an "analysis of examples from
ecology, economics, and cultural anthropology" to a thorough study of
the implications of cultural, economic, and political developments. To
do this will require the wide scale participation of social scientists,
brought in from the beginning of the effort. In particular, demographers,
resource economists, geographers, sociologists, and psychologists have
much to offer.

Environmental Systems

The panel notes that environmental systems constitute one of the
ITASA research themes, and that environmental problems are also involved
in some of the other themes (notably 6.5) but that the only initial research
project in this field is that on Ecological Modéling and Control. There
are indeed environmental aspects of some of the other inital research
projects -- Energy Systems (see the topics d and f on pp. 21 and 22 of
the booklet), énd Water Resources (see item'S on p. 24) aﬂd proper conéidera-
tion of these aspects demands that environmental advice be constantly sought

in developing and implementing these projects. This could also be usefully
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done with some of the other projects in which environmental considerations
are not mentioned notably those on Regional Planning, and on Global Simulation.
TherenisAconsiderable risk, however, that in the absence of an
advisory Sody on environmental modelling gaps in the Institute's coverage
may ne?er be filled. There are large areas within the Institute's terms
of reference which are ignored, or barely touched on, by any of the proposed
initial research projects. Just as examples, one may mention land use
management, natural resource modelling, and meteorclogical and oceanographic
applications of systems analysis.
There is a risk that the rather arbitrary ilist of initial research
projects méy prove self-perpetuating unless the Director is receiving
regular advice from one or more panels with the responsibility of identifying
new fields for Institute activi£y. It is proposed that one such panel

should specifically be concerned with the environmental field.
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RELATED INTERNATIONAL ACTIVITIES

A 1list with minimal commentary on some of the international
activities already underway may help individual components of IIASA
and its affiliates identify interfaces deserving attention., Individuals
well informed on some of these may have obsolete facts or none at all
about others. (The acronyms when used alone may serve to confuse communi-
cation, but are noted marginally below for reference.)

UNITED NATIONS

UNEP United Nations Environmental Program

(Maurice Strong, Palais des Nations, CH 1211 Geneva; also UNEP
Secretariat, Nairobi, Kenya)

UNEMS United Nations Environmental Monitoring System

(UN Inter-Agency Working Group - meeting in Nairobi, January 1974)
Existing national and international systems will be used, not
only for data collection but for UN coordination -- especially
for global and regional problems and for exchanging information
on more local problems.

UNESCO/
MAB Man and Biosphere

(c/o M. Batisse, UNESCO, Place de Fontenoy, 75007 Paris)

Ad hoc panels and continuing Working Groups under development.

See: MAB Report series No. 2, "Expert panel on the role of systems
analysis and modelling approaches in the program on Man and the
Biosphere (MAB)."

INTERNATIONAL COUNCIL OF SCIENTIFIC UNIONS (ICSU)

SCOPE Scientific Committee on Problems of the Environment

(6 Carlton House Terrace, London SW 1Y 5AG) has elements of
the flexibility of non-governmental organizations. Its

Second Assembly meets in Kiel (F.R.G.), October 4-11, 1973.
Numerous sub-organizations, many meeting infrequently, have
specialized interests which can be clarified through SCOPE if
desired. (SCOPE has identified ICSU family interests related
to the Stockholm Conference recommendations.) Only a few need
current comment here:

SCOPE Commission on Environmental Monitoring and Assessment

(The role on monitoring is advisory, following a responsibility

in the document SCOPE 1; "assessment'" is construed as an analytical
and synthetic function, leading to "evaluation' of intellectual

and practical problems and advice on a flexible basis.) Meetings
September 17-21, 1973 at London should provide input to SCOPE's
meetings at Kiel.



SCIBP

-198-

SCOPE Commission on Simulation Modeling

May 1973 documentation relates particular functions, already
formulated mathematically, to a variety of problems likely
to be amenable to treatment in the future.

Special Committee for the International Biological Program

has work entering phases of synthesis in 1972-74 (continuing
longer in some cases under unknown international auspices).
Working groups particularly active now on ecosystem analysis
cover:

Woodlands (D. E. Reichle, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37830, USA)

Grasslands (R. T. Coupland, University of Saskatchewan,
Saskatchewan, Sask., Canada)

Tundra (c/o T. Rosswall, Wenner-Gren Center, Sveavigen
166 8tr., S-113 46 Stockholm, Sweden)

Arid Lands (Ray Perry, CSIRO Rangeland Research Unit,
Canberra City, A.C.T. or in USA, David Goodall,
Utah State University, Logan, Utah 84322)

Wetlands (Jan Kvet, CSc, Institute of Botany, Cz. Academy
of Sciences, Stari 18, Brno, Czechoslovakia)

Upwelling (Richard Dugdale, Department of Oceanography,
University of Washington, Seattle, Washington
98195)

Human Adaptability (Paul Baker, Department of Anthropology,
Pennsylvania State University, University Park,
Pennsylvania 16802)




APPENDIX X

Some Thoughts on and Proposals for the "Ecological System"
Research Project

Hans Mottek
(GDR)

Introduction

The starting point for IIASA research should be not to analyse
individual ecological systems, but to begin with their inter-
connections, their integration in the whole system of the
physical environment. Through system analysis it should be
attempted to achieve optimum "management* of the physical
environment with special consiaeration for environmental
protection for man 4nd his resources plus the rational use of
the natural resources. Such a task shoula be set, not only
because of the generally acknowledged urgency of the problem,
but also because the application of system analysis on the
management of. the physical environment in one country or
globally has not yet been exhaustively examined, There would
haraly be any over-lapping with already existing international
themes being dealt with by the UNO and UNESCO. On the other
hand, the finuings'of such themes set by the International
Institute for Applied System Analysis (IIASA) - such as water
systems, energy systems, town systems, public health system
ana also the optimisation of dynamic systems, organisation of
management systems, etc., = could find application. All these
subjects are obviously related to the questions of optimal
management of the physical environment.

1. Basic concepts
The effects of social activities on the natural environment,
particularly production and its end product, consumption, °
have increased tremendously in recent decaaes, This makes
it necessary to look at the totality of these effects on

+) inoluding the social problems
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the large natural spheres, particularly the biasphere
and also on the humanly created technosphere, in a
complex manner, i, €. téking'into account all essential
causes plus their side and delay effects above all on

the balance of the existing ecological systems., In addition
there exists clarity that the retro-action of changed
nature and the built (technical) environmental ecosystems
on the present and future needs of man and their satis-
faction must be examined in detail., The relationship of
society and environment should be seen as a cybernetic
system with complicated inter-connections. Thereby, the
immediate and retarded effects of pollution and the
exhaustion of natural resources which do not regenerate
themseilves are brought into.the foreground,

Out of all these considerations, it has proved necessary
to guide social environmental activities in such a way
that the environment is influencea to an optimum, This
demands an effective "environmental "management™,

On environmental 'management"

The basic problem to be solved for environmental menagement,
as for every other, is to specify operable goal functions
plus the necessary restrictions. Our considerations on this
are directed towards: protection of man and his (natural)
resources. In the socialist countries there exist aelibe-
rations to solve this problem in respect of production as
the most important factor of social activity affecting the
environment in the following way: To include protection of
the environment, not only in the form of restrictions, to
be bullt in the optimization function of national income,
but to raise the environmental qualities to a goal of equal
social importance. However, it would be possible to include
the loss of environmental qualities into the term "national
income". One reason is that positive aims are always more
effective than restrictions, which, however, one .cannot do
without (completely).
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The second question being examined in the socialist countries
is in how far one can put into effekt, that on the quality of
environment is a goal, also for decisions of the subordinate
activity units, In capitalist countries, it would hardly be
possible to achieve this, because of the conflicting goal of
- maximum profits. However, decisions based on aims for maximum
profit certainly do not guarantee protection of the natural,
physical environment and of man, |

Starting with the goal functions, optimum decisions must be
made which modify the form, quality, proportion ana locality
of operation on environment, in other words: optimum decisions
must lead to the employment of environmentally oriented
technologies in the right quantities, proportions and in the
right aistribution. '

2.2 Cognitive sgystem

Optimal decisions in the above sense are currently inhibited,
not only by a lack of environmentally oriented operable goal
functions, also valid for society. An inhibiting factor too
is the insufficient knowleage of the effects of various
interference groups on the various systems of the natural
environment on a short, medium and long-term basis, and also
the localities., In aadition, they are also inhibited by
insufficient knowledge of the effects, e. g. of pollution on
human health, on the satisfaction of elementary human needs,
again taking into account the locality and time horizon.

In consequence of this insufficient knowledge, when assessing
a decision, one is confronted on theonehand with a clear,
definite usefulness in the near future, on the other with
uncertain, unclear damage in the distant future. In the same
way, & lack of damage is less noticed than the immediate
expenses necessary to prevent damage. This often leaas to

an unaer-estimation of the dangers, ana on the other hand

to certain security reserves being built in - to avoid
catastrophe - which would not be nec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>