
Management and Standards for 
Perturbed Ecosystems

Fiering, M.B. and Holling, C.S.

 

IIASA Research Report
February 1974

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by International Institute for Applied Systems Analysis (IIASA)

https://core.ac.uk/display/33891563?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Fiering, M.B. and Holling, C.S. (1974) Management and Standards for Perturbed Ecosystems. IIASA Research 

Report. Copyright © February 1974 by the author(s). http://pure.iiasa.ac.at/91/ All rights reserved. Permission 

to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee 

provided that copies are not made or distributed for profit or commercial advantage. All copies must bear this 

notice and the full citation on the first page. For other purposes, to republish, to post on servers or to redistribute 

to lists, permission must be sought by contacting repository@iiasa.ac.at 

mailto:repository@iiasa.ac.at


MANAGEMENT AND STANDARDS FOR PERTURBED ECOSYSTEMS 

Myron B F i e r i n g  

C .  S.  H o l l i n g  

February 1974 

Research Repor ts  a r e  p u b l i c a t i o n s  r e p o r t i n g  on 
t h e  work o f  t h e  a u t h o r .  Any views o r  conclu-  
s i o n s  a r e  t h o s e  o f  t h e  a u t h o r ,  and do no t  
n e c e s s a r i l y  r e f l e c t  t h o s e  o f  IIASA. 





Management and S tanda rds  f o r  Pe r tu rbed  Ecosystems 

Myron B  F i e r i n g *  

C .  S. Hol l ing**  

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

This  paper  i s  t h e  f i r s t  i n  a  proposed s e r i e s  o f  pub l i -  

c a t i o n s  which d e a l s  w i th  t h e  a p p l i c a t i o n  of systems proce-  

d u r e s  and op t im iza t i on  t echn iques  t o  a  c l a s s  of problems i n  

ecosystem s t a b i l i t y  and r e s i l i e n c e ,  and t o  t h e  c o n s i s t e n t  

e v a l u a t i o n  and implementat ion of env i ronmenta l  s t a n d a r d s .  

F o r  a  long t ime ecology has  been an impor tan t  f a c t o r  i n  

s e t t i n g  p o l i c i e s  and schedu les  f o r  management of  s i n g l e  spe-  

c i e s  popu la t ions- -e .g .  f i s h ,  w i l d l i f e ,  i n s e c t  p e s t s ,  and 

f o r e s t s .  But i t  has  only  r e c e n t l y  been pushed, o r  has  

pushed i t s e l f ,  i n t o  a  p o s i t i o n  of  impor tance w i t h  r e s p e c t  

t o  many l a r g e r  i s s u e s  o f  p o l i c y  a t  a l l  l e v e l s  of government, 

t he reby  t a k i n g  a  d u a l  r o l e .  F i r s t ,  i t s  d e s c r i p t i v e  a s p e c t s  

seek  b e t t e r  t o  unders tand  and t e n t a t i v e l y  t o  model f e a t u r e s  

of t h e  enormously r i c h  and v a r i e g a t e d  dynamic i n t e r p l a y  

amongst l i v i n g  t h i n g s ;  second,  i ts  p r e s c r i p t i v e  a s p e c t  seeks  

r a t i o n a l l y  t o  i n f l u e n c e  p o l i c y  and t o  a d j u d i c a t e  some of t h e  

i n e v i t a b l e  c o n f l i c t s  between economic needs  and env i ronmenta l  
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( e c o l o g i c a l )  p r o t e c t i o n .  These c o n f l i c t s  do no t  imply t h a t  

p o l l u t e r s  a r e  n e c e s s a r i l y  e v i l  and g reedy ;  we a r e  no t  s o  

na i ve  a s  t o  c rusade  whol ly i n  t h e  name o f  g e n e r a t i o n s  y e t  

unborn and t o  march o f f  t o  b a t t l e  a g a i n s t  p o l i t i c i a n s  and 

c a p t a i n s  o f  i n d u s t r y .  Our a n a l y s i s  is  d i r e c t e d  a t  t hose  

who would s t u d y  e c o l o g i c a l  c u r r e n t s  and f o r c e s ,  who would 

r i d e  them piggy-back r a t h e r  t han  subdue them t o  any end,  

however nob le .  It i s  d i r e c t e d  a t  t hose  who would under take 

e c o l o g i c a l  eng inee r i ng  simply because i t  may be t h e  most 

c o s t - e f f e c t i v e  eng inee r i ng  f o r  c e r t a i n  l audab le  commercial 

e n t e r p r i s e s ,  no t  merely because i t  i s  t h e  g e n t l e s t ,  t h e  most 

humane, t h e  most n a t u r a l ,  o r  (somehow) t h e  most a c c e p t a b l e .  

Our o b j e c t i v e  i s  n o t  merely t o  p r e s e r v e  ecosystems 

(whatever  t h a t  means) because i t  i s  f ash ionab le  t o  do so ,  

but  r a t h e r  t o  encourage t h e  systems t o  work w i th  us.  There- 

f o r e  we a r e  concerned p r i n c i p a l l y  w i t h  ecosystem p o l i c y :  i t s  

d e f i n i t i o n ( s . 1  and scope,  i t s  s c i e n t i f i c  and socio-economic 

consequences,  i t s  implementat ion,  and i t s  exp ress ion  i n  t h e  

form o f  env i ronmenta l  s tanda rds .  We ho ld  t h a t  t h e  imple- 

menta t ion  of  env i ronmenta l  s t a n d a r d s  and t h e  encouragement 

of ecosystem r e s i l i e n c e  a r e ,  o r  can r e a d i l y  be ,  d i f f e r e n t  

m a n i f e s t a t i o n s  o f  t h e  same p rocess :  t o  l i v e ,  more o r  l e s s  

harmonious ly ,  w i t h  and w i t h i n  t h e  ecosphere .  We h o l d ,  

f u r t h e r ,  t h a t  env i ronmenta l  s t a n d a r d s  must r e f l e c t  no t  on l y  

o u r  c u r r e n t  pe rcep t i ons  on what is "good" o r  "bad" about  a  

p a r t i c u l a r  combinat ion o f  ecosystem s t a t e  v a r i a b l e s ,  bu t  

a l s o  how t h e  e lements  o f  t h a t  a r r a y  w i l l  respond i n  t ime 



t o  n a t u r a l  i n t e r a c t i o n s  and t o  man 's  i n t e r v e n t i o n .  These 

must  be made t o  work i n  c o n c e r t .  

We f i r s t  e x p r e s s  t h e  dynamics  o f  o u r  ecosys tems  i n  models  

which c a p t u r e  and r e p r o d u c e  what we judge  t o  b e  t h e  c r i t i c a l  

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

enormi t y  o f  g a p s  i n  o u r  f o r m u l a t i o n s .  These  models  t h e n  

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

and p o l i c y  o p t i o n s .  An i m p o r t a n t  p a r t  o f  t h e  a r t  o f  sys tems  

a n a l y s i s  i s  t o  c o n s t i t u t e  as " t h e  sys tem" o n l y  t h a t  p o r t i o n  

o f  t h e  r e a l  wor ld  which i s  r e l e v a n t  f o r  t h e  d e c i s i o n s  a t  

hand; we t a k e  t h e  v iew t h a t  s y s t e m s  a n a l y s i s  i s  u l t i m a t e l y  

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

d e s c r i p t i v e  p h a s e s  as i t s  models  ( f o r  d , e c i s i o n  mak ing )  a r e  

improved.  C o n s e q u e n t l y ,  w h i l e  i t  i s  t e m p t i n g  t o  a b d i c a t e  

r e s p o n s i b i l i t y  f o r  e s t a b l i s h m e n t  o f  e n v i r o n m e n t a l  s t a n d a r d s  

b e c a u s e  o f  a n  i n a d e q u a t e  s c i e n t i f i c  b a s i s ,  t h e  f a c t  i s  t h a t  

s y s t e m s  a n a l y s i s ,  s y m p a t h e t i c a l l y  u s e d ,  s h o u l d  e n a b l e  us  

b e t t e r  t o  u s e  t h e s e  t e n t a t i v e  models  and s p a r s e  d a t a  i n  

making c o n s i s t e n t  and r a t i o n a l  s t a n d a r d s  . C o n t r a r y  t o  t h e  

maxim, a l i t t l e  knowledge, used w i s e l y ,  i s  o f t e n  b e t t e r  t h a n  

none a t  a l l ;  i t  i s  a lways  b e t t e r  t h a n  a  l i t t l e  knowledge 

used f o o l i s h l y .  S t a n d a r d s  a r e  n o t  exogenous t o  o u r  sys tems  

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



I n d i c a t o r s  

The o b j e c t i v e  of  t h i s  paper  i s  t o  i n t r o d u c e  some concepts  

f o r  management of  env i ronmenta l  sys tems.  Throughout t h i s  

work we w i l l  use "env i ronmenta l  systemst t  i n te r changeab l y  w i th  

"ecosystems" because we i n t e n d ,  f o r  purposes  of  t h i s  model, 

t o  r e p r e s e n t  t h e  environment by a  sma l l  number of  s u r r o -  

g a t e  o r  i n d i c a t o r  s p e c i e s  o r  f u n c t i o n s ,  and maintenance of  

env i ronmenta l  q u a l i t y  t o  be tantamount t o  maintenance of t h e s e  

w i t h i n  ranges  d e f i n e d  by t h e i r  s t a b i l i t y  c h a r a c t e r i s t i c s .  The 

use of  i n d i c e s  t o  c o l l a p s e  t h e  d i m e n s i o n a l i t y  of m u l t i - v a r i a t e  

problems i n  ecology and env i ronmenta l  eng inee r i ng  has a  long  

and s p o t t y  h i s t o r y .  For example, i n  ecology t h e r e  have been 

l a r g e  m u l t i - v a r i a t e  s t u d i e s  a t t e m p t i n g  t o  i d e n t i f y  key s p e c i e s ,  

bu t  except  i n  a  few h igh l y  s p e c i f i c  s i t u a t i o n s  t h e s e  have no t  

been no tab l y  s u c c e s s f u l  or  g e n e r a l i z a b l e .  Cur ren t  work 

s u g g e s t s  t h a t  i n d i c a t o r s  might be de f i ned  i n  terms of r o l e s  

r a t h e r  t han  i n  terms of  s p e c i e s ;  t h e s e  r o l e s  a r e  de f i ned  by 

s i z e ,  p l a c e ,  and (perhaps  ) t r o p h i c  l e v e l .  S i g n i f i c a n t  changes 

i n  r o l e s  occur  on ly  when t h e  system i s  s i g n i f i c a n t l y  s t r e s s e d ,  

even wh i l e  t h e r e  a r e ,  o r  can be, wide tempora l  and s p a t i a l  

s h i f t s  i n  t h e  s p e c i e s  i n  t h e  absence of  s t r e s s .  

With r e s p e c t  t o  env i ronmenta l  eng inee r i ng ,  i n d i c e s  f o r  

p o l l u t i o n  of  water  and a i r  have been c o n s t r u c t e d  and t e s t e d  

i n  a  v a r i e t y  of a p p l i c a t i o n s .  These have c e n t e r e d  on chemica l ,  

physical., and b i o l o g i c a l  c h a r a c t e r i s t i c s  of  t h e  media, a l t hough  

a  few s t u d i e s  have po in ted  toward a n  index  p rope r t y  which 



r e f l e c t s  t h e  c o s t  o f  p o l l u t i o n  abatement f o r  s p e c i f i c  

purposes .  Add i t i ona l  work has cen te red  on hous ing  charac-  

t e r i s t i c s  and urban a i r  p o l l u t i o n  i n d i c e s  a s  measures of 

env i ronmenta l  h e a l t h ;  some of t h e  b e s t  o f  t h e s e  have been 

used a s  a d j u n c t s  i n  po l i cy  a n a l y s i s ,  a l t hough  t h e  methodol- 

o g i e s  a r e  no t  s u f f i c i e n t l y  g e n e r a l  t o  s e r v i c e  a  wider  need. 

R e s i l i e n c e  and Standards  

Ho l l i ng  [3]  summarized a  range o f  expe r i ence  i n  

c l a s s i f y i n g  e q u i l i b r i a  o f  e c o l o g i c a l  sys tems.  I n  p a r t i c u l a r ,  

he in t roduced t h e  concept  of r e s i l i e n c e  and c o n t r a s t e d  i t  

t o  s t a b i l i t y ,  n o t i n g  t h a t  a  p o p u l a t i o n ' s  r e s i l i e n c e ,  o r  

p e r s i s t e n c e  under s t r e s s ,  i s  a  more impor tan t  c h a r a c t e r i s t i c  

o f  i t s  e c o l o g i c a l  v i a b i l i t y  t han  a  popu la t i on  count  a t  some 

moment i n  t ime.  He desc r i bed  t h e  mechanics of  s i x  t y p i c a l  

c a s e s  of  p o s s i b l e  ecosystem i n t e r a c t i o n ,  u s i n g  two i n d i c a t o r  

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

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

a s  X and Y ,  and t h e  s i x  c a s e s  a r e  shown i n  F igu re  1. 

It would be u s e f u l  f i r s t  t o  put  t h e  b a s i c  d e c i s i o n  model 

i n t o  i t s  e c o l o g i c a l  c o n t e x t .  Two s p e c i e s  ( o r  r o l e s ) ,  X and Y,  

a r e  invo lved  i n  t h i s  h i gh l y  s i m p l i f i e d  ecosystem; we assume 

they  l i v e  i n  a  l a k e ,  which i s  a  r e l a t i v e l y  s imp le  ecosystem 

w i th  a  we l l -de f ined  boundary. It i s  impor tan t  t o  t h e  

d e c i s i o n  maker t h a t  t h e s e  s p e c i e s  o r  r o l e s  p e r s i s t ,  a l though 

i t  i s  w e l l  known t h a t  env i ronmenta l  a c c i d e n t s  o r  p o l l u t i o n  



ep i sodes  of va ry ing  s e v e r i t y  can  occur ,  r e s u l t i n g  i n  move- 

ments a c r o s s  t h e  phase p lane ;  t h e s e  movements a r e  t y p i c a l l y  

a s s o c i a t e d  w i t h  a  k i l l  o f  one o r  bo th  s p e c i e s .  It i s  our  

o b j e c t i v e  t o  e s t a b l i s h  a  s tanda rd  f o r  env i ronmenta l  p o l l u t i o n  

c o n t r o l  such t h a t  a p p r o p r i a t e  c a p i t a l  equipment and o p e r a t i n g  

p o l i c i e s  can be employed t o  ma in ta in  X and Y a t  s u i t a b l e  

l e v e l s .  These l e v e l s  a r e  no t  n e c e s s a r i l y  d e f i n e d  by a  

minimum a lone ,  but  perhaps by a  maximum a s  w e l l .  An upper 

l i m i t  might be added because l a r g e  numbers of one organism 

can l ead  t o  a  wi ld  o s c i l l a t i o n  and u l t i m a t e l y  t o  a new and 

d i s t a s t e f u l  equ i l i b r i um r e g i o n .  A lga l  blooms a r e  a n  example 

because,  once t r i g g e r e d ,  they  can l ead  t o  deoxygenat ion of 

t h e  water  a s  t h e  abundant p l a n t  m a t e r i a l  decomposes. 

I t  i s  p a r t  o f  t h e  s a n i t a r y  e n g i n e e r i n g  t r a d i t i o n  t o  

p reven t  t h e s e  env i ronmenta l  i n s u l t s ,  and g r e a t  sums a r e  

devo ted  t o  a s s u r e  w i t h i n  reasonab le  l i m i t s  o f  p r o b a b i l i t y ,  

t h a t  p o t e n t i a l  was te  loads  f o r  t h e  system a r e  s o  t r e a t e d  and 

managed a s  t o  meet performance c r i t e r i a  o r  s t a n d a r d s  imposed 

by s o c i e t y .  

Consider  t h e  consequences i n  F i g u r e  l A ,  S t a b l e  

Equ i l ib r ium,  f o r  which t h e  i n i t i a l  c o n d i t i o n  i s  a t  some 

p o i n t  (Xo,Yo) o r  Po on t h e  s p i r a l .  Given no i n t e r v e n t i o n  

by man and no stocha:tic e f f e c t s ,  t h e  tendency of  t h e  system 

i s  t o  move inward a l o n g  t h e  s p i r a l - l i k e  t r a j e c t o r y ,  t a k i n g  

s t e p s  of v a r y i n g  s i z e  i n  each s u c c e s s i v e  t ime i n t e r v a l ,  and 

i n  t h e  l i m i t  approach ing  t h e  e q u i l i b r i u m  p o s i t i o n  (X*,Y*) . 



S t o c h a s t i c  i n f l u e n c e s  d e r a i l  t h e  p rocess ,  t h e  s i z e  and 

d i r e c t i o n  of  t h e  random component be ing  a  f u n c t i o n  of  

l o c a t i o n  i n  t h e  phase p lane .  The d i s t r i b u t i o n  of t imes  o f  

passage from Po t o  P*, o r  t o  some s e t  of p o i n t s  near  enough 

t o  P*, might be eva lua ted  a n a l y t i c a l l y  i f  t h e  convergence 

f u n c t i o n s  a r e  s u f f i c i e n t l y  t r a c t a b l e ;  i n  most c a s e s  Monte 

Ca r l o  t echn iques  a r e  r e q u i r e d .  But a p a r t  from t h e s e  d e t a i l s ,  

i t  i s  c l e a r  t h a t  systems c h a r a c t e r i z e d  by Case A w i l l  always 

m i g r a t e  toward e q u i l i b r i u m  s o  t h a t  wh i l e  l ong  recovery  t imes  

might be a s s o c i a t e d  w i t h  l a r g e r  d i sp lacemen ts  from a n  i n t e r i o r  

o r  quas i -equ i l i b r i um p o s i t i o n  i n  t h e  phase p lane ,  t h e  f a c t  

o f  recovery  i t s e l f  i s  a  v i r t u a l  c e r t a i n t y .  

Cases B and C demons t ra te  s i m i l a r  convergence.  Case B, 

S t a b l e  L imi t  Cycle,  converges from any p o i n t  i n  t h e  p lane  t o  

a  c l o s e d  loop which shows dynamic r a t h e r  t h a n  s t a t i c  

e q u i l i b r i u m .  Any p e r t u r b a t i o n  from t h e  s t a b l e  l i m i t  c y c l e  

produces e c o l o g i c a l  p r e s s u r e s  which u l t i m a t e l y  d r i v e  t h e  

system back t o  t h e  c y c l i c  l o c u s .  If X and Y a l o n e  a r e  p l o t t e d  

a g a i n s t  t ime,  t h e  t ime s e r i e s  would show p a t t e r n s  c h a r a c t e r i s t i c  

of s u s t a i n e d  o s c i l l a t i o n ;  t h i s  i s  a t y p i c a l  consequence o f  

s imp le  p redator -p rey  behav io r .  Case C ,  S t a b l e  Node, shows 

d i r e c t  convergence, w i t h  no l oop ing ,  from any p o i n t  i n  t h e  

X-Y p l ane  t o  t h e  e q u i l i b r i u m  p o i n t  P*. 

Case D, N e u t r a l l y  S t a b l e  Cycles,  has  t h e  s p e c i a l  

p r o p e r t y  t h a t  any d isp lacement  r e s u l t s  i n  a  new, s u s t a i n e d  

o s c i l l a t o r y  t ime s e r i e s .  Th is  phenomenon has  n o t  y e t  been 



i d e n t i f i e d  i n  r e a l  b i o l o g i c a l  systems;  indeed,  t h e r e  may no t  

e x i s t  any such  systems.  But t h e  c a s e  i s  inc luded f o r  

completeness.  

Case E i s  o f  g r e a t  i n t e r e s t  f o r  env i ronmenta l  manage- 

ment; we cons ide r  h e r e  i t s  s p e c i a l  i m p l i c a t i o n s  w i th  r e s p e c t  

t o  wa te r  q u a l i t y  c o n t r o l .  We have a  c l o s e d  l ocus  from which 

inward d i sp lacemen ts  converge t o  an e q u i l i b r i u m  p o s i t i o n  

( X * ,  Y*) o r  from which outward d i sp lacemen ts  d i v e r g e  t o  some 

new domain o f  s t a b i l i t y  o r  t o  e x t i n c t i o n  o f  one ( o r  more) 

s p e c i e s .  Of course ,  sma l l  d i sp lacemen ts  w i l l  no t  n e c e s s a r i l y  

r e s u l t  i n  t h e s e  t e r m i n a l  p o s i t i o n s  because movements i n  t h e  

phase p lane  c o n t a i n  random components which might  jump t h e  

t r a j e c t o r i e s  a c r o s s  t h e  boundary i n  e i t h e r  d i r e c t i o n .  It i s  

u s e f u l  t o  t h i n k  of  a  domain of  s t a b i l i t y  a s  a  mesa surrounded 

by lowlands.  A p a r t i c l e  moving on t h e  mesa has  a  non-zero 

p r o b a b i l i t y  of f a l l i n g  o f f  i n  one s t e p ,  and t h e  p r o b a b i l i t y  

v a r i e s  acco rd ing  t o  t h e  l o c a t i o n  of  t h a t  p a r t i c l e  on t h e  

p l a n e  and acco rd ing  t o  t h e  s i z e  of t h e  s t e p  at  any t ime.  Once 

f a l l e n ,  u n l i k e  a  woman, a  p a r t i c l e  can  c l imb back o n t o  t h e  mesa 

and r e - e n t e r  t h e  domain o f  s t a b i l i t y ;  t h e  l i k e l i h o o d  of  such  

a move is s m a l l e r  t h a n  t h a t  o f  f a l l i n g  o f f .  

Another p o s s i b i l i t y  i s  t h a t  t h e  p a r t i c l e ,  hav ing f a l l e n ,  

wanders around t h e  lowland and u l t i m a t e l y  encoun te rs  ano the r  

mesa t o  which i t  i s  p rope l l ed .  I n  b i o l o g i c a l  te rms,  t h e  system 

f l i p s  from one domain o f  s t a b i l i t y  t o  a n o t h e r .  

Th is  concept  i s  fundamental  t o  an unders tand ing  o f  

b i o l o g i c a l  e n g i n e e r i n g  and t h e  impos i t i on  o f  s t a n d a r d s .  We 



go t o  g r e a t  expense t o  p revent  u n d e s i r a b l e  f l u c t u a t i o n s  ( o r  

what we p e r c e i v e  t o  be such  f l u c t u a t i o n s )  i n  t h e  popu la t i ons  

X and Y ,  a s  i f  un i fo rmi ty  over  t ime were i n  and o f  i t s e l f  a  

d e s i r a b l e  f e a t u r e .  From F igu re  1 we s e e  t h a t  dynamic 

e q u i l i b r i u m  i s  an  a c c e p t a b l e  e c o l o g i c a l  s t a t e ,  and t h a t  eco- 

s t a s i s  may be q u i t e  an  unna tu ra l  scheme t o  impose on t h e  

system. I f  env i ronmenta l  i n s u l t  does occur ,  moving our  

system f a r  from i t s  equ i l i b r i um p o i n t  o r  s t a b l e  o r b i t ,  our  

t r a d i t i o n  responds  by p a s s i n g  o r  e n f o r c i n g  laws which p revent  

a d d i t i o n a l  deg rada t i on  wh i l e  a l l ow ing  t ime f o r  t h e  abused 

system t o  recove r .  But t h i s  response makes no e f f o r t  t o  

adap t  t o  t h o s e  ecosystems f o r  which recovery  i s  n o t  d e f i n e d  

i n  terms o f  s p e c i f i c  popu la t i on  l e v e l s ,  and c e r t a i n l y  t a k e s  

no e x p l i c i t  account  o f  t h e  v a s t l y  d i f f e r e n t  t ime s c a l e s  under 

which d i f f e r e n t  s p e c i e s  come a g a i n  i n t o  harmonious ba lance  o r  

nea r -equ i l i b r i um.  

Moreover, i f  t h e  system f l i p s  ou t  o f  i t s  domain o f  

s t a b i l i t y ,  and i f  t h e  p a r t i c l e  i s  a t t r a c t e d  t o  a  new domain, 

i t  might happen t h a t  t h i s  new o r b i t  i s  " b e t t e r "  i n  some 

measurable way, o r  a t  l e a s t  no t  worse, t h a n  t h e  o r i g i n a l  

f o o t p r i n t  o r  mesa. I t  might a l s o  happen t h a t  t h e  op t ima l  

s t r a t e g y  i n  t h e  event  o f  such a  f l i p  is t h e  a c c e l e r a t i o n ,  by 

s e l e c t i v e  seed ing  o r  k i l l i n g  o f  organisms,  of  convergence t o  

t h e  new domain. 

O r ,  if t h e  new domain i s  perce ived  t o  be worse t han  t h e  

o ld ,  i t  might be r e a s o n a b l e  t o  encourage and a c c e l e r a t e  



r ecove ry  t o  t h e  o l d  by s e l e c t i v e  s e e d i n g  ( o r  k i l l i n g ) ,  

t he reby  a s s i s t i n g  t h e  p a r t i c l e  t o  c lamber back o n t o  i t s  

o r i g i n a l  h i l l .  But i n  r e - e s t a b l i s h i n g  t h e  o l d  and the reby  

a c h i e v i n g  recove ry ,  i t  i s  not  necessa ry  t o  f i x  t h e  p a r t i c l e  

a t  some unique p o i n t  i n  t h e  p l a n e  bu t  most economical ly  t o  

boos t  i t  up over  t h e  mesa. 

We c a l l  t h i s  concept  Eco log i ca l  Eng ineer ing  th rough t h e  

u t i l i z a t i o n  o f  an Envi ronmenta l  Zoo. It t a k e s  s p e c i f i c  

account  o f  t h e  e l a s t i c i t y  o f  n a t u r a l  systems,  encourages 

them ( a s  we d o  w i t h  s t r u c t u r a l  sys tems)  t o  r o l l  w i t h  t h e  

punches, t o  absorb  env i ronmenta l  s t r e s s  by m a n i f e s t i n g  s t r a i n .  

Thus i f  e c o l o g i c a l  recovery  can  be made s u f f i c i e n t l y  r a p i d l y  

( a l o n e  o r  th rough seed ing ) ,  o r  i f  a l t e r n a t e  domains o f  

e c o l o g i c a l  s t a b i l i t y  a r e  s u i t a b l e ,  i t  might be b e s t  t o  reduce 

c a p i t a l  inves tment  i n  t r ea tmen t  f a c i l i t i e s  and t o  s u b s t i t u t e  

an  inves tment  comprised o f  a  combinat ion o f  c o s t s  f o r  l e s s  

v i go rous  t r ea tmen t ,  maintenance and u t i l i z a t i o n  o f  t h e  Zoo, 

and o t h e r  s o c i a l  and economic c o s t s  a s s o c i a t e d  w i t h  a n  

i nc reased  f requency o f  env i ronmenta l  i n s u l t .  

I t  t h u s  becomes c l e a r  t h a t  a  count  o f  p o p u l a t i o n s  X and Y 

a l o n e  i s  i nadequa te  t o  d e f i n e  t h e  e c o l o g i c a l  s t a t u s  o f  even 

o u r  s i m p l i s t i c  2 -spec ies  system. It i s  n o t  enough t o  know 

where on t h e  e l l i p t i c a l  f o o t p r i n t  we a r e ,  how we g o t  t h e r e ,  

o r  even t h e  " e l e v a t i o n "  o f  t h e  f o o t p r i n t  r e l a t i v e  t o  t h e  

su r round ing  lowland. What i s  impor tan t  i s  some measure o f  

t h e  "distance" t o  t h e  p r e c i p i c e ;  a l l  s o r t s  o f  geomet r i c  



i n t e r p r e t a t i o n s  can be evolved.  The t h i c k n e s s  of  t h e  annu lus  

s e p a r a t i n g  a  p o i n t  from t h e  edge i s  l e s s  s i g n i f i c a n t  t h a n  t h e  

p e r m e a b i l i t y  of t h e  boundary; t h e  s t r e n g t h  o f  t h e  g u a r d - r a i l  

i s  more c r i t i c a l  t h a n  t h e  c h a r a c t e r i s t i c  o f  t h e  highway. 

A s imp le  measure o f  t h e  r e s i l i e n c e  of t h e  system i s  t h e  

p ropens i t y  o f  any p o i n t  on o r  o f f  t h e  f o o t p r i n t  t o  m ig ra te ,  

w i t h i n  one t ime i n t e r v a l ,  t o  some p o i n t  on t h e  f o o t p r i n t .  

I f  we d i v i d e  t h e  f e a s i b l e  X , Y  space  i n t o  zones,  and a s s o c i a t e  

w i th  each a  v e c t o r  o f  va lues  which d e f i n e s  t h e  t r a n s f e r  prob-  

a b i l i t i e s  t o  a l l  o t h e r  zones on t h e  p lane ,  we can  beg in  t o  

f o r m a l i z e  an a n a l y t i c a l  framework f o r  s t u d y i n g  t h e  behav io r  

over  t ime o f  a p a r t i c l e  o r  a  c o l l e c t i o n  o f  p a r t i c l e s .  We 

might,  f o r  example, e l a b o r a t e  t h e  s i n g l e  f o o t p r i n t  t o  a  system 

which encompasses s e v e r a l  f o o t p r i n t s  o r  domains of s t a b i l i t y .  

Each domain and t h e  i n t e r s t i t i a l  lowlands could be subd iv ided  

i n t o  a  number o f  d i s t i n c t  r e g i o n s  o r  s t a t e s ,  and t o  each t h e r e  

cou ld  be ass igned  a  t r a n s f e r  p r o b a b i l i t y  v e c t o r .  I f  t h e  

c o n d i t i o n s  o f  a  Markov Process  p r e v a i l ,  o r  n e a r l y  s o ,  t h e s e  

jump p r o b a b i l i t i e s  comple te ly  s p e c i f y  t h e  p rocess .  From them 

we can  deduce t h e  s t e a d y - s t a t e  o r  r e s i d e n c e  p r o b a b i l i t i e s  f o r  

every  s t a t e ,  t h e  expected t ime f o r  t r a n s f e r  between any two 

s t a t e s ,  and o t h e r  r e l a t e d  a s p e c t s  of  system behav io r .  We 

r e t u r n  t o  t h i s  formal ism i n  a  subsequent  s e c t i o n .  

Case F, Uns tab le  Equ i l i b r i um,  i s  a d e g e n e r a t e  c a s e  o f  E 

f o r  which t h e  f o o t p r i n t  i s  comple te ly  c o l l a p s e d  and a l l  p o i n t s  

i n  t h e  X-Y p lane  l e a d  u l t i m a t e l y  t o  e x t i n c t i o n  of  X I  o r  Y ,  o r  



both .  Th is  c a s e  r e q u i r e s  con t i nuous  mon i to r ing  and manage- 

ment, a l t hough  i t  i s  not  obv ious when t h e  i n t e r v e n t i o n s  shou ld  

be scheduled t o  o b t a i n  op t ima l  c o n t r o l  over  t h e  ecosystem. 

Fo r  example, i f  k i l l i n g  i s  cheaper  t h a n  seed ing ,  i t  might be 

advantageous t o  wait u n t i l  t h e  system i s  i n  a  s t a t e  n o r t h e a s t  

o f  t h e  a c c e p t a b l e  r e g i o n  and t h e n  reduce  X and Y s imu l taneous l y ,  

w i t h  t h e  nex t  i n t e r v e n t i o n  scheduled a t  a  t ime dependent on 

t h e  r e a l i z e d  r a t e  of  movement t o  t h e  n o r t h e a s t  and t h e  r e l a t i v e  

c o s t s  of  k i l l i n g  X and Y .  

We t u r n  now t o  a s imp le  model f o r  managing ecosystems 

which obey t h e  mechanics s p e c i f i e d  i n  c a s e s  A th rough F. 

A Simple Opt im iza t ion  Scheme f o r  Ecosystem Management 

Cons ider  a n  ecosystem c h a r a c t e r i z e d  by Case A ,  S t a b l e  

Equ i l ib r ium.  It i s  ev iden t  t h a t  A r e p r e s e n t s  a s p e c i a l  f o o t -  

p r i n t  o f  Case E i n  t h a t  i t  occup ies  t h e  e n t i r e  X-Y p lane .  

Along each o f  t h e  i n f i n i t y  o f  s p i r a l  pa ths  we mark s t e p s  

which a r e  t r a v e r s e d  i n  e q u a l  t ime i n t e r v a l s - - s a y  a season  o r  

a  y e a r  o r  whatever .  These a r e  based on d e t e r m i n i s t i c  system 

dynamics, a c o n d i t i o n  which we w i l l  p r e s e n t l y  r e l a x .  I n  

F i g u r e  2 we s e e  s e v e r a l  convergent  pa ths ,  f o r  which t h e  b io -  

l o g i c a l  ev idence o r d a i n s  t h a t  t h e  s t e p s  g e t  s m a l l e r  a s  t h e  

s p i r a l s  t i g h t e n .  P a r t i c l e s  approach t h e  e q u i l i b r i u m  p o i n t ,  

r each ing  i t  on ly  i n  t h e  l i m i t ,  un leaa a random p e r t u r b a t i o n  

j o l t s  a  p a r t i c l e  d i r e c t l y  o n t o  i t s  e q u i l i b r i u m  p o i n t ;  such a 

p a r t i c l e  i s  n o t  f o r e v e r  t r apped  a t  e q u i l i b r i u m  b u t  w i l l ,  i n  



due course ,  s u s t a i n  a  random s h i f t  t o  some o t h e r  p o i n t  i n  t h e  

p lane .  

Thus i t  makes l i t t l e  sense  t o  t a l k  o f  t h e  t ime  requ i red  

t o  pass  t o  equ i l i b r i um because e q u i l i b r i u m  i s  admiss ib le  on ly  

a s  a  l i m i t i n g  p rocess .  I n s t e a d ,  we draw an  envelope around 

t h e  e q u i l i b r i u m  p o i n t ,  and measure t ime- to-convergence from 

any p o i n t  i n  t h e  p lane  a s  t h e  t ime r e q u i r e d  t o  t r a v e r s e  i t s  

subtended s p i r a l  and i n t e r s e c t  t h e  enve lope .  There i s  no 

requ i rement  t h a t  t h e  enve lope  be c i r c u l a r  o r  even symmetr ic;  

t h e  p r i n c i p a l  c o n d i t i o n  i s  t h a t  it enc lose  a  s e t  o f  p o i n t s  

which can  r e a l i s t i c a l l y  be a t t a i n e d  by t h e  system and which 

d e l i m i t  "acceptab le"  combina t ions  of  X and Y .  I n  o t h e r  words, 

p o i n t s  w i t h i n  t h e  enve lope  " s a t i s f i c e . "  

The s p i r a l s  and t h e  e q u a l  t ime s t e p s  can  be mapped i n t o  

con tou rs  o f  e q u a l  t ime t o  convergence,  where convergence is  

d e f i n e d  a s  i n t e r s e c t i o n  between a  s p i r a l  and t h e  l ocus  o f  

a d m i s s i b i l i t y  o r  t h e  t a r g e t  a r e a .  The t a r g e t  i s  no t  d e f i n e d  

by b i o l o g i c a l  o r  e c o l o g i c a l  c o n s i d e r a t i o n s  but  r a t h e r  by t he  

boundary o f  a c c e p t a b i l i t y  imposed by t h e  i n t e r a c t i o n  of dynamic 

s o c i a l ,  p o l i t i c a l ,  and economic f o r c e s .  Some t a r g e t s  a r e  

l a r g e ,  some a r e  narrow; i n  a  number of  c a s e s  ( e . g . ,  t h e  New 

Guinea p i g  c u l t u r e ,  Rappoport  [ 4 ] )  i t  i s  p o s s i b l e  t o  show how 

s o c i a l  mechanisms dynamica l l y  ma in ta in  a  wide a c c e p t a b i l i t y  

domain by f o r c i n g  a  f l u c t u a t i o n  o f  key r e s o u r c e s .  I n  any 

e v e n t ,  convergence i s  shown i n  F igu re  3 f o r  a  s e t  o f  d e t e r -  

m i n i s t i c  s p i r a l  t r a j e c t o r i e s .  



S t o c h a s t i c  components can  be accommodated by t h e  use o f  

Monte Car lo  t echn iques .  Assoc ia ted  w i t h  any p o i n t  i n  t h e  

phase p lane  i s  a v e c t o r  o r  d e n s i t y  whose e lements  a r e  t h e  

p r o b a b i l i t i e s  of  s h i f t i n g  t o  t h e  t a r g e t  a r e a  w i t h i n  1 ,2 ,3 ,  ... 
t ime  i n t e r v a l s .  Thus they  a r e  no t  p r o b a b i l i t i e s  o f  t r a n s f e r  

t o  s p e c i f i c  r e g i o n s  o f  t h e  p lane ,  bu t  r a t h e r  o f  t r a n s f e r  on to  

c o n t o u r s  T1,T2,T3, .... From t h e s e  d e n s i t i e s ,  a  Monte Car lo  

a n a l y s i s  can  g e n e r a t e  con tou rs  o f  e q u a l  expec ted  t ime t o  q u a s i -  

convergence and maps of  t h e  p r o b a b i l i t y  o f  r a p i d  ( say ,  1- o r  

2- i n t e r v a l )  recovery .  

Consider  a  p o i n t  ( x , y )  i n  t h e  X-Y p lane  shown i n  F i g u r e  3 .  

This  p o i n t  might be reached a f t e r  a  p a r t i c u l a r  e c o l o g i c a l  

acc iden t - -say  a n  o i l  s p i l l ,  a  therma l  d i scha rge ,  a  f a i l u r e  o f  

a  mun ic i pa l  sewage t rea tmen t  p l a n t ,  a  s to rm su rge ,  e t c .  The 

s t a n d a r d  f o r  t h e  ecosystem, say  a  l a k e ,  i s  t h a t  management 

p rocedures  s h a l l  be i n s t i t u t e d  s o  a s  t o  a s s u r e  t h a t :  ( i )  an 

a c c i d e n t  o f  t h i s  s e v e r i t y  occurs  no more f r e q u e n t l y  t h a n  one 

y e a r  i n  nx and ( i i )  when i t  does occur ,  t h e  t ime  t o  q u a s i -  
, Y '  

r ecove ry  s h a l l  no t  exceed T* t ime  i n t e r v a l s .  

We assume f o r  t h e  moment t h a t  no more t h a n  one a c c i d e n t  

can  occur  i n  any yea r .  Th is  s i m p l i f i e s  t h e  e x p l a n a t i o n s  and 

t h e  example, b u t  i n  no way i n v a l i d a t e s  t h e  a p p l i c a t i o n  o f  t h i s  

concept  t o  a  more g e n e r a l ,  r e a l i s t i c  c a s e  i n  which s e v e r a l  

a c c i d e n t s  p e r  t ime p e r i o d  can  occur .  

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

o f  t r ea tmen t  works o r  t h e  implementat ion of p rocess  changes a t  



- 1 a s c a l e  adequate  t o  reduce  t o  nx t h e  p r o b a b i l i t y  o f  a n  , Y 

a c c i d e n t a l  s h i f t  t o  ( x , y ) .  The l e a s t - c o s t  f a c i l i t y  which 

accompl i shes  t h i s  t a s k  has  a  t o t a l  c o s t  ( c a p i t a l  p l u s  d i s -  

coun ted  annua l  OMR) o f  K whose v a l u e  depends on t h e  
X , Y '  

t a r g e t  ( a  m a t t e r  o f  judgment and t h e  p o l i t i c a l  p r o c e s s ) ,  t h e  

v a l u e s  ( x , y ) ,  and t h e  a c c e p t a b l e  p r o b a b i l i t y  nx - 1 I f  we 
, Y  

examine a l l  minima Kx on t h e  p l ane ,  t h e  f a c i l i t y  a c t u a l l y  , Y 
c o n s t r u c t e d  is  t h e  most c o s t l y  o r  gove rn ing  one; i t s  c o s t  i s  

C = max Kx 
X , Y  

, Y  ' 

whereupon t h e  p r o b a b i l i t y  o f  an a c c i d e n t  a t  any l e v e l  ( x , y )  i s  

changed t o  px - 1 
, Y '  

f o r  which px . We c a n  pu t  a n  index  
, Y  f n x , ~  

on C t o  i d e n t i f y  t h e  p o l i c y  ( o r  s t a -  3 r d )  f rom which i t  i s  

d e r i v e d ;  i t  i s  conven ien t  t o  c o n s i d e r  a  sequence  o f  p o l i c i e s  

and t o  l a b e l  t h e  co r respond ing  c o s t s  C1,C2,C3, .... 
The second c o n d i t i o n  o f  t h e  s t a n d a r d  governs  recove ry  t ime ,  

where we t a k e  recove ry  t o  encompass a l l  X-Y combina t ions  which 

l i e  w i t h i n  t h e  t a r g e t  r e g i o n  ( t h e  c o r e  o r  shaded p o r t i o n  o f  

F i g u r e  2 ) .  When a n  a c c i d e n t  s h i f t s  t h e  sys tem from a s a t i s -  

f a c t o r y  s t a t e  t o  ( x , y )  o u t s i d e  t h e  l o c u s ,  t h e  Envi ronmenta l  Zoo 

i s  drawn upon t o  seed t h e  sys tem w i t h  x  and y  organisms (where 

x  and y  may be n e g a t i v e )  such  t h a t  t h e  c o s i  o f  r ecove ry  w i t h i n  

T* i n t e r v a l s  is  minimized. 

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

X- and Y-organisms a r e  e q u a l ,  and i f  i t  c o s t s  a s  much t o  seed  

a s  t o  k i l l ,  i t  i s  a s imp le  m a t t e r  t o  s t r i k e  a  normal t o  t h e  T* 



con tou r  from t h e  p o i n t  ( x , y )  and t o  r e a d  t h e  t o t a l  seed ing  

c o s t  

I f  u n i t  c o s t s  of seed ing  w i t h  X- and Y-organisms a r e  cx  

and c  r e s p e c t i v e l y ,  t h e n  t h e  normal must be drawn on a  p lane  
Y '  

whose axes  a r e  d i s t o r t e d  i n  t h e  r a t i o  c x : c  For  example, 
Y '  

i f  cx  = 2c l a r g e  changes i n  X shou ld  be d iscouraged i n  
Y '  

f a v o r  o f  changes i n  Y ,  whereupon t h e  X-axis should be s t r e t c h e d  

by a  f a c t o r  o f  2.  Th is  has  t h e  e f f e c t  o f  changing Y more, and 

X l e s s ,  t han  p rev ious l y  (w i t h  cx  = c Y ) .  

I f  u n i t  k i l l i n g  c o s t s  a r e  denoted  c, g e n e r a l l y  d i f f e r e n t  

t h a n  seed ing  c o s t s  c ,  then  

+ where te rms marked a r e  used i f  seed ing  i s  r e q u i r e d  (Ax o r  

Ay - > 0 )  and t h o s e  marked - a r e  used i f  k i l l i n g  i s  r e q u i r e d  

(Ax o r  Ay < 0 )  t o  reach  t h e  T* con tou r .  And f i n a l l y ,  i f  t h e r e  

a r e  economies of s c a l e  a s s o c i a t e d  w i t h  s p r e a d i n g  chemica ls  o r  

organisms th roughout  t h e  l a k e  system, t h e  geomet r i c  i n t e r -  

p r e t a t i o n  does no t  r e a d i l y  app ly  f o r  r e a c h i n g  t h e  l e a s t - c o s t  

t r a j e c t o r y .  Under t h e s e  c i r cums tances ,  a  t r i v i a l  a l g o r i t h m  

might have t o  be i nco rpo ra ted  t o  c a l c u l a t e  t h e  l e a s t - c o s t  

pa th ;  i n  any case ,  t h i s  v a l u e  i s  t h e  r e p a i r  c o s t  a s s o c i a t e d  

w i t h  meet ing  t h e  second p a r t  o f  t h e  s t a n d a r d .  I t  i s  

w r i t t e n  R(x,y ,T*) .  The expected annua l  c o s t  o f  r e p a i r  i s  



and i t  i s  r easonab le  t o  a t t a c h  a  s u b s c r i p t  k t o  i d e n t i f y  t h e  

p o l i c y  under  i n v e s t i g a t i o n .  The t o t a l  c o s t  o f  t h e  k th  s o l u t i o n  

i s  t hen  

Note t h a t  chang ing  t h e  s t a n d a r d  cou ld  i nvo l ve  changing 

one o r  more o f  t h e  f o l l ow ing  parameters :  

1) t h e  c o n f i g u r a t i o n  of t h e  t a r g e t  r e g i o n ,  which 

a f f e c t s  t h e  l o c a t i o n  of t h e  T*-contour and hence 

t h e  e v a l u a t i o n  of a l l  r ecove ry  c o s t s ;  

2 )  t h e  va lue  o f  T*; 

3 )  t h e  a l l owab le  p r o b a b i l i t i e s  o f  d e v i a t i o n  from t h e  

t a r g e t  domain, which a f f e c t  t h e  c a p i t a l  c o s t s  C k  

and t h e  expected r e p a i r  c o s t s  R k  f o r  t h e  k t h  p o l i c y .  

The e f f e c t  o f  changing t h e s e  parameters  can  r e a d i l y  be c a l -  

c u l a t e d ,  and can  be p resen ted  i n  s e v e r a l  ways. Our example, 

based on va lues  r e a d  from F i g u r e  3, uses  t h e  assumpt ions t h a t  

k i l l i n g  c o s t s  equa l  seed ing  c o s t s ,  o r  t h a t  cx  = c  so  t h a t  
Y '  

no d i s t o r t i o n  o f  t h e  X-Y c o o r d i n a t e  system i s  necessa ry .  

Equ i l ib r ium of  t h e  e c o l o g i c a l  system i s  assumed t o  o b t a i n  

a t  X *  = 7,  Y* = 10, and t h e  t a r g e t  r e g i o n  is a u n i t  c i r c l e  

c e n t e r e d  on t h i s  e q u i l i b r i u m ,  a t  (7,101. Costs  a r e  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  sum o f  movements a long  t h e  c o o r d i n a t e  

d i r e c t i o n s  ( t h e  Manhattan d i s t a n c e ) ,  and t h e  r e p a i r  c o s t s  



R(x,y  ,T*) can be p l o t t e d  a s  a  s e t  o f  c o n t o u r s ,  F igu re  4.  

These con tou rs  a r e  unique f o r  a  g iven p o l i c y  which, i n  t h i s  

i n i t i a l  example, is  s i m p l i f i e d  by c e n t e r i n g  t h e  t a r g e t  a t  t h e  

e q u i l i b r i u m  p o i n t .  But ,  f o r  a  more g e n e r a l  t rea. tment  , i t  i s  

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

o r  t a r g e t  from i t s  i d e n t i t y  wi th  t h e  e c o l o g i c a l  e q u i l i b r i u m  

i n  o r d e r  t o  demonst ra te  t h e  consequences o f  s e t t i n g  s t a n d a r d s  

independent  of t h e  c h a r a c t e r i s t i c s  of  t h e  e c o l o g i c a l  sys tem,  

and the reby  more r e f l e c t i v e  of  socio-economic f a c t o r s ,  t r a d e -  

o f f s ,  and a e s t h e t i c  p e r c e p t i o n s .  

Suppose, f o r  t h i s  more g e n e r a l  t r e a t m e n t ,  we s p e c i f y  

t h a t  t h e  t a r g e t  a r e a  i s  a  c i r c l e .  I n  subsequent  s t u d i e s  i t  

would be i n t e r e s t i n g  s y s t e m a t i c a l l y  t o  c o n s i d e r  o t h e r  shapes ,  

c o n f i g u r a t i o n s ,  and p o s i t i o n s  of t h e  t a r g e t  a r e a .  The 

r e l a t i o n  between t h e s e  d imensions and t h e  behav io r  o f  t h e  

n a t u r a l  e c o l o g i c a l  system de termine  t h e  t r u e  c o s t  o f  imposing 

and m a i n t a i n i n g  an environment a1 s tanda rd .  For  example, i f  

we c e n t e r  a  c i r c u l a r  t a r g e t  a r e a  f a r  from t h e  e c o l o g i c a l  

e q u i l i b r i u m ,  t h e  c o s t s  w i l l  no t  on l y  c o n s i s t  o f  t h e  i n i t i a l  

seed ing  o r  k i l l i n g  c o s t s  r e q u i r e d  t o  move t h e  system w i t h i n  

T* t ime  u n i t s  o f  t h e  t a r g e t ,  bu t  a l s o  o f  t h e  c o s t  o f  con t i n -  

u a l l y  m a i n t a i n i n g  t h e  system, a g a i n s t  i t s  i n c l i n a t i o n ,  i n  

an i n h o s p i t a b l e  o r  abnormal r e g i o n  o f  t h e  phase p lane .  

Of cou rse ,  o t h e r  p o l i c y  parameters  a r e  s u b j e c t  t o  t r a d e o f f  

a t  t h e  marg in.  I n  p a r t i c u l a r ,  because t h e  p r o b a b i l i t i e s  super -  

imposed on t h e  e c o l o g i c a l  outcomes which f i l l  t h e  X-Y p lane  



can be changed by inves tment ,  t h e  s t r a t e g i e s  o f  p reven t i on  

and r e p a i r  can  be b lended and t raded .  I f  we under take  

s e r i o u s l y  t o  r e c o n c i l e  d i f f e r e n t  v iewpo in ts ,  f o r  example 

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

making t o o l s  i s  a v a i l a b l e .  These i n c l u d e  P a r e t i a n  Ana lys is ,  

m u l t i - a t t r i b u t e  d e c i s i o n  a n a l y s i s ,  group d e c i s i o n  making, 

e t c .  D e t a i l s  o f  t h e s e  p rocedures  appea r  i n  t h e  s t a n d a r d  

l i t e r a t u r e  on d e c i s i o n  t heo ry ,  w i t h  e s p e c i a l l y  r e l e v a n t  

summaries i n  Dorfman and Dorfman [l] and Dorfman e t  a l .  [21. 

We w i l l  e l a b o r a t e  some o f  t h e s e  views below. 

Contours could be drawn, and p o l i c i e s  compared, f o r  

o t h e r  cases  i n  o u r  s e t .  Fo r  Case B, S t a b l e  L imi t  Cyc le,  t h e  

t a r g e t  r eg ion  cou ld  be t h e  same enc losed  locus  d e s c r i b e d  

above o r ,  a l t e r n a t e l y ,  an a n n u l a r  r i n g  whose t h i c k n e s s  i s  a 

r e f l e c t i o n  of  t h e  s tanda rd  f o r  managing t h e  ecosystem. Such 

a  cho ice  would r e p r e s e n t  an e x p l i c i t  a t t emp t  t o  work w i t h  an 

i n t r i n s i c  rhythm i n h e r e n t  i n  t h e  sys tem,  a t  l e a s t  t o  t h e  

degree  t h a t  i t  appears t o  be a c c e p t a b l e  f o r  s o c i a l  and o t h e r  

reasons .  The t h i c k n e s s  o f  t h e  r i n g ,  which g e n e r a l l y  i s  

v a r i a b l e  around t h e  l ocus ,  i s  analogous t o  t h e  s i z e  (however 

measured)  of t h e  c e n t r a l l y  l o c a t e d  t a r g e t  r e g i o n  adopted i n  

Case A .  The consequence i s  t h a t  i s o - c o s t  con tou rs  f o r  

recovery  under Case B show a  curved  v a l l e y  shaped much l i k e  

t h e  a n n u l a r  t a r g e t .  The i m p l i c a t i o n  h e r e  i s  t h a t  i t  would 

be very expens ive  t o  impose an env i ronmenta l  s t a n d a r d  which 

f o r c e s  t h e  system t o  t h e  h i l l s  locked i n s i d e  ( o r  surrounded by)  



t h e  annulus a s  compared t o  r e l a x i n g  a  b i t  and a l low ing  t h e  

system t o  t r a v e r s e  i t s  n a t u r a l  v a l l e y .  I n  o t h e r  words, t h e  

s tanda rd  shou ld  be i n  harmony w i t h  t h e  mechanics o f  t h e  

system and should r e f l e c t  t h e  economic r e a l i t i e s  o f  f o r c i n g  

s t a t e  v a r i a b l e s  i n t o  uncomfor tab le combinat ions which they  

cannot  ma in ta in  un less  a b e t t e d  by f r e q u e n t  i n t e r v e n t i o n  and 

management. S i m i l a r  r e s u l t s  can be ob ta ined  f o r  t h e  o t h e r  

cases  i n  our  b a s i c  model system. 

Markovian Behavior  

The vary ing  s t e p  s i z e s  shown i n  F igu re  2 sugges t  t h a t  a  

g iven  p a r t i c l e  spends much more t ime c l o s e r  t o  P* t h a n  a t  

t h e  f r i n g e s  o f ' t h e  s p i r a l s .  I f  we assume t h a t  t h e  s t o c h a s t i c  

p r o c e s s  which governs convergence is  e rgod i c ,  we can a l s o  

s a y  t h a t  a t  any g iven  moment more p a r t i c l e s  a r e  l o c a t e d  n e a r  

t h e  c e n t e r  o f  t h e  galaxy than  a t  t h e  edges .  Indeed,  t h e  

r e s i d e n c e  p r o b a b i l i t i e s  a r e  t h e  r e l a t i v e  p a r t i c l e  d e n s i t i e s  

a t  any t ime.  It i s  r easonab le  t o  ex tend  t h i s  argument f i r s t  

by d i v i d i n g  t h e  domain o f  s t a b i l i t y  i n t o  s e v e r a l  sub-regions 

which d e f i n e  t h e  s t a t e s  of a  Markov Process .  For Case A t h e  

domain of  s t a b i l i t y  i s  t h e  e n t i r e  f i r s t  quadran t  o f  t h e  X-Y 

p lane ,  wh i l e  f o r  Case E, c h a r a c t e r i z e d  by a  Domain o f  

A t t r a c t i o n ,  t h e  domain o f  s t a b i l i t y  is  a  sub-space o f  t h i s  

quandrant  ( o r  a  f o o t p r i n t  t h e r e o n ) .  The p r o b a b i l i t i e s  

s e l e c t e d  i n  t h e  example which f o l l ows  a r e  more n e a r l y  

r e p r e s e n t a t i v e  of  t h e  Domain o f  A t t r a c t i o n ,  Case E, a l though 



i t  i s  c l e a r  t h a t  s l i g h t l y  d i f f e r e n t  e n t r i e s  cou ld  be presumed 

t o  d e r i v e  f o r  S t a b l e  Equ i l ib r ium,  Case A .  F igu re  5 shows 

f o u r  such  s t a t e s  i n  t h e  domain of  s t a b i l i t y ,  f o r  which we 

choose t h e  f o l l ow ing  sample Markov mat r i x ,  which e x p r e s s e s  

t h e  p r o b a b i l i t y  o f  moving from any s t a t e  o r  subreg ion  t o  any 

o t h e r  i n  a  u n i t  t ime.  The s e l e c t i o n  of f o u r  s t a t e s  is a  

S t a t e ,  
t ime t 

S t a t e ,  t ime t + 1 

1 2  3 4  

. 5  . 5  0 0 

. 5  - 4 5  .05 0 

o . 3  .6 .1 

0 0 . 7  . 3  

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

boundar ies  i n  t h e  phase p lane  i s ,  u l t i m a t e l y ,  t o  be based 

on c a r e f u l  a n a l y s i s  of t h e  d e t e r m i n i s t i c  and random p rocesses  

which govern p a r t i c l e  movement i n  t h e  domain o f  s t a b i l i t y .  

N e i t h e r  t h e  l o c a t i o n  o f  t h e  f o o t p r i n t  nor  t h e  t r a n s f e r  

p r o b a b i l i t i e s  i n  t h e  Markov m a t r i x  a r e  based on r e a l  d a t a ,  

bu t  a r e  p resen ted  only  t o  exempl i fy  t h e  c a l c u l a t i o n .  

I n  a  s i n g l e  te rm i n t e r v a l  a  p a r t i c l e  cannot  m ig ra te  

ove r  a  d i s t a n c e  of more t han  one s t a t e  i n  any d i r e c t i o n .  



S t a t e s  S1 and S2,  i n  t h e  c e n t e r  o f  t h e  f o o t p r i n t ,  a r e  

occup ied  much more dense l y  than  S  and S4;  we can v i s u a l i z e  3 
a n e s c a r p m e n t  s e p a r a t i n g S 2  a n d S  T h e s e s t a t e s  h a v e n o  3 -  
s p e c i f i c  connec t ion  t o  environment a 1  o r  p o l l u t i o n  s t a n d a r d s  

imposed by t h e  community; they  a r e  merely conven ien t  r e p r e -  

s e n t a t i o n s  o f  b i o l o g i c a l  ev idence,  and a s  such a r e  s u b j e c t  

t o  e r r o r s  i n  judgment, d i f f e r e n c e s  i n  op in ion ,  e t c .  However, 

it i s  p a r t  o f  o u r  t h e s i s  t h a t  t h e  i n t e r p r e t i v e  and p r e s c r i p -  

t i v e  g u i d e l i n e s  t o  be drawn from models o f  t h i s  s o r t  do  no t  

r e q u i r e  p r e c i s e  s p e c i f i c a t i o n  o f  s t a t e s  and o f  t h e i r  t r a n s f e r  

p r o b a b i l i t i e s  i n  o r d e r  t h a t  prudent  p o l i c i e s  be recommended. 

The s t e a d y  s t a t e  o r  r e s i d e n c e  p r o b a b i l i t i e s  a r e  d e r i v e d  

d i r e c t l y  from t h e  Markov ma t r i x .  Because t h e  Markov Process  

i s  d e f i n e d  by a  t r i - d i a g o n a l  m a t r i x  ( a  c o n d i t i o n  which e x i s t s  

when m ig ra t i on  i s  l i m i t e d  t o  one s t a t e  i n  e i t h e r  d i r e c t i o n ) ,  

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

s imp le  and can  o f t e n  be done w i thou t  r e c o u r s e  t o  computing 

machinery.  We have n = [o. 457,0.457,0.076,0.010] , sugges t i ng  

a  h i g h l y  s t a b l e  regime. Of t h e  f o u r  s t a t e s ,  S1 and S2 a r e  

s u f f i c i e n t l y  c l o s e  t o  t h e  t a r g e t ;  S  and S4 a r e  n o t .  I n  3 
o t h e r  words, we d e a l  w i t h  two k i n d s  o f  " a c c e p t a b i l i t y "  i n  

t h i s  model. The f i r s t ,  hav ing  t o  do w i t h  s o c i a l  and economic 

i s s u e s ,  d e l i m i t s  t h e  t a r g e t  a r e a ,  t h e  convergence t ime,  and 

t h e  f requency  o r  p r o b a b i l i t y  o f  v i o l a t i o n s  of  some i n s t i t u -  

t i o n a l l y  imposed s tanda rd .  Th is  has  a l r e a d y  been d i s c u s s e d  

a t  l e n g t h .  The second k ind  o f  a c c e p t a b i l i t y  t r e a t s  t h e  



e c o l o g i c a l  f a c t o r s  as con ta ined  i n  t h e  phase p lane  r e p r e -  

s e n t a t i o n ,  and i s  independent  o f  human p r e f e r e n c e s .  Thus, 

o f  t h e  f o u r  s t a t e s  i n  o u r  Markov model, t h e  n a t u r a l  ecolog-  

i c a l  system w i l l  normal ly  l i e  w i t h i n  S1 and S2,  c a l l e d  h e r e  

t h e  normal subspace,  and r a r e l y  l i e  i n  S3 and S4,  c a l l e d  

h e r e  t h e  abnormal subspace.  

Now we examine t h e  impact o f  a s t a n d a r d .  Suppose t h e  

community e n a c t s  an  o rd inance,  o r  imposes a s tanda rd ,  which 

r e q u i r e s  t r e a t m e n t  o f  env i ronmenta l  was tes  t o  l e v e l s  such  

t h a t  t h e  X - Y  popu la t i on  coun ts  a r e  cons t ra ined  t o  t h e  shaded 

c i r c u l a r  a r e a  o f  F igu re  5 most o f  t h e  t ime  ( s a y  a t  l e a s t  

g o % ) ,  w i th  excu rs ions  i n t o  t h e  a t t a c h e d  c o n i c a l  a r e a s  no t  

t o  occu r  more f r e q u e n t l y  than  ( s a y )  10% of t h e  t ime.  These 

two r e g i o n s  a r e  c a l l e d  t h e  p r imary  and secondary  r e g i o n s  o f  

t h e  s t a n d a r d ;  we i d e n t i f y  t h e  s t a n d a r d  by t h e  symbol Zk,  w i t h  

t h e  index k  runn ing  a c r o s s  a l l  proposed s t a n d a r d s .  

Th is  s tanda rd  i s  a fo rma l  e x t e n s i o n  o f  performance 

c r i t e r i a  imposed on t h e  c a p i t a l  equipment and o p e r a t i n g  

p o l i c i e s  o f  t h e  waste t r ea tmen t  program i n  t h e  community. 

It i s  n o t  n e c e s s a r i l y  a  b i o l o g i c a l  s t a n d a r d ,  b u t  i t  must 

be s o  exp ressed  a s  t o  be mappable i n t o  a n  ass ignment  of  

a l l owab le  p r o b a b i l i t i e s  o r  r e s i d e n c e  t imes f o r  each  p o r t i o n  

of t h e  X-Y p lane .  While t h e  example i n  t h e  f i g u r e  c o n t a i n s  

two p e r m i s s i b l e  zones, a more g e n e r a l  s t a n d a r d  can have any 

number of zones, t o  each o f  which t h e r e  i s  a t t a c h e d  an 

a c c e p t a b l e  r e s i d e n c e  t ime.  



The l o c a t i o n ,  s i z e ,  shape,  and o r i e n t a t i o n  o f  t h e  

s e v e r a l  zones depend n o t  only on t h e  l o c a l  p o l i c y  o f  

env i ronmenta l  management bu t  a l s o  on t h e  mechanism o f  t h e  

p o l l u t i o n  i t s e l f .  Fo r  example, i f  t h e  sou rce  of  p o l l u t i o n  

and i t s  t r ea tmen t  a r e  such t h a t  organisms X and Y a r e  j o i n t l y  

encouraged o r  d i scou raged ,  t h e  lower  (secondary ,  t e r t i a r y ,  e t c .  ) 

zones shou ld  be a l i g n e d  wi th  a  p o s i t i v e  s l o p e ,  a s  i n  F igure  5. 

I f  t h e  organisms respond a t  t h e  expense o f  each  o t h e r ,  s o  

t h a t  they  a r e  n e g a t i v e l y  c o r r e l a t e d ,  t h e  lower zones shou ld  

be l o c a t e d  nor thwest  and s o u t h e a s t  of t h e  pr imary zone. 

We n o t e  from t h e  f i g u r e  t h a t  40% o f  t h e  pr imary zone i s  

i n  s t a t e  S1 and 60% i s  i n  S2,  wh i le  30% of  bo th  secondary 

zones l i e s  i n  S i  and 70% i n  S2. I f  t h e  s t a n d a r d  Z1 i s  

e x a c t l y  ma in ta ined  so  t h a t  90% o f  a l l  outcomes r e s i d e  i n  

t h e  pr imary zone and 10% i n  t h e  secondary zones,  t h e  proba-  

b i l i t y  t h a t  t h e  ecosystem f l i p s  from t h e  normal subspace t o  

t h e  abnormal subspace under t h e  i n f l u e n c e  o f  p o l i c y  Z1 i s  

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

cascade of  t r a n s f e r  p r o b a b i l i t i e s  d e r i v e d  from t h e  Markov 

m a t r i x  and p r i o r i t i e s  d e f i n e d  by t h e  superimposed env i ron-  

menta l  s t a n d a r d .  I t  can  c l e a r l y  be g e n e r a l i z e d  t o  more zones,  

more s t a t e s ,  and more s p e c i e s .  



Note t h a t  we d i v i d e  t h e  X-Y space  i n  s e v e r a l  d i s t i n c t  

ways: 

i )  c a s e s  t h e  d i f f e r e n t  modes o f  b i o l o g i c a l  

r e s i l i e n c e  and p e r s i s t e n c e ;  

ii) t a r g e t  t h e  a r e a  i d e n t i f i e d  by t h e  community 

a s  be ing  s o c i a l l y  and p o l i t i c a l l y  

a c c e p t a b l e ;  

iii) subspace normal o r  abnormal,  as d e f i n e d  by t h e  

s t e a d y - s t a t e  p r o b a b i l i t i e s  deduced from 

e c o l o g i c a l  p a t t e r n s  cap tu red  by t h e  

Markov m a t r i x  a p p r o p r i a t e  t o  t h e  system; 

i v )  s t a t e s  t h e  sub reg ions  a s s o c i a t e d  w i t h  t h e  

sys tem 's  ~ a r k o v  m a t r i x  and r e s i d e n c e  

p r o b a b i l i t i e s  , acco rd ing  t o  which some 

p o i n t s  on t h e  p lane  r e c o v e r  r a p i d l y  

enough t o  be b i o l o g i c a l l y  normal whi le  

o t h e r s  do  n o t ;  and 

V )  zones t h e  sub reg ions  a s s o c i a t e d  w i th  v a r i o u s  

t r e a t m e n t  o p t i o n s  and deduced from t h e  

performance c h a r a c t e r i s t i c s  o f  t r ea tmen t  

f a c i l i t i e s  and p o l i c i e s .  

The j u x t a p o s i t i o n  o f  a l l  t h e s e  measures produces a  dimension- 

l e s s  s c a l a r ,  t h e  p r o b a b i l i t y  t h a t  t h e  system, i f  a l l  t h e  

r u l e s  a r e  obeyed, w i l l  move w i t h i n  one t ime p e r i o d  i n t o  an 



abnormal  b i o l o g i c a l  c o n d i t i o n .  Th is  s c a l a r  r e f l e c t s  many 

c h a r a c t e r i s t i c s  of t h e  e a r l i e r  measures i n t r oduced  i n  our  

d i s c u s s i o n  of  op t ima l  t r a j e c t o r i e s  f o r  u t i l i z a t i o n  of  t h e  

Envi ronmenta l  Zoo; t h e s e  inc  l ude  t h e  s i z e ,  shape,  and 

o r i e n t a t i o n  of t h e  normal  r e g i o n ,  a s  w e l l  a s  t h e  " c l oseness "  

of t h e  s tanda rd  t o  t h e  edge of  t h e  normal  r e g i o n  ( a t  which 

p o i n t  t h e  sys tem f l i p s  i n t o  an abnormal  o r  d i f f e r e n t  domain) .  

However, t h e  p r o b a b i l i t y  of movement i n t o  an  abnormal  

c o n d i t i o n  does  n o t ,  i n  and of  i t s e l f ,  convey enough in forma-  

t i o n  because it g i v e s  no i n d i c a t i o n  of  whether t h e  s t a n d a r d  

h e l p s  t h e  sys tem 's  n a t u r a l  r e s i l i e n c e  o r  works a g a i n s t  i t .  

F o r  example, our  va lue  of  0.0305 s a y s  l i t t l e  i n  any a b s o l u t e  

sense .  We canno t  deduce i f  t h e  ecosystem i s  much b e t t e r  o f f  

f o r  t h e  s t a n d a r d .  There fo re  we i n t r o d u c e  some i n d i c a t i o n  

of how f r e q u e n t l y  t h e  system would r e s i d e  i n  a n  abnormal 

s t a t e  i f  no s t a n d a r d  were imposed, and from t h i s  we g a i n  

a  measure of i n c r e a s e d  b i o l o g i c a l  per formance a t t r i b u t e d  t o  

t h e  s t a n d a r d .  We d e f i n e  f o r  p o l i c y  Z k  t h e  parameter  

where t h e  s u b s c r i p t  k r e p r e s e n t s  t h e  ( s e q u e n t i a l )  p o l i c y  under 

c o n s i d e r a t i o n  and t h e  sum i n  t h e  denominator  i s  taken  over  a l l  



s t e a d y  s t a t e  p r o b a b i l i t i e s  which l i e  i n  t h e  abnormal p o r t i o n  

of t h e  domain. I n  o u r  example, f o r  which n = [0.457,0.457, 

0.076,0.010], 1 n = 0.086, and .i 
.i 

A p e r f e c t  s t a n d a r d  a lways ma in ta ins  t h e  system i n  s t a t e  S1 

s o  t h a t  flk = Xk = 0. If t h e  sys tem cannot  p o s s i b l y  reach  an 

abnormal p o s i t i o n  because i t s  b i o l o g i c a l  de fense  mechanism 

simply w i l l  n o t  a l l o w  i t ,  1 r = 0,  s o  t h a t  X k  + - which 
: j 
J 

s u g g e s t s  t h a t  t h e  impos i t i on  o f  a  s t a n d a r d  i s  f o o l i s h  ( u n l e s s  

t h e r e  i s  some o t h e r  r e a s o n  f o r  i t s  e s t a b l i s h m e n t ) .  Thus t h e  

v a l u e  o f  measures t h e  e x t e n t  t o  which t h e  s tanda rd  Zk  

improves system performance. A va lue  X k  = 1 i n d i c a t e s  

t h a t  t h e  s t a n d a r d  Zk n e i t h e r  h e l p s  no r  d e s p o i l s  t h e  sys tem 

w i th  r e s p e c t  t o  ma in ta in i ng  b i o l o g i c a l  a c c e p t a b i l i t y ;  i t  i s  

a  n e u t r a l  s t a n d a r d .  

Moreover, each s tanda rd  Zk i s  a s s o c i a t e d  w i t h  a  c o s t  o f  

r emed ia l  a c t i o n  should t h e  system, i n  obey ing  t h e  s t a n d a r d ,  

a c t u a l l y  f l i p  i n t o  a n  abnormal r e g i o n  of  t h e  X-Y p lane.  Th is  

i s  ana logous  t o  t h e  r e p a i r  c o s t  Rk i n t r oduced  i n  a n  e a r l i e r  

s e c t i o n .  For  Z1 ( F i g u r e  5 )  t h e  c o s t  R1 i s  ze ro  because i f  

t h e  s t a n d a r d  i s  obeyed s o  t h a t  a l l  outcomes r e s i d e  i n  t h e  

pr imary and secondary zones, no seed ing  o r  k i l l i n g  i s  r e q u i r e d  

t o  b r i n g  t h e  system t o  t h e  a c c e p t a b l e  l e v e l  w i t h i n  t h e  

r e q u i s i t e  t ime span.  However, i n  F i g u r e  6  we s e t  s t a n d a r d s  



Z 2  and Z whose c h a r a c t e r i s t i c s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  
3' 

Z2 r e s i d e s  whol ly i n  S2 s o  t h a t  

and R 2  = 0. However, f o r  Z t h e  pr imary zone sub tends  a 
3  

p o r t i o n  of t h e  abnormal r e g i o n ,  as does  one o f  t h e  two 

secon.'ary zones of  t h e  s tanda rd .  The r e l e v a n t  i n fo rma t i on  

can  be t a b u l a t e d  as f o l l ows :  

Cond i t i ona l  P r o b a b i l i t y  o f  Being i n  S t a t e  

Zone ~ r e a  1 2 3  4 

Primary 

Thus, o f  t h e  secondary r e g i o n  marked I, 30% l i e s  i n  S1 and 

70% i n  S2,  e t c .  The p r o b a b i l i t y  o f  t e r m i n a t i n g  i n  S  o r  S4 
3  

Secondary I 

Secondary I1 

i s  t h e  f o l l ow ing  sum o f  p roduc ts :  

star t  i n  
Pr imary 0.8c0.2 x 0  + 0.5 x 0.05 + O.j(O.6 + 0.1)]  = 0.1880 

0 . 1  

0 . 1  

s t a r t  i n  
Secondary I 0.1.[0.3 x 0  + 0.7 x 0.051 

0 .3  0 .7  0  0  

0  0  0.4 0.6 

start i n  
Secondary 11 0.1.[0.4 x (0 .6  + 0.1)  + 0.6 x 1.01 = 0.0880 



from which B3  = 0.2795. The sum ( 0 . 6  + 0 . 1 )  i s  t h e  

p r o b a b i l i t y  t h a t  a  p a r t i c l e  i n  S  w i l l  remain u n s a t i s f a c t o r y  
3  

by s t a y i n g  i n  S  o r  moving t o  Sq,  bo th  of which comple te ly  
3  

s p e c i f y  t h e  u n s a t i s f a c t o r y  p o r t i o n  o f  t h e  p lane .  We have 

and t h e r e  i s  a  r e p a i r  c o s t  R > 0  because some a l l owab le  
3  

( i . e .  l e g a l )  outcomes a r e  b i o l o g i c a l l y  unacceptable!  

The c o s t  R i s  e a s i l y  c a l c u l a t e d .  I n  F i g u r e  6, 30% o f  
3  

t h e  pr imary zone and a l l  of t h e  secondary ( 1 1 )  zone f o r  Z 
3  

l i e  i n  t h e  abnormal reg ion .  I f  t h e  c o s t  o f  r e p a i r  from 

every  abnormal p o i n t  i s  c a l c u l a t e d  a s  d e s c r i b e d  above, 

t a k i n g  account  wherever p o s s i b l e  of  symmetr ies i n  k i l l i n g  

and seed ing  c o s t s ,  e t c . ,  and i f  t h e s e  c o s t s  a r e  m u l t i p l i e d  

by t h e  p r o b a b i l i t i e s  o f  a r r i v i n g  at  each combinat ion,  t h e  

sum g i v e s  t h e  expec ted  r e p a i r  c o s t  R k .  I n  t h e  s i m p l e s t  case ,  

f o r  which a l l  t h r e e  of  ou r  c o s t  c o n d i t i o n s  a r e  met ( c  = c  
x  Y '  

k i l l i n g  c o s t s  equa l  seed ing  c o s t s ,  and s t r i c t  p r o p o r t i o n a l i t y ) ,  

R k  i s  p r o p o r t i o n a l  t o  t h e  Manhattan d i s t a n c e  between t h e  

c e n t r o i d  o f  each zone i n  t h e  abnormal r e g i o n  and t h e  po in t  

of normalcy. I n  any case,  a  s u i t a b l e  numer ica l  approx imat ion 

t o  t h e  e x a c t  expected c o s t  can  r e a d i l y  be c o n s t r u c t e d .  

It i s  c l e a r  t h a t  r e p a i r  c o s t s  bea r  a g e n e r a l  r e l a t i o n  t o  

t h e  parameter  X k .  F i g u r e  7  shows how X k  and R k  might be 

r e l a t e d ,  w i t h  Ri (Xk)  p l o t t e d  a s  a  f u n c t i o n  of  X k .  Many p o l i c i e s  



can  s h a r e  t h e  same 1-va lue ,  so  t h a t  each X i s  a s s o c i a t e d  w i t h  

an a r r a y  o f  c o s t s .  However, i t  would be f u t i l e  t o  adopt  any 

p o l i c y  which p rov ides  a g i ven  X-value at a c o s t  g r e a t e r  t h a n  

t h e  co r respond ing  R c ( X k ) ,  o r  minimal c o s t  r e q u i r e d  t o  meet X k .  

C l e a r l y ,  sma l l  va lues  of  X a r e  a s s o c i a t e d  w i t h  zero-cos t  l e v e l s ;  

i t  i s  only  when a p o l i c y  l i e s ,  i n  p a r t ,  w i t h i n  t h e  abnormal 

r e g i o n  t h a t  expec ted  c o s t s  a r e  i n c u r r e d .  Th is  i s  independent  

o f  t h e  va lue  o f  B k ,  s o  t h a t  i t  i s  n o t  p o s s i b l e  t o  d e f i n e  a 

g e n e r a l  form f o r  t h e  t h resho ld  l e v e l  o f  X a t  which R d e p a r t s  

from zero .  

Moving Toward a Dec is ion  

F i g u r e  7 c a n  be used t o  i n i t i a t e  d e c i s i o n  making; i f  t h e  

d e c i s i o n  maker has  a c l e a r  i d e a  o f  how he would t r a d e  money 

f o r  env i ronmenta l  ( o r  b i o l o g i c a l )  s e c u r i t y ,  a n  op t ima l  

inves tment  can  be d i r e c t l y  de te rmined.  However, t h e  d e c i s i o n  

cannot  u s u a l l y  be made s o  c l e a n l y  because i n d i v i d u a l s  have 

i l l - d e f i n e d  u t i l i t y  f u n c t i o n s  and, perhaps  more impo r tan t Jy ,  

because env i ronmenta l  i s s u e s  a r o u s e  i n t e n s e  p a s s i o n s  which 

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

d e c i s i o n  making p rocess .  

There i s  a v a s t  l i t e r a t u r e  on t h i s  c l a s s  of problems, 

and we cannot  under take  h e r e  t o  rev iew i t .  I n s t e a d ,  we r e f e r  

t o  a similar model developed by Dorfman and Jacoby ( i n  

Dorfman and Dorfman [l] and Dorfman e t  a l .  [ 2 ] )  f o r  

d e a l i n g  w i t h  t h e  es tab l i shmen t  o f  a  wa te r  q u a l i t y  s t a n d a r d  



f o r  a  s t r eam which f lows  p a s t  a n  i n d u s t r i a l  p o l l u t e r  and 

t h e n  th rough a  pa rk  a r e a .  The c o n f l i c t  i s  f a m i l i a r  enough: 

t h e  p l a n t  o p e r a t o r  wants a  r e l a x e d  s t a n d a r d ,  t h e  conserva-  

t i o n i s t s  and mun i c i pa l  r e c r e a t i o n  a u t h o r i t i e s  p r e f e r  a 

r i g o r o u s  one, and t h e  r e s p o n s i b l e  a d m i n i s t r a t o r  does  n o t  know 

how t o  r e s o l v e  t h e  i s s u e .  Dorfman and Jacoby recommend a  

form o f  P a r e t i a n  Ana l ys i s  which a l l ows  each  p a r t i c i p a n t ,  o r  

adve rsa ry ,  t o  e v a l u a t e  t h e  s e v e r a l  o p t i o n s  i n  h i s  own te rms,  

independent  o f  va lue  judgments imposed by o t h e r  p a r t i c i p a n t s  

o r  by t h e  c e n t r a l  a d m i n i s t r a t i v e  a u t h o r i t y .  It may happen 

t h a t  c e r t a i n  o p t i o n s  a r e  dominated by o t h e r s ;  t h e s e  should 

be d i s c a r d e d  because a l l  p a r t i e s ,  by s e l e c t i n g  a t  l e a s t  one 

o t h e r  o p t i o n  o r  s t a n d a r d  Zk,  can  be b e t t e r  o f f  o r  a t  l e a s t  

e q u a l l y  so .  

For  t h o s e  Zk which a r e  n o t  dominated and which s u r v i v e  

o t h e r  t e s t s  o f  p o l i t i c a l  f e a s i b i l i t y ,  t h e  a d v e r s a r i e s  a r e  

ass igned  we igh t i ng  f a c t o r s ,  s y s t e m a t i c a l l y  o r  at  random, and 

t h e  r e s u l t i n g  problem d e g e n e r a t e s  t o  one of  s o l v i n g  f o r  t h e  

p o l i c y  which, under op t ima l  sys tem o p e r a t i o n ,  maximizes t h e  

weighted sum of  n e t  b e n e f i t s  pe rce i ved  t o  a c c r u e  t o  each  

p a r t i c i p a n t .  It can  be shown t h a t  t h e  s o l u t i o n  t o  t h i s  

a u x i l i a r y  problem, max imiza t ion  o f  t h e  weighted sum of n e t  

b e n e f i t s ,  l i e s  on t h e  P a r e t i a n  F r o n t i e r ,  whereupon i t  is  

u s e f u l  t o  i n q u i r e  a s  t o  how f a r  t h e  we igh t s  must be d i s p l a c e d  

i n  o r d e r  t o  change c e r t a i n  d e c i s i o n s .  Th i s  s u g g e s t s  t h a t  

e x a c t  e v a l u a t i o n  of t h e  we igh t s  might n o t  be r e q u i r e d ,  bu t  



r a t h e r  t h a t  some measure o f  t h e  s o l u t i o n ' s  s e n s i t i v i t y  t o  

s e l e c t i o n  o f  t h e  weights  might s u f f i c e .  Other  re f i nemen ts  

i n  t h e  t echn ique  i nc lude  t h e  r o l e  o f  u n c e r t a i n t y  i n  s e l e c t i o n  

o f  an op t ima l  system p o l i c y ,  and c u r r e n t  work i n  t h i s  a r e a  

should be a p p l i e d  t o  ou r  ecosystem models.  

Th is  l a i s s e z - f a i r e  a t t i t u d e  toward t h e  c o n s t r u c t i o n  o f  

a  n e t - b e n e f i t  f u n c t i o n  f o r  each p a r t i c i p a n t  i n  t h e  d e c i s i o n  

a l l ows  t h e  f o l l ow ing  c l a s s e s  o f  c o s t s  t o  be inc luded i n  t h e  

c a l c u l a t i o n :  

1) r e p a i r  c o s t s ,  t o  b r i n g  t h e  system back t o  t h e  

a c c e p t a b l e  reg ion ;  

2 )  a u x i l i a r y  sou rce  o f  t h e  r e s o u r c e  d u r i n g  t h e  t ime 

t h e  system i s  unacceptab le  ( t h e  c o s t  o f  do ing  

no th ing )  ; 

3)  c o s t  o f  p o l l u t i o n  p reven t i on ,  o r  o f  r educ ing  t h e  

p r o b a b i l i t y  o f  a n  env i ronmenta l  a c c i d e n t ;  

4 )  a e s t h e t i c  c o s t  of t h e  p o l l u t i o n  ep i sodes ;  

5 )  economic c o s t  o f  t h e  impos i t i on  o f  a  s t a n d a r d  which 

might d r i v e  marg ina l l y  p r o f i t a b l e  p roducers  o u t  o f  

p roduc t i on ;  and 

6 )  c o s t  o f  implementing and mon i t o r i ng  any management 

program . 
I n  a d d i t i o n ,  any a p p l i c a t i o n  o f  t h i s  d e c i s i o n  p rocess  

would r e q u i r e  a c l e a r  d e f i n i t i o n  o f  t h e  ma t r i x  o f  p r o b a b i l i t i e s  

of  env i ronmenta l  i n s u l t  s o  as t o  encompass r e a l i s t i c  combina- 

t i o n s  of cascaded e v e n t s ,  o r  o f  new e v e n t s  o c c u r r i n g  be fo re  



p r i o r  ones a r e  r e p a i r e d .  Indeed,  i t  can be a rgued t h a t  

a lmost  every  s t a g e  of  t h e  proposed d e c i s i o n  p r o c e s s  r e q u i r e s  

c a r e f u l  examinat ion,  t i g h t e n i n g ,  a r t i c u l a t i o n  of  assumpt ions,  

t e s t i n g ,  and c a l i b r a t i n g ;  t h i s  i s  t h e  f a t e  o f  every  e f f o r t  

t o  make p r e s c r i p t i v e  mathemat ica l  models which m i g r a t e  a c r o s s  

t h e  boundar ies  o f  d i s c i p l i n e s ,  and i s  p e r f e c t l y  a p p r o p r i a t e .  

Such d e t a i l e d  examina t ion  w i l l  be t h e  s u b j e c t  o f  a d d i t i o n a l  

documents i n  t h i s  s e r i e s .  

Other Cases 

Much of  t h e  p reced ing  d i s c u s s i o n  is  based on Case A ,  

S t a b l e  Equ i l ib r ium,  o r  Case E, Domain of  A t t r a c t i o n ;  h e r e  

we c o n s i d e r  t h e  dynamics of some o f  t h e  o t h e r  c a s e s .  

A 5 x  5 Markov m a t r i x  i s  chosen f o r  Case B, S t a b l e  L imi t  

Cycle.  S t a t e  S3, a n  annu lus  around t h e  l i m i t  c y c l e ,  r e p r e -  

s e n t s  t h e  normal r eg ion ,  w i t h  S1, S2, S4, and S  c i rcumscr ibed  5 
a s  shown i n  F igu re  8 .  A sample ma t r i x  i s  

S t a t e  

S t a t e  



Note t h a t  p a r t i c l e s  can  jump through more t h a n  one s t a t e ;  

t h i s  does  no t  r e f l e c t  a n  impor tan t  methodo log ica l  change 

bu t  r a t h e r  a  s imple numer ica l  addendum. The s t e a d y  s t a t e  

p r o b a b i l i t i e s  a r e  n = (0.023,0.137,0.703,0.120,0.017) and 

l nj = 0.297. 

j F i g u r e  8 a l s o  shows a  s tanda rd  Z 4 ,  f o r  which 

Th i s  c a l c u l a t i o n  i s  c l e a r  enough; i t  shou ld  be no ted  on ly  that 

60% o f  t h e  n o r t h e a s t e r l y  secondary zone l i e s  i n  S2 (w i th  a  

p r o b a b i l i t y  o f  0 .5  t h a t  t h e  nex t  move w i l l  t a k e  i t o u t  o f  S  ) 3 
and 40% l i e s  i n  S1 (which cannot  jump t o  S 3 ) ,  and s i m i l a r l y  

f o r  t h e  pr imary zone. We have X 4  = 0.64l0.297 = 2.15, and 

R 4  > 0  because some of t h e  s t a n d a r d  o v e r l a p s  t h e  unacceptab le  

zone. I n  f a c t ,  f o r  t h e  c a s e  o f  a  system c h a r a c t e r i z e d  by a  

S t a b l e  L imi t  Cyc le,  a  s t a n d a r d  shaped l i k e  Z 4  and o r i e n t e d  i n  

t h e  c e n t e r  o f  t h e  c y c l e  i s  no t  u s e f u l  because i t  c o n c e n t r a t e s  

outcomes i n  t h e  c e n t r a l  l o c a t i o n ,  t he reby  f a i l i n g  t o  account  

f o r  t h e  c e n t r i p e t a l  t u g  toward a  dynamic e q u i l i b r i u m  r e p r e -  

s e n t e d  by t h e  o r b i t a l  pa th .  To be s u r e ,  t h e  system can be 

r e s t r a i n e d ,  o r  kep t  on a  t i g h t  l e a s h ,  bu t  on ly  a t  t h e  expense 

of  c o n t i n u a l  ad jus tment  and t r e a t m e n t .  Th is  is  no t  n e c e s s a r i l y  

bad because t h e r e  may be p e r f e c t l y  good economic and s o c i a l  

r e a s o n s  f o r  do ing  s o .  But i n  t h e  absence o f  such  j u s t i f i c a t i o n ,  



i t  would appear  prudent  t o  a l l ow  t h e  system t o  meander 

th rough i t s  c y c l e  and t o  d i r e c t  e lsewhere  t hose  economic 

r e s o u r c e s  which might have been r e q u i r e d  f o r  ecosystem 

management. 

Cases C and D ,  S t a b l e  Node and N e u t r a l l y  S t a b l e  Cyc les ,  

a r e  s imp le  e x t e n s i o n s  of  Cases A and B, and m e r i t  no f u r t h e r  

comment h e r e .  

Case E, Domain of A t t r a c t i o n ,  w i t h  which we have a l r e a d y  

d e a l t ,  encompasses t h e  n o t i o n  of  expu l s i on  from one domain 

and a t t r a c t i o n  t o  ano the r .  There i s  a  sma l l  mathemat ica l  

comp l i ca t i on  w i t h  Markov models o f  ecosystems which can  

m i g r a t e  t o  e x t i n c t i o n ,  and c a r e  must be t aken  i n  d e f i n i n g  t h e  

s e v e r a l  s t a t e s .  I f  we assume t h a t  s t a t e  So i s  e x t i n c t i o n  o f  

one o r  bo th  s p e c i e s ,  and t h a t  t h e r e  i s  no way ou t  o f  So, t h e n  

t h e  t r a n s f e r  p r o b a b i l i t i e s  pO0 = 1 and pol = po2 = - -  = 0 .  

This  i s  an  a b s o r b i n g  p rocess  because i f  a  p a r t i c l e  reaches  

So i t  is t r apped ;  So i s  c a l l e d  a  t r a p p i n g  s t a t e ,  and so long  

a s  each  p a r t i c l e  can  somehow r e a c h  So, soone r  o r  l a t e r  a l l  

p a r t i c l e s  w i l l  g e t  t h e r e  and be t r apped  f o r e v e r .  Th is  cannot  

be a l lowed i n  our  model s imply  because i t  does  n o t  r e f l e c t  

b i o l o g i c a l  r e a l i t y ,  whereupon t h e  s t a t e s  must be d e f i n e d  s o  

t h a t  e x t i n c t i o n  i s  a  s t a t e  embedded w i t h i n  a n o t h e r  domain from 

which i t  i s  p o s s i b l e ,  sooner  o r  l a t e r ,  t o  m ig ra te  t o  y e t  

a n o t h e r  domain o r  system o r  t o  f l i p  back i n t o  t h e  o r i g i n a l  

c o n f i g u r a t i o n .  Our model must encompass t h e  r e a l i t y  which 

r e c o g n i z e s  t h a t  b i o l o g i c a l  systems do  n o t  s h i f t  from one domain 



t o  a n o t h e r  and t h e n  s imp ly  s t o p  t o  go e x t i n c t .  They grow, 

evo l ve ,  muta te ,  a d a p t .  To accommodate t h e s e  concep ts  we 

must g e n e r a l l y  b u i l d  l a r g e r ,  more t e d i o u s  models which 

r e q u i r e  more d a t a  and more man ipu la t i on ;  from a  c o n c e p t u a l  

p o i n t  o f  v iew, t h e  e x t e n s i o n  is  t r i v i a l .  F o r t u i t o u s l y ,  some 

e c o l o g i s t s  f e e l  t h a t  t h e r e  i s  enough d a t a  a v a i l a b l e  t o  

i n v e s t i g a t e  t h e  i m p l i c a t i o n s  o f  t h e s e  comp l i ca t i ons .  

And f i n a l l y ,  Case F, Uns tab le  Equ i l i b r i um,  i s  a s t r a i g h t -  

forward development based on Case E. 

Summary 

Th i s  paper  i n t r o d u c e s  some new c o n s t r u c t s  f o r  measur ing 

t h e  e f f e c t i v e n e s s  o f  env i ronmenta l  s t a n d a r d s  and f o r  f o r m a l i z i n g  

t h e  economic and s o c i a l  c o s t s  o f  mee t i ng  them. I t  emphasizes 

t h e  e lement  o f  r ecove ry  t ime (and o f  i t s  man ipu la t i on )  i n  eco- 

sys tem management, and t he reby  l a y s  t h e  mathemat ica l  f o u n d a t i o n  

f o r  f u r t h e r  s t u d y  of  an  Envi ronmenta l  Zoo and f o r  e v a l u a t i o n  

o f  long- te rm exposure  t o  low- leve l  p o l l u t a n t s .  The b i o l o g i c a l  

models p r e s e n t e d  h e r e  a r e  t aken  d i r e c t l y  from Ho l l i ng ,  whose 

work d i s t i n g u i s h e s  i m p o r t a n t l y  between t h e  p r o p e r t i e s  o f  

s t a b i l i t y  and r e s i l i e n c e ,  and who i s  c o n t i n u i n g  even  now t o  

a p p l y  t h e s e  concep ts  t o  management o f  t h e  s p r u c e  budworm i n  

t h e  p rov ince  of  New Brunswick. I n  p l a c e  o f  c o n c l u s i o n s ,  

t h i s  pape r  i d e n t i f i e s  a few p o t e n t i a l l y  f r u i t f u l  programs 

f o r  f u r t h e r  work. 
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FIGURE 3.  CONTOURS OF EQUAL TIME 
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FIGURE 4 .  CONTOURS OF EQUAL COST 
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FIGURE 6 .  EVALUATION OF POLICIES Z 2  
AND Z3, CASE A OR E. 
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FIGURE 7. M I N I M A L  COST FOR MAINTAINING A k .  
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FIGURE 8. EVALUATION OF POLICY 
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