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INTRODUCTION 

Most e x i s t i n g  approaches  t o  ecosystem model l ing  concen t r a t e  on t h e  
f lows of energy o r  m a t e r i a l s  between v a r i o u s  components o r  compartments 
of  t h e  system. Compartments a r e  g e n e r a l l y  f u n c t i o n a l l y  de f i ned  r e l a t i v e  
t o  t h e  b a s i c  system processes  producing i n p u t s ,  o u t p u t s ,  and t ransforma-  
t i o n s  of energy o r  m a t e r i a l s  (Dahl -- e t  a l . ,  1974) .  Any such model must 
b e  h igh ly  s i m p l i f i e d  o r  g e n e r a l i z e d  t o  keep i t  w i t h i n  workable dimen- 
s i o n s ,  and i t  t hus  becomes an  a b s t r a c t i o n  from which many s i g n i f i c a n t  
a s p e c t s  of t h e  system must be  excluded.  

One a s p e c t  t h a t  becomes i n c r e a s i n g l y  s i g n i f i c a n t  i n  a  more h i g h l y  
developed ecosystem is i t s  p h y s i c a l  s t r uc tu r e - - t he  s p a t i a l  arrangement 
of i t s  component p a r t s .  I n  a  h ighe r  organism, s t r u c t u r e  is o f t e n  a s  
s i g n i f i c a n t  a s  physiology i n  de te rmin ing  i t s  c h a r a c t e r i s t i c s ;  s i m i l a r l y  
i n  an ecosystem such a s  a  c o r a l  r e e f ,  s p a t i a l  r e l a t i o n s h i p s  determine 
many parameters  and c o n t r o l  mechanisms t h a t  a r e  fundamental  t o  system 
f u n c t i o n s .  Methods of  mode l l ing  a r e  t h e r e f o r e  needed t o  t r e a t  s p a t i a l  
r e l a t i o n s h i p s ,  s t r u c t u r e ,  and form, and t o  l i n k  them wi th  energy and 
m a t e r i a l  f lows f o r  a  more complete unders tand ing  of t h e  system. This  
paper  t hus  p r e s e n t s  a  p r e l im ina ry  concep tua l  framework f o r  s p a t i a l  
model l ing a s  a p p l i e d  t o  t h e  c o r a l  r e e f  ecosystem. 

CHARACTERISTICS OF SPACE 

A c o r a l  r e e f ,  l i k e  any o b j e c t ,  has  a  wel l -def ined  s i t u a t i o n  i n  
space .  I t  i s  f i x e d  i n  i t s  r e l a t i o n s h i p s  t o  t h e  unde r ly ing  subs t ra tum 
and t o  t h e  a i r -wa t e r  i n t e r f a c e ,  a l though  t h e s e  may be s u b j e c t  t o  a l t e r a -  
t i o n  over  geo log i c  t ime. Depending on t h e  n a t u r e  of  t h e  s u b s t r a t a ,  t h e  
r e e f  may have a  predominantly l i n e a r  form i f  f o l l owing  a  c o a s t l i n e  o r  
a t o l l  r i m ;  o r  i t  may form pa t ches  i n  a  lagoon o r  on an i r r e g u l a r  sha l low 
bottom. Each r e e f  develops i n  r e l a t i o n  t o  a  p a r t i c u l a r  p a t t e r n  of waves 
and c u r r e n t s ,  and t h e  r e e f  may t r a p  and accumulate  n u t r i e n t s  from t h e  
sur rounding  s e a  o r  r e c e i v e  i n p u t s  from a d j a c e n t  l and  a r e a s .  The p r i n c i -  
p a l  energy sou rce  is  s u n l i g h t ,  which always fo l lows  c y c l i c a l  p a t t e r n s  of 
d i r e c t i o n a l  i n p u t .  I n  a d d i t i o n ,  a  c o r a l  r e e f  i s  d i s t i n g u i s h e d  from many 
o t h e r  ecosystems by i t s  a b i l i t y  t o  c o n s t r u c t  and thereby  t o  a l t e r  t h e  
form of  i ts own subs t ra tum.  Th i s  a b i l i t y  g ive s  t h e  system a  c e r t a i n  
evo lu t i ona ry  c o n t r o l  over  i t s  form and i t s  u t i l i z a t i o n  o f  s p a c e .  
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I n  cons ider ing  t h e  need t o  model t he  s p a t i a l  r e l a t i o n s h i p s  of t h e  
reef  and of i t s  component p a r t s ,  one must f i r s t  de f ine  the  cha rac t e r i s -  
t i c s  t h a t  o b j e c t s  have i n  space then determine how these  c h a r a c t e r i s t i c s  
can be  q u a n t i f i e d ,  measured, and modelled. 

Objec ts ,  of course,  have SUBSTANCE, which may be a  simple ma te r i a l  
o r  a  complex combination. With the  many s tandard  a n a l y t i c a l  methods 
a v a i l a b l e ,  t h e r e  i s  no conceptual  problem i n  determining the  na tu re  of 
t h e  subs tance  and t h e  q u a n t i t y  p re sen t .  It may be  more d i f f i c u l t  t o  
decide what l e v e l  of substance de termina t ion  i s  appropr i a t e  t o  the  model 
s i t u a t i o n .  These subs tance  measures can provide the  p r i n c i p a l  l i n k  
between s p a t i a l  models and energy o r  m a t e r i a l  models. 

Substances a r e  bounded by SURFACE. Every o b j e c t  o r  organism can be 
considered a s  some complex of su r f aces  with var ious  c h a r a c t e r i s t i c s .  
The s u r f a c e s  provide t h e  i n t e r f a c e s  ac ros s  which va r ious  t r a n s f e r s  can 
t ake  p lace .  Since s u r f a c e s  form the  boundaries  between subs tances ,  o r  
"compartments," t h e  s u r f a c e s  a r e  the defined l i m i t s  a c ros s  which energy 
o r  m a t e r i a l  t r a n s f e r s  a r e  determined, and between which ( i n  most models) 
processes  a r e  lumped o r  genera l ized .  L i f e  i t s e l f  i s  sur face-or ien ted ;  
wi tness  t h e  importance of membranes i n  fundamental b i o l o g i c a l  processes .  
The q u a n t i f i c a t i o n  and c h a r a c t e r i z a t i o n  of su r f ace  can the re fo re  provide 
powerful t o o l s  f o r  the understanding of ecosystem processes  (Dahl, 1973; 
i n  p r e s s ) .  Surface may be measured d i r e c t l y  o r  es t imated  us ing  
t h e o r e t i c a l  cons t ruc t s .  Surface may be expressed d i r e c t l y  i n  a r e a  o r  
by us ing  a  su r f ace  index (S I ) ,  a  dimensionless number f o r  the  increased  
amount of su r f ace  r e l a t i v e  t o  a  similarly-bounded plane (Dahl, 1973). 

The space enclosed by su r f aces  has  VOLUME, which can be expressed 
i n  s tandard  volumetr ic  u n i t s .  A complete su r f ace  always def ines  two 
volumes, t h a t  i n s i d e  the  su r f ace  and t h a t  ou t s ide .  Both a r e  important 
i n  t he  s p a t i a l  eva lua t ion  of an ecosystem. 

Surfaces o r  surface-bounded o b j e c t s  a l s o  have FORM, some type of 
shape o r  con f igu ra t ion  t h a t  may be c h a r a c t e r i s t i c  of t h e  ob jec t  and 
have g r e a t  func t iona l  s i g n i f i c a n c e  (Neushul, 1972).  Form i s  n o t  r e a d i l y  
q u a n t i f i e d  and i s  t h e r e f o r e  d i f f i c u l t  t o  model. It i s  probably s imples t  
t o  develop a  system of c l a s s i f i c a t i o n  capable of d i s t i ngu i sh ing  between 
t h e  p r i n c i p a l  forms of i n t e r e s t .  Many forms can a l s o  be  generated us ing  
simple growth computations, and thus  can be cha rac t e r i zed  by the  
f e a t u r e s  of those computations (Cohen, 1967; Lindenmayer, 1968a,b; 
Dahl, 1971).  

Forms may w e l l  have ORIENTATION r e l a t i v e  t o  surrounding f e a t u r e s .  
That o r i e n t a t i o n  i s  o f t e n  expressed a s  a  p o l a r i t y .  A s p a t i a l  model 
thus  needs some type of f i x e d  re ference  g r i d  t o  which such o r i e n t a t i o n s  
can be r e f e r r e d .  



There i s  a l s o  t he  ques t i on  of SIZE o r  SCALE, gene ra l l y  most s i g -  
n i f i c a n t  a s  a  r e l a t i v e  measure and t h e r e f o r e  a r b i t r a r i l y  def ined  t o  
s u i t  t h e  needs of t h e  system o r  model. Often a  s e r i e s  of s c a l e s  can 
be  used t o  provide t h e  necessary scope and d e t a i l .  Usually t h e  com- 
p a r a b i l i t y  of s i z e s  i s  important  i n  determining s i g n i f i c a n t  i n t e r a c t i o n s .  

To e s t a b l i s h  t he  r e l a t i o n s h i p s  between o b j e c t s ,  t h e r e  need t o  be 
measures of DISTANCE and DISTRIBUTION. I n  t h e  f i e l d ,  one can use 
s imple measurements o r  s t anda rd  e c o l o g i c a l  t echniques  f o r  determining 
spac ing  and p a t t e r n .  I n  a  s p a t i a l  model, t h e  p l o t t i n g  of a l l  d a t a  
p o i n t s  r e l a t i v e  t o  a  s e t  of coord ina tes  can  permit  t he  c o n s t r u c t i o n  and 
a n a l y s i s  of s p a t i a l  r e l a t i o n s h i p s  such a s  t h e  a t t e n u a t i o n  of a  f e a t u r e  
with d i s t a n c e ,  the  mechanisms f o r  f i t t i n g  l a r g e  numbers of organisms 
i n t o  a  l i m i t e d  space ,  o r  t he  r o l e  and e x t e n t  of compet i t ion.  

F i n a l l y  t h e r e  i s  the  TEMPORAL DIMENSION which a f f e c t s  a l l  a s p e c t s  
of the  system. There a r e  some elements and phenomena which can be 
considered s t a t i c  whi le  o t h e r s  a r e  dynamic; some organisms a r e  a t t ached ,  
o t h e r s  h igh ly  mobile; forms may be r i g i d  o r  f l e x i b l e ;  growth and 
m o r t a l i t y ,  a s  w e l l  a s  o t h e r  k inds  of i n c r e a s e  and decrease ,  can be  
included.  Temporal changes can a l s o  be considered a t  d i f f e r e n t  s c a l e s :  
seconds, days,  y e a r s ,  o r  m i l l e n i a ;  each w i l l  r e v e a l  a  d i f f e r e n t  set of 
s i g n i f i c a n t  a s p e c t s  of t h e  system. Repeated measurement o r  sampling, 
a n a l y s i s  of c e r t a i n  system f e a t u r e s  o r  t h e  geo log ica l  record ,  and 
p r o j e c t i o n  from known d a t a  p o i n t s  can a l l  b e  used t o  develop t h e  d i f -  
f e r e n t  s c a l e s  of v a r i a t i o n  over  time. 

MODEL ELEMENTS 

One p o s s i b l e  approach t o  s p a t i a l  modelling i s  to  use a  th ree-  
dimensional p o i n t  ma t r ix  s t o r e d  i n  and manipulated by a  computer system. 
The r e s o l u t i o n  of t h e  model would depend on t h e  number of p o i n t s  used. 
Devices could be developed o r  e x i s t i n g  programs used t o  provide v i s u a l  
o r  g raphic  readout  from the  d a t a .  

Each p o i n t  would be  coded f o r  t h e  fo l lowing  mu l t i p l e  c h a r a c t e r i s t i c s :  

t h r e e  coo rd ina t e s  t o  i n d i c a t e  p o s i t i o n  i n  t h e  model; 

a  p o l a r i t y  i n d i c a t o r  f o r  d i r e c t i o n a l  phenomena; 

a  subs tance  code f o r  whatever subs tances  are d i s t i n g u i s h e d  by 
t h e  model (water ,  calcium carbonate ,  photosynthe t ic  p l a n t ,  e t c ) ;  

q u a n t i t y  i n d i c a t i o n s  f o r  t h e  subs tances ,  i f  needed; 

a  s u r f a c e  o r  non-surface i n d i c a t i o n  (showing whether o r  n o t  t h e  
po in t  occurs  a t  o r  d e f i n e s  a  s u r f a c e ) ;  

an organism, e n t i t y ,  o r  compartment code f o r  d i s t i n g u i s h i n g  the  
s e p a r a t e  u n i t s  of t h e  model, l i nked  wi th  sub rou t ines  governing 
temporal changes i n  t h e  e n t i t y ;  and 



g.  a d d i t i o n a l  o r  subs id i a ry  m a t e r i a l  and phenomena codes, when 
t h e s e  can c o e x i s t  a t  a p a r t i c u l a r  p o i n t ,  and proximity codes 
where r e a c t i o n s  a r e  t o  be t r i g g e r e d  be fo re  a c t u a l  con tac t .  

C h a r a c t e r i s t i c s  t h a t  a r e  not  d i r e c t l y  coded, such a s  form, volume, 
o r i e n t a t i o n ,  s i z e ,  and d i s t r i b u t i o n ,  would be shown by the  arrangement 
and number of coded p o i n t s  and t h e i r  p o s i t i o n s  i n  t he  mat r ix .  

The p o i n t s  a r e  then coded i n  groups t o  i n d i c a t e  t h e  elements of 
t h e  model. A volume of water  would be  des igna ted  by p o i n t s  coded 
water ;  those p o i n t s  d e f i n i n g  the  a i r -water  i n t e r f a c e  would a d d i t i o n a l l y  
be  coded s u r f a c e ,  t he  r e s t  non-surface.  Water i s  t r a n s l u c e n t ,  s o  
a d d i t i o n a l  codes could i l l u s t r a t e  t h e  presence of l i g h t ,  i t s  i n t e n s i t y ,  
and d i r e c t i o n .  Current  o r  wave d i r e c t i o n  would be  i n d i c a t e d  by t h e  
p o l a r i t y  code ( f o r c e  o r  speed a r e  b a s i c a l l y  temporal,  and would show a s  
changes i n  t h e  e n t i t y  code a s  t h e  model o p e r a t e s ) .  Dissolved m a t e r i a l s  
would appear a s  s u b s i d i a r y  m a t e r i a l  codes and amounts. 

Each organism would be  descr ibed  by p o i n t s  coded f o r  t h e  p a r t i c u l a r  
s p e c i e s  and i n d i v i d u a l ,  t o  t h e  e x t e n t  t h a t  t h e s e  need t o  be d i s t i ngu i shed  
i n  t h e  model. The arrangement of p o i n t s  would g ive  t h e  form of t h e  
organism, and the  e x t e r i o r  p o i n t s  would be  l a b e l e d  a s  t h e  organism sur -  
f a c e .  The c l u s t e r  of p o i n t s  f o r  each organism would be  programmed t o  
behave a s  a u n i t  f o r  purposes of movement, growth, m o r t a l i t y ,  e t c .  The 
subs t ance ( s )  of t h e  organism and any subs id i a ry  m a t e r i a l s  d i s t i ngu i shed  
would a l s o  be coded, a s  w e l l  a s  a p o l a r i t y  i f  t h i s  is involved i n  
growth o r  movement. The t o t a l  of a l l  t h e  subs tance  va lues  would g i v e  
t h e  biomass of t h e  organism. 

These po in t  codes would be  manipulated by a v a r i e t y  of programs and 
sub rou t ines ,  depending on what a spec t  of t he  system was be ing  modelled. 
Growth would involve  p o i n t s  coded s u r f a c e  t r a n s f e r r i n g  t o  t h e  next  p o i n t  
away from t h e  organism, e i t h e r  uniformly i n  t h e  ca se  of gene ra l  growth, 
o r  a t  s p e c i f i c  p o i n t s  des igna ted  by t h e  p o l a r i t y  i n d i c a t o r s .  Changes 
i n  form would occur  s i m i l a r l y .  Movement would involve  t h e  t r a n s p o s i t i o n  
of t he  complete set of p o i n t s  de s igna t ing  an organism o r  e n t i t y .  Where 
t h e  r e s o l u t i o n  of t h e  p o i n t s  i s  n o t  adequate  t o  i n d i c a t e  an e s s e n t i a l  
f e a t u r e ,  an amplifying subrout ine ,  l i k e  a magnifying g l a s s ,  can provide 
a submodel wi th  g r e a t e r  r e s o l u t i o n  from which t o  g e n e r a l i z e  t o  t h e  
coa r se r  model. 

Spec i a l  r o u t i n e s  would be used f o r  l i g h t ,  n u t r i e n t s ,  e t c .  A l i g h t  
d i r e c t i o n  would be  des igna ted  r e l a t i v e  t o  t h e  coo rd ina t e s  and t h e  i n i t i a l  
p o i n t s  a t  t h a t  s i d e  of t h e  model f i e l d  would be  coded " l i g h t , "  perhaps 
wi th  i n t e n s i t y  i n d i c a t e d .  The " l i g h t "  coding would then be  t r a n s f e r r e d  
i n  t h a t  d i r e c t i o n  through t h e  model t o  a l l  p o i n t s  f o r  which t h e  subs tance  
code i n d i c a t e d  t rans lucency .  Absorpt ion would occur  a t  any p o i n t  of 
opaque m a t e r i a l ,  l e av ing  "shadows" beyond. At tenua t ion  could be  i nd i -  
c a t e d  by a l o s s  of i n t e n s i t y  a t  each t r a n s f e r .  Addi t iona l  ref inements  
could i nco rpo ra t e  wavelengths,  r e f l e c t a n c e ,  and s o  f o r t h ,  i f  t h e s e  w e r e  
needed. 



Nut r i en t s  could be s i m i l a r l y  introduced i n t o  t h e  model, t rans-  
por ted  by water  c u r r e n t s  u n t i l  "uptake" a t  a n  abso rp t ive  s u r f a c e  (so 
ind ica t ed  by a  combination of su r f ace  and organism o r  substance codes) .  
Nu t r i en t  presence,  accumulation, dep le t ion ,  o r  o the r  change would be  
shown by appropr i a t e  subs id i a ry  codes. 

A series of time programs would l i n k  t h e  ope ra t ion  of t h e  var ious  
r o u t i n e s  c o n t r o l l i n g  t h e  dynamics of the  system a t  t h e  temporal s c a l e s  
of i n t e r e s t .  

THE SPATIAL MODEL 

With t h e s e  elements,  i t  should be  p o s s i b l e  t o  cons t ruc t  i n  t h ree  
dimensions a  s p a t i a l  model of an  ecosystem such a s  a  c o r a l  r ee f  o r  some 
p a r t  t he reo f .  To keep wi th in  present  computer l i m i t a t i o n s ,  a  s e r i e s  of 
submodels of d i f f e r e n t  r ee f  zones and a t  d i f f e r e n t  s c a l e s  could be  
combined t o  produce a  genera l ized  r ee f  model. Data could be drawn from 
an  a c t u a l  r ee f  a r ea ,  o r  b e  based on t h e o r e t i c a l  cons t ruc t ions  of t y p i c a l  
s i t u a t i o n s  (Dahl, 1973). The cons t r a in ing  substratum would be  ind ica t ed  
and ben th i c  organisms s i t u a t e d ,  followed by mobile organisms and ex ter -  
n a l  i npu t s .  Much of the  i n i t i a l  cons t ruc t ion  could be completed by 
computer us ing  appropr i a t e  subrout ines  and t h e  d a t a  p o i n t s  provided. 

The i n i t i a l  d a t a  block would then b e  manipulated using t h e  
app ropr i a t e  programs, and the  r e s u l t i n g  ecosystem parameters o r  
c h a r a c t e r i s t i c s  read out .  Values such a s  biomass, a r e a  coverage, 
frequency, abundance, and d i s t r i b u t i o n  could be  r e a d i l y  obta ined  by 
t a b u l a t i n g  o r  p l o t t i n g  t h e  appropriately-coded po in t s .  The amount of 
i l luminated  photosynthe t ic  s u r f a c e  under s p e c i f i e d  condi t ions ,  and i t s  
d i u r n a l  o r  seasonal  v a r i a t i o n ,  would be easy t o  determine, a s  would the  
p o t e n t i a l  f o r  uptake of s p e c i f i e d  n u t r i e n t s .  This could then  lead  t o  
s t u d i e s  of t h e  comparative e f f i c i e n c y  of d i f f e r e n t  reef  s t r u c t u r e s  o r  
communities under def ined condi t ions  of load  o r  s t r e s s .  Quan t i t a t i ve  
measures of car ry ing  capac i ty ,  competi t ion,  o r  feeding  p o t e n t i a l  could 
a l s o  be der ived  from t h e  model, a s  could t h e  r e s u l t s  of growth o r  even 
t h e  evo lu t ion  of reef  s t r u c t u r e s  over geo log ica l  time. It would be 
poss ib l e ,  us ing  a  s p a t i a l  model, t o  apply t h e o r i e s  of i s l a n d  biogeo- 
graphy (MacArthur and Wilson, 1967) t o  t h e  community l e v e l  by de f in ing  
" i s lands"  of substratum o r  h a b i t a t  w i th in  t h e  r ee f  system and then 
ana lyz ing  r a t e s  of co lon iza t ion  and e x t i n c t i o n .  

One p a r t i c u l a r l y  i n t e r e s t i n g  a p p l i c a t i o n  would be t o  develop pa i r ed  
s p a t i a l  and m a t e r i a l  flow models, wi th  each exe rc i s ing  c o n t r o l s  over t h e  
o t h e r .  Compartment va lues  could be l i nked  wi th  t h e  app ropr i a t e  
organism biomasses and m a t e r i a l s  pools i n  t h e  s p a t i a l  model, and t h e  
flows between compartments r e l a t e d  t o  app ropr i a t e  t r a n s f e r s  o r  events .  
It would thus  be  poss ib l e  t o  t i e  toge ther  primary p roduc t iv i ty  and 
i l l umina ted  photosynthe t ic  su r f ace ,  o r  s k e l e t a l  depos i t i on  and s t r u c t u r a l  



changes i n  t he  r ee f  framework. This  l i nkage  would provide  a  more f l e x i -  
b l e  and r e a l i s t i c  set of c o n t r o l  mechanisms f o r  t h e  flow model and g i v e  
a n  ou tpu t  t h a t  would lend i t s e l f  more r e a d i l y  t o  v a l i d a t i o n  i n  a c t u a l  
r ee f  s i t u a t i o n s .  It should a l s o  produce s i g n i f i c a n t  advances i n  under- 
s t and ing  t h e  f u n c t i o n a l  s i g n i f i c a n c e  of r ee f  forms, s t r u c t u r e s ,  and 
o t h e r  s p a t i a l  elements.  

With f u r t h e r  development, a d d i t i o n a l  complexi t ies  could be  added, 
such a s  t h e  m u l t i p l e  l a y e r s  of organisms found i n  many r ee f  h a b i t a t s .  
Analyses could be  made of a l t e r n a t i v e  evolu t ionary  s t r a t e g i e s  f o r  r ee f  
ecosystems, and of t h e  e f f e c t s  on such systems of v a r i o u s  human impacts 
t h a t  might a l t e r  t h e  r ee f  s t r u c t u r e ,  e l i m i n a t e  c e r t a i n  organisms, o r  
change i n p u t s  of l i g h t  o r  m a t e r i a l s .  

CONCLUSION 

The au thor  i s  no t  i n  a  p o s i t i o n  t o  pursue t h e  development of 
s p a t i a l  models a t  t h e  p re sen t  t i m e .  H e  t h e r e f o r e  o f f e r s  t h i s  conceptual  
framework i n  t h e  hope t h a t  i t  w i l l  s t i m u l a t e  p r o j e c t s  e lsewhere.  There 
a r e  s t i l l  ques t i ons  a s  t o  t h e  capac i ty  of p r e sen t  computer systems t o  
manipulate  models of t h i s  s o r t  w i th  l a r g e  numbers of d a t a  po in t s .  It 
may be  t h a t  more s i m p l i f i e d  special-purpose s p a t i a l  models w i l l  be 
necessary  i n i t i a l l y .  

However, even t h e  conceptual  development of s p a t i a l  models may 
h e l p  t o  d e p i c t  t h e  c o r a l  r ee f  ecosystem a s  a  dynamic l i v i n g  "veneer," 
c o n s t a n t l y  changing i n  d e t a i l ,  bu t  main ta in ing  a  s u r p r i s i n g  cons is tency  
i n  t h e  processes  of cons t ruc t ion ,  e ros ion ,  and community evo lu t ion .  
Such models can a l s o  l ead  t o  an i n c r e a s i n g  understanding of t h e  func- 
t i o n a l  and eco log ica l  s i g n i f i c a n c e  of form, s t r u c t u r e ,  behavior ,  and t h e  
use of space. 
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