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INTRODUCTION 

Ecosystem model l ing n e c e s s a r i l y  d e a l s  w i t h  time-dependent da t a :  
f l u x e s ,  r a t e s ,  concepts  of s t a b i l i t y ,  and s o  f o r t h .  Th i s  a s p e c t  of 
ecology s e p a r a t e s  q u a n t i t a t i v e  and p r e d i c t i v e  s c i e n c e  from i t s  descr ip-  
t i v e  p recu r so r s ;  t h i s  a r e a  a l s o  p r e s e n t s  t h e  g r e a t e s t  experimental  
d i f f i c u l t i e s .  Few systems have been thoroughly monitored over  t i m e  
pe r iods  comparable t o  t h e  l i f e t i m e s  of t h e i r  longes t - l i ved  major 
components; s i m i l a r l y ,  i t  i s  unusual t o  f i n d  adequate  d a t a  on a l l  phases 
of seasona l ,  d i u r n a l ,  and o t h e r  cyc l e s .  A s  a r e s u l t ,  much modelling i s  
done w i t h  an  i m p l i c i t  s t e a d y - s t a t e  assumption and wi th  assumed "average" 
va lues .  Although t h e s e  assumptions run  counter  t o  t h e  common observa- 
t i o n s  t h a t  few systems a r e  i n  long-term equ i l i b r ium and extremes a r e  
l i k e l y  t o  be  more important  than means i n  shaping t h e  long-term 
c h a r a c t e r i s t i c s  of an  ecosystem, i t  is  a l i m i t a t i o n  imposed by t h e  
d i f f i c u l t y  of developing an  adequate  d a t a  base  from rea l - t ime  observa t ion .  

Ret rospec t ive  a n a l y s i s  of  environmental cond i t i ons  o r  organism 
growth i s  a f i e l d  pioneered by t h e  dendrochronologis ts ;  t h e  purpose of 
t h i s  paper  is t o  review and ana lyze  t h e  e x t e n t  t o  which growth p a t t e r n s  
may provide  u s e f u l  d a t a  f o r  model l ing e f f o r t s  i n  cora l - reef  ecosystems. 

To be  of  maximum u t i l i t y ,  an organism must show growth p a t t e r n s  wi th  
a known and r e l i a b l e  t i m e  ba se ,  be capable  of r e l a t i o n  t o  a s p e c i f i c  
l o c a t i o n  o r  environment, and have a l i f e t i m e  (and p a t t e r n  pe r iod )  long  
enough t o  provide  a worthwhile ex t ens ion  of  f e a s i b l e  rea l - t ime  observa- 
t i o n s .  Although many organisms show growth p a t t e r n s  of  some s o r t ,  t h e s e  
c r i t e r i a  reduce t h e  p r e s e n t l y  a v a i l a b l e  s e l e c t i o n  t o  two groups: 
Molluscs ,  p a r t i c u l a r l y  t h e  t r i d a c n i d  clams (Bonham, 1965; Pane l l a ,  1975); 
and hermatypic c o r a l s .  Of t he se ,  t h e  c o r a l s  a r e  by f a r  t h e  more widely 
d i s t r i b u t e d  and ex t ens ive ly  i n v e s t i g a t e d ,  and w i l l  b e  t h e  s o l e  c l a s s  of 
organisms s p e c i f i c a l l y  d i s cus sed  i n  t h i s  paper .  It should be  kept  i n  
mind, however, t h a t  many of t h e  obse rva t ions  may a l s o  apply t o  o t h e r  
organisms whose growth p a t t e r n s  remain t o  be i n v e s t i g a t e d .  

AGE AND GROWTH RATE DATA 

It is now w e l l  e s t a b l i s h e d  t h a t  many r e e f  c o r a l s  have s k e l e t a l  
d e n s i t y  v a r i a t i o n s  
Buddemeier e t  a l . ,  -- 
Smith, 1974; Dodge 

w i t h  annual  p e r i o d i c i t y  (Knutson -- e t  a l . ,  1972; 
1974; Moore and Krishnaswami, 1974; Macintyre and 
and Thomson, 1974); s k e l e t a l  d e n s i t y  bands w i th  
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l u n a r  p e r i o d i c i t y  (Buddemeier and Kinzie ,  1975) have a l s o  been r epor t ed ,  
b u t  a r e  n o t  y e t  e s t a b l i s h e d  a s  a  r e l i a b l e  i n t e r n a l  chronometer. The 
d a i l y  growth increments repor ted  by Barnes (1972) appear t o  be too un- 
r e l i a b l e  t o  s e r v e  a s  more than a  secondary confirmation of o t h e r  
chronologies .  

One of t h e  most unequivocal u ses  of growth p a t t e r n s  i s  t h e  de t e r -  
mination of growth r a t e s ,  ages and age-size r e l a t i o n s h i p s .  The d i s t r i -  
bu t ion  of ages i n  a  community (among both t h e  l i v i n g  and the  dead b u t  
p e r s i s t i n g  members) a s  a  func t ion  of spec i e s  and microenvironment 
provides  another  dimension f o r  t h e  s tudy of populat ion dynamics and 
community s t r u c t u r e  development. The a b i l i t y  t o  e s t a b l i s h  v a l i d  age- 
s i z e  r e l a t i o n s h i p s  by r e p r e s e n t a t i v e  growth p a t t e r n  a n a l y s i s  provides  
novel  o p p o r t u n i t i e s  f o r  p lac ing  d e s c r i p t i v e  surveys on a  temporally 
q u a n t i t a t i v e  b a s i s .  

Average colony growth r a t e s  a r e  another  parameter of p o t e n t i a l  
i n t e r e s t  f o r  c o r a l  reef  system models. These r a t e s  r e f l e c t  competi t ive 
s t r a t e g i e s  and t h e i r  probable success ,  provide a  b a s i s  f o r  i n t r a -  
community n iche  comparison, and may be  compared wi th  t h e  f a i r l y  ex t ens ive  
l i t e r a t u r e  on c o r a l  growth r a t e s  (Buddemeier and Kinzie ,  1976) t o  provide 
information about t h e  gene ra l  s u i t a b i l i t y  of t h e  growth environment o r  
s p e c i f i c ,  p o t e n t i a l l y  growth-controlling, environmental f a c t o r s .  
Addi t iona l ly ,  growth r a t e s  i n  conjunct ion  wi th  s k e l e t a l  dens i ty  and 
composition a n a l y s i s  provide information on c a l c i f i c a t i o n  r a t e s ,  and 
s k e l e t a l  s t u d i e s  may a l s o  be  used t o  determine r a t e s  of b ioeros ion .  

GROWTH PATTERN ANALYSIS 

I n t e r e s t  i n  t he  p o t e n t i a l  s i g n i f i c a n c e  of t h e  observed v a r i a b i l i t y  
i n  t h e  approximately annual  growth band dimension was s t imu la t ed  by t h e  
example of dendrochronology, wherein sys temat ic  p a t t e r n  v a r i a t i o n s  
have been used t o  cons t ruc t  geographica l ly  ex tens ive  master chronologies  
and t o  r econs t ruc t  p a s t  c l i m a t i c  v a r i a t i o n s .  The hope has thus been 
r a i s e d  t h a t  sclerochronology ( a n a l y s i s  of exoske le t a l  growth p a t t e r n s )  
might provide s i m i l a r  c a p a b i l i t i e s  i n  t he  marine environment. 

To d a t e ,  r e s u l t s  have no t  been completely c l ea r - cu t ;  while  i nd iv idua l  
t raumat ic  events  have been shown t o  be  recorded i n  c o r a l  ske l e tons  
(Macintyre and Smith, 1974; Moore and Krishnaswami, 1974),  only a  few 
a t tempts  a t  c o r r e l a t i o n  of growth p a t t e r n s  wi th  each o the r  o r  wi th  
environmental records  have been made. I n  a  pre l iminary  survey based on 
growth bands i n  c o r a l s  from Enewetak A t o l l ,  Buddemeier -- et  a l .  (1974) 
found no master p a t t e r n  c o r r e l a t i o n .  Dodge and Thomson (1974) showed 
dimensional and dens i ty  p a t t e r n  c o r r e l a t i o n s  i n  c o r a l s  from Bermuda; 
t h e s e  two s e t s  of r e s u l t s  suggest  t h a t  e x t e r n a l  growth c o n t r o l  and 
p a t t e r n  c o r r e l a t i o n s  a r e  more l i k e l y  t o  be documented i n  environments 
which a r e  marginal  i n  terms of t h e  optimum condi t ions  f o r  c o r a l  growth 
and which show s u b s t a n t i a l  v a r i a b i l i t y .  The ques t ion  of what environ- 
mental parameters c o n t r o l  growth p a t t e r n  formation remains a  s u b j e c t  f o r  
deba te  and experimentation. A l l e r  and Dodge (1974) have shown t h a t  



sedimentat ion can a f f e c t  t h e  average growth r a t e s  of c o r a l s ;  Weber and 
White (1974; i n  p re s s )  have demonstrated s i m i l a r  e f f e c t s  f o r  temperature 
i n  f i e l d  s t u d i e s ,  a s  have Clausen and Roth (1975) i n  t h e  l abo ra to ry .  
Buddemeier (1974) has  suggested t h a t  s easona l  l i g h t  v a r i a t i o n s  may be a 
f a c t o r  i n  l o c a t i o n s  where water  temperatures  remain wi th in  t h e  optimum 
range throughout t h e  year .  I n  genera l ,  t h i s  is an a r e a  o f  r e sea rch  
which shows promise, e s p e c i a l l y  i n  marginal  o r  s t r e s s e d  environments, 
bu t  i n  which much more work w i l l  be  requi red  t o  determine whether c o r a l  
growth p a t t e r n s  can se rve  a s  more than a q u a l i t a t i v e  i n d i c a t o r  of non- 
s p e c i f i c  environmental condi t ions .  

SKELETAL COMPOSITION 

I n t e r p r e t a t i o n  of t h e  i s o t o p i c ,  minera logica l ,  and chemical composi- 
t i o n  of c o r a l  s k e l e t a l  carbonate  i n  terms of t h e  condi t ions  of t he  
e x t e r n a l  environment a t  t h e  time of depos i t i on  is a t  once one of t h e  
most promising and most problem-ridden uses  of sclerochronology.  I f  
s k e l e t a l  composition can be  c a l i b r a t e d  i n  terms of ambient condi t ions ,  
then  band-dated samples would permit  r econs t ruc t ion  of environmental 
records ;  and t h i s  information might permi t  f u r t h e r  ref inement  i n  i n t e r -  
p r e t a t i o n  of t h e  band p a t t e r n  v a r i a t i o n s .  

D e t r i t a l  i n c l u s i o n s  wi th in  t h e  ske l e ton  have been used t o  i d e n t i f y  
t imes and na tu re s  of a l t e r a t i o n s  i n  t h e  sedimentat ion p a t t e r n  (Barnard 
e t  a l . ,  1974; Moore and Krishnaswami, 1974).  It a l s o  seems l i k e l y  t h a t  -- 
c o r a l s  func t ion  a s  r e l i a b l e  samplers f o r  many d isso lved  m a t e r i a l s  i n  t h e  
water .  This  f a c t  has  been most thoroughly demonstrated f o r  va r ious  
n a t u r a l  and a r t i f i c i a l  rad ionucl ides  (Knutson and Buddemeier, 1973; 
Moore and Krishnaswami, 1974; Dodge and Thomson, 1974; Noshkin e t  a l . ,  
1975),  and t h e  imp l i ca t ion  i s  s t rong  t h a t  many o t h e r  t r a c e  o r  minor 
elements should b e  s i m i l a r l y  "sampled." However, t h e  mechanism f o r  t h i s  
sampling remains unc lear ;  working wi th  some of t h e  same samples analyzed 
by Noshkin -- e t  a l .  (1975),  Levy -- e t  a l .  (1975) found t h a t  t h e  heavy 
n u c l i d e s  were concentrated i n  "hot spots"  r a t h e r  than d i s t r i b u t e d  uni- 
formly through t h e  s k e l e t a l  band. This  could be due t o  i nco rpora t ion  
of d e t r i t a l  p a r t i c l e s  o r  ( l e s s  l i k e l y )  t o  pa tch iness  of c a l c i f i c a t i o n  
i n  t he  presence of r a p i d l y  f l u c t u a t i n g  concent ra t ions  of t h e  d isso lved  
spec ies .  I n  e i t h e r  event ,  f u r t h e r  i n v e s t i g a t i o n  is i n d i c a t e d  be fo re  
assuming t h a t  small  c o r a l  samples n e c e s s a r i l y  r ep re sen t  short- term ambient 
water  c h a r a c t e r i s t i c s .  

Other s k e l e t a l  composition f a c t o r s  which have been i n v e s t i g a t e d  in-  
i nc lude  Sr/Ca r a t i o s  (Weber, 1973; Houck, 1975),  Mg/Ca r a t i o s  (Weber, 
1974a; Houck, 1975),  conten t  (Land e t  a l . ,  1975; Weber and Woodhead, 
1970; Weber, 1974b; Walsh, 1975) and 1 8 0 c Z t e n t  (Weber and Woodhead, 
1970, 1972; Walsh, 1975).  While t h e r e  may be  s l i g h t  environmental 
e f f e c t s  on S r  and Mg content ,  i t  seems s a f e  t o  say  t h a t  t h e s e  parameters 
promise t o  y i e l d  l i t t l e  information of u t i l i t y  t o  model lers ,  a t  l e a s t  i n  
t h e  nea r  f u t u r e .  



The s t a b l e  i s o t o p e  s t u d i e s  of c o r a l s  a r e  somewhat more controver-  
s i a l .  It seems c l e a r  t h a t  t h e  180 content  is r e l a t e d  t o  t he  water 
temperature a t  t h e  time of c a l c i f i c a t i o n  and t h a t  13c content  is  
r e l a t e d  t o  photosynthe t ic  a c t i v i t y .  However, t hese  r e l a t i o n s h i p s  a r e  
n o t  simple, c o n s i s t e n t ,  o r  even monotonic. P o s i t i o n  w i t h i n  t h e  colony, 
c a l c i f i c a t i o n  r a t e s  on a mic ros t ruc tu ra l  l e v e l ,  and o t h e r  f a c t o r s  
appear t o  a f f e c t  i s o t o p i c  compositions; and those  t r ends  which have 
been e s t a b l i s h e d  have unce r t a in ty  l e v e l s  h igh  enough t o  r e q u i r e  
a n a l y s i s  of a very l a r g e  number of samples i n  o rde r  t o  e s t a b l i s h  
reasonable confidence l e v e l s .  

Although n o t  without  promise, a l l  s k e l e t a l  composition parameters 
appear  t o  s u f f e r  from the  same complicat ions when viewed a s  p o t e n t i a l  
environmental i n d i c a t o r s .  The c a l c i f i c a t i o n  process  of the  c o r a l s  
i s  s u f f i c i e n t l y  complicated and dynamic t h a t  a l l  of t h e  s k e l e t a l  
c o n s t i t u e n t s  move through s e v e r a l  metabol ica l ly  c o n t r o l l e d  s t e p s ,  o f t e n  
with a s i g n i f i c a n t  t ime l a g  between uptake and depos i t i on  (Cooksey and 
Cooksey, 1972; Chalker,  1975). Environmental condi t ions  such a s  l i g h t  
and temperature undoubtedly a f f e c t  d i f f e r e n t  s t a g e s  of t h e  c a l c i f i c a -  
t i o n  process  i n  d i f f e r e n t  ways. The responses a r e  f u r t h e r  complicated 
by spec i e s  and ind iv idua l  d i f f e r e n c e s  i n  c o r a l s  and by s p e c i f i c  adap- 
t a t i o n  t o  microenvironmental condi t ions .  A l l  i n  a l l ,  t he  s t a b l e  
i s o t o p i c  composition of c o r a l  ske l e tons  shows some promise and poten- 
t i a l ,  b u t  a g r e a t  d e a l  of f u r t h e r  work is requ i r ed  t o  make such 
measurements r e l i a b l y  u s e f u l  a s  environmental i n d i c a t o r s .  

SUMMARY AND CONCLUSIONS 

From t h e  foregoing i t  can be seen t h a t  r e t r o s p e c t i v e  s t u d i e s  of 
c o r a l  ske l e tons  can d i r e c t l y  and r a t h e r  unequivocally provide informa- 
t i o n  on c o r a l  ages and growth r a t e s ,  and on c e r t a i n  a s p e c t s  of water  
chemistry and sedimentat ion a t  t h e  time of s k e l e t a l  depos i t ion .  It 
seems l i k e l y  t h a t  growth p a t t e r n  a n a l y s i s  can y i e l d  some index of 
genera l  environmental v a r i a b i l i t y  and s u i t a b i l i t y  f o r  c o r a l  growth. 
It i s  p o s s i b l e  t h a t  the  combination of s k e l e t a l  composition and growth 
p a t t e r n  a n a l y s i s  w i l l  eventua l ly  permit  q u a n t i t a t i v e  r e t r i e v a l  of some 
types of environmental da t a .  An o p t i m i s t i c  view of t h i s  p o t e n t i a l  i s  
presented  by Weber -- e t  a l .  (1975); however, t h i s  p o s s i b i l i t y  i s  s t i l l  
f a r  from being r e a l i z e d .  

An important  p o i n t  i s  t h e  need f o r  feedback of information from 
those  i n t e r e s t e d  i n  time-dependent r ee f  ecosystem modelling t o  those  
r e sea rche r s  i n t e r e s t e d  i n  growth p a t t e r n  s t u d i e s  of c o r a l s  and o t h e r  
organisms. Viewed from a narrowly "cora l  research" p o i n t  of view, 
t h e r e  a r e  many i n t e r e s t i n g  problems; i f  some of those  problems have 
broader  r ami f i ca t ions  than o t h e r s ,  i t  i s  up t o  t h e  p o t e n t i a l  u s e r s  of 
t h e  d a t a  t o  communicate t h e i r  needs t o  t he  p o t e n t i a l  da t a  producers.  
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