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ABSTRACT 

M u l t i v a r i a t e  s t a t i s t i c a l  ana lyses were used t o  
r e c o n s t r u c t  e v o l u t i o n a r y  p a t t e r n s  i n  Car ibbean 
Mon tas t raea  ove r  t h e  pas t  25 Ma. The m a t e r i a l  
c o n s i s t e d  o f  225 f o s s i l  c o l o n i e s  f r om f o u r  t i m e  
i n t e r v a l s ,  r o u g h l y  5  Ma i n  l e n g t h ,  and 72 c o l o -  
n i e s  f r om f o u r  p o p u l a t i o n s  o f  t h e  two modern 
spec ies .  S i x t e e n  cha rac te rs  were measured on 
8 -10  c o r a l l i t e s  p e r  co lony .  C l u s t e r  ana lyses 
were per formed on each i n t e r v a l  u s i n g  Mahalano- 
b i s '  d i s t a n c e s  between c o l o n i e s .  The c l u s t e r s  
were m o d i f i e d  u s i n g  canon i ca l  d i s c r i m i n a n t  ana- 
l y s i s .  The r e s u l t i n g  spec ies  were l i n k e d  i n t o  
l i n e a g e s  u s i n g  Mahalanobis '  d i s t a n c e s .  The shape 
o f  t h e  c l a d e  suggests t h a t  s p e c i a t i o n  and 
e x t i n c t i o n  r a t e s  were g e n e r a l l y  low,  maximum 
spec ies  d u r a t i o n s  h igh ,  and p h y l e t i c  e v o l u t i o n  
m in ima l .  Amounts o f  o v e r a l l  pheno typ i c  p l a s t i c -  
i t y  i n  each spec ies  were es t ima ted  u s i n g  i n t r a -  
c o l o n y  va r i ances  i n  p r i n c i p a l  components w i t h i n  
spec ies .  Spec ies  were found t o  d i f f e r  i n  p l a s -  
t i c i t y .  P l a s t i c i t y  was n o t  r e l a t e d  t o  e x t i n c t i o n  
i n  t h e  c l a d e .  Low p l a s t i c i t y  was a s s o c i a t e d  
w i t h  i nc reased  s p e c i a t i o n .  P l a s t i c i t y  decreased 
b o t h  w i t h i n  and between spec ies  i n  t h e  c l a d e  
t h rough  t ime .  

INTRODUCTION 

Phenotyp ic  p l a s t i c i t y  i s  g e n e r a l l y  r ega rded  as a  
c h a r a c t e r i s t i c  o f  weedy, t o l e r a n t  spec ies  t h a t  
a l l o w s  i n d i v i d u a l s  t o  a l t e r  t h e i r  morphology 
w i t h o u t  g e n e t i c  change i n  response t o  change i n  
env i ronment  (Bradshaw 1965).  The amount o f  p l a s -  
t i c i t y  and t h e  c h a r a c t e r s  i n v o l v e d  a r e  spe- 
c i e s - o r  even p o p u l a t i o n -  s p e c i f i c  ( F o s t e r  1979, 
W i l l i s  1985).  As exp la ined  by S c h l i c h t i n g  
(1986),  pheno typ i c  p l a s t i c i t y  occu rs  as a  r e s u l t  
o f  change i n  ' t y p i c a l '  deve lopmenta l  sequence 
and i s  f avo red  under  s p e c i f i c  s e l e c t i o n  regimes, 
such as d i s r u p t i v e  s e l e c t i o n .  It has been argued 
t h a t  u n s t a b l e  genotypes a r e  t y p i c a l l y  more p l a s -  
t i c  and t h a t ,  i n  f a c t ,  pheno typ i c  p l a s t i c i t y  
shou ld  i n h i b i t  c h a r a c t e r  e v o l u t i o n  (S tea rns  
1982). These r e 1  a t i o n s h i p s  suggest  t h a t  pheno- 
t y p i c  p l a s t i c i t y  would be h i g h e r  e a r l i e r  d u r i n g  
t h e  l o n g t e r m  e v o l u t i o n  o f  a  c l a d e  (Meyer 1987) 
and t h a t  p l a s t i c  l i n e a g e s  would commonly e x p e r i -  
ence s t a s i s .  Moreover,  p l a s t i c  l i n e a g e s  would  be 
expected t o  have l o n g e r  d u r a t i o n s  and s u r v i v e  
e x t i n c t i o n  ep isodes.  Lewont in  (1957),  however, 
has p o s t u l a t e d  t h a t  p h y l o g e n e t i c a l l y  advanced 
groups would  t e n d  t o  e v o l v e  pheno typ i c  p l a s t i c -  
i t y  as g e n e t i c  v a r i a t i o n  decreased. The u n i v e r -  
s a l i t y  o f  any r e l a t i o n s h i p s  has been s e r i o u s l y  
ques t i oned ,  s i n c e  c h a r a c t e r s  and t h e i r  p l a s t i c -  
i t y  e v o l v e  i ndependen t l y  ( S c h l i c h t i n g  1986) .  

The purpose o f  t h i s  paper  i s  t o  examine t h e  evo- 
l u t i o n  o f  pheno typ i c  p l a s t i c i t y  i n  t h e  common 

.+< . , Car ibbean r e e f - c o r a l  Montast raea t h r o u g h  t h e  
$. p a s t  25 Ma. Three ques t i ons  a r e  addressed: 
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(1) Has pheno typ i c  p l a s t i c i t y  decreased i n  t h e  
c l ade  t h rough  t i m e  ( b o t h  w i t h i n  and between 
l i n e a g e s ) ?  (2)  Do more p l a s t i c  l i neages  evo l ve  
l e s s ?  (3 )  Do more p l a s t i c  l i neages  have l o n g e r  
d u r a t i o n s  and do t h e y  more f r e q u e n t l y  s u r v i v e  
e x t i n c t i o n  ep isodes? To answer these ques t i ons ,  
t h i s  paper  a l s o  demonst ra tes :  (1) how 
s c l e r a c t i n i a n  l i n e a g e s  can be r e c o n s t r u c t e d  
q u a n t i t a t i v e l y  u s i n g  d a t a  f r om t h e  f o s s i l  r e c o r d  
and (2 )  how t h e  l i n e a g e s  can be used t o  t e s t  
aues t i ons  such as t hose  above. 

MATERIAL AND MEASUREMENTS 

Montast raea has been s e l e c t e d  f o r  s tudy  f o r  
seve ra l  reasons:  ( 1 )  p r e v i o u s  t r a n s p l a n t a t i o n  
exper iments  have shown t h a t  l i v i n g  spec ies  o f  
t he  genus a r e  h i g h l y  p h e n o t y p i c a l l y  p l a s t i c  
(Fos te r  1979), ( 2 )  i t  has an abundant f o s s i l  
r e c o r d  i n  t h e  Car ibbean r a n g i n g  f r om l a t e  O l i g o -  
cene t o  Recent t ime ,  ( 3 )  Car ibbean members o f  
t h e  genus a re  b e l i e v e d  t o  c o n s t i t u t e  a  monophy- 
l e t i c  c l ade ,  ( 4 )  c o l o n i e s  a r e  massive, and 
c o r a l l i t e s  d i s c r e t e  and non-po lymorph ic ;  t h e r e -  
f o r e ,  c o r a l l i t e  v a r i a t i o n  w i t h i n  c o l o n i e s  can be 
used t o  e s t i m a t e  pheno typ i c  p l a s t i c i t y ,  and (5 )  
c o l o n i e s  grow by a c c r e t i o n  a t  a  cons tan t  r a t e  
(4-10 mm/yr), and a s t o g e n e t i c  v a r i a t i o n  i s  m i n i -  
mal.  The genus c u r r e n t l y  c o n t a i n s  two Caribbean 
and seven I n d o - P a c i f i c  l i v i n g  species, and 
extends back t o  e a r l y  Cretaceous t ime .  Montas- 
traea became a  dominant r e e f - c o r a l  i n  t h e  
Car ibbean d u r i n g  t h e  e a r l y  Miocene a f t e r  an 
e x t i n c t i o n  ep i sode  d u r i n g  t h e  l a t e  Ol igocene.  
Desp i t e  i t s  l o w  d i v e r s i t y ,  i t  con t i nues  t o  
dominate Car ibbean r e e f s  today.  

Co lon ies  o f  f o s s i l  Montast raea have been 
se lec ted  f o r  a n a l y s i s  f r om v a r i o u s  Caribbean 
l o c a l i t i e s  (Tab le  1 ) .  These i n c l u d e  c o l l e c t i o n s  
a t  t h e  US N a t i o n a l  Museum o f  Na tu ra l  H i s t o r y  
(USNM), t h e  U n i v e r s i t y  o f  I l l i n o i s  (U I ) ,  t h e  
Na tu ra l  H i s t o r y  Museum i n  Base l ,  Sw i t ze r l and  
(NMB), and t h e  U n i v e r s i t y  o f  Iowa (SUI) .  Age 

Table 1. L o c a l i t i e s  and number o f  colonies measured i n  each of f i v e  
t ime i n t e r v a l s .  

I .  l a t e  
01 igocene 

2. e a r l y  
Miocene 

3 .  middle 
Miocene 

4 .  l a t e  Miocene/ 
e a r l y  Pl iocene 

5 .  Recent 

L o c a l i t y  

Anahuac Fm. Texas 
Juana Diaz Fm. Puerto Rico 
Browns Town Fm. Jamaica 

Tampa Fm, F l o r i d a  
Chattahoochee Fm. Georgia 
Lares Fm. Puerto Rico 
Santa Ana, Rio Lajas Fms. 

Chiapas 

Angui l la  Fm. Angui l la  
La Boca Fm. Panama 
Bai toa Fm. Dominican 

Republic 
Cercado. Gurabo, Uao Fms. 

Dominican Republic 

Discovery Bay, Jamaica 

I colonies 

9 
12 

5 

8 
11 

7 
24 

23 
27 

9 

90 

72 

Repository 

SUI 
SUI 
SU I 

USNU 
USNM 

SU I 
U I 

USNM 
USNM 

NUB 

NUB 

SUI 



da tes  f o r  t hese  l o c a l i t i e s  a re  based p r i m a r i l y  
on Bo ld  (1972) and Saunders e t  a l .  (1978) .  The 
c o l l e c t i o n s  have been subd i v i ded  i n t o  f i v e  t i m e  
i n t e r v a l s ,  app rox ima te l y  5  Ma i n  l e n g t h  (Tab le  
1 ) .  As many w e l l - p r e s e r v e d ,  l a r g e  c o l o n i e s  as 
p o s s i b l e  were s e l e c t e d  f rom each l o c a l i t y ,  and 
2-3 t r a n s v e r s e  t h i n s e c t i o n s  were p repa red  f r om 
l o c a t i o n s  across t h e  co lony  su r face .  
Montast raea was d i s t i n g u i s h e d  f r o m  genera w i t h  
s i m i l a r  morpho log ies  (e.g. A s a t h i ~ h v l l i a ,  m) 
by i t s  porous c o s t a t e  coenosteum, i t s  
sep to theca te  w a l l  s t r u c t u r e ,  i t s  t r a b e c u l a r  
co lume l l a  ( l a c k i n g  t r u e  p a l i ) ,  and t h e  
p reva lence  o f  e x t r a t e n t a c u l a r  budd ing.  No a 

judgements were made conce rn ing  spec ies  
i d e n t i f i c a t i o n s .  

S i x teen  measurements o r  coun ts  ( T a b l e  2 )  were 
made on 8 -10  mature  c o r a l l i t e s  i n  each co lony .  
The measurements d e s c r i b e  t h e  s i z e  and p o r o s i t y  
o f  v a r i o u s  c o r a l l i t e  a r c h i t e c t u r a l  f e a t u r e s  as 
w e l l  as t h e  s i z e  and spac ing o f  t h e  c o r a l l i t e s  
themselves (see F o s t e r  1983 f o r  d e t a i l s ) .  These 
cha rac te rs  have commonly been used t o  d i s t i n -  
g u i s h  spec ies  i n  Montast raea.  C o r a l l i t e  matu- 
r i t y  was judged by  t h e  development o f  t h e  h i g h -  
€ s t  septa1 c y c l e .  D i s t r i b u t i o n s  o f  most charac-  
t e r s  w i t h i n  c o l o n i e s  were normal .  I d e n t i c a l  
measurements made p r e v i o u s l y  on 32 l i v i n g  c o l o -  
n i e s  o f  M. cavernosa and 40 l i v i n g  c o l o n i e s  o f  
M. a n n u l a r i s  ( F o s t e r  1985) were a l s o  used i n  t h e  
s t a t i s t i c a l  ana lyses.  These c o l o n i e s  were c o l -  
l e c t e d  f r om f o u r  c o n t r a s t i n g  r e e f  h a b i t a t s  nea r  
D i scove ry  Bay, Jamaica. 

DISCRIMINATION OF SPECIES 

Species a re  n o t o r i o u s l y  d i f f i c u l t  t o  d i s t i n g u i s h  
m o r p h o l o g i c a l l y  i n  s c l e r a c t i n i a n  c o r a l s ,  b o t h  
because o f  t h e i r  widespread v a r i a b i l i t y  and 
because o f  t h e  o v e r l a p  between m o r p h o l o g i c a l l y  
s i m i l a r  spec ies .  I n  t h e  c u r r e n t  s tudy ,  spec ies  
have been d i s t i n g u i s h e d  f o l l o w i n g  a  procedure 
s i m i l a r  t o  t h a t  o f  F o s t e r  (1?83) ,  c o n s i s t i n g  o f  
t h r e e  s teps :  ( 1 )  Mahalanobis d i s t a n c e s  were 
c a l c u l a t e d  between c o l o n i e s  w i t h i n  each o f  t h e  
f o u r  f o s s i l  t i m e  i n t e r v a l s ,  ( 2 )  t h e s e  d i s t a n c e s  
were used t o  group c o l o n i e s  f r om each i n t e r v a l  
i n t o  c l u s t e r s  by  average 1  inkage c l u s t e r  ana l y -  
s i s  (UPGMA), ( 3 )  a  s e r i e s  o f  canon i ca l  d i s c r i m i -  
nan t  ana lyses were r u n  on t h e  c l u s t e r s ,  and on 
combinat ions and m o d i f i c a t i o n s  t h e r e o f ,  u n t i l  
t h e  c l u s t e r s  were d i s t i n c t  a t  p<.0001. Running 
sepa ra te  ana lyses on each t i m e  i n t e r v a l  p reven ts  
a r t i f i c i a l l y  i n d u c i n g  s t a s i s ,  wh ich may r e s u l t  
f r om a  s i n g l e  a l l - i n c l u s i v e  d i s c r i m i n a n t  ana l y -  
s i s .  The use o f  Mahalanob is '  d i s t a n c e s  i n  c l u s -  
t e r  a n a l y s i s  ( s t e p  1) most h e a v i l y  we igh t s  t hose  
c h a r a c t e r s  wh i ch  b e s t  d i s t i n g u i s h  between c o l o -  
n i e s .  Canonica l  d i s c r i m i n a n t  a n a l y s i s  ( s t e p  2 )  
f u r t h e r  r e f i n e s  t h e  c l u s t e r s  and t h e r e b y  a l l e v i -  
a tes  some o f  t h e  a m b i g u i t i e s  a s s o c i a t e d  w i t h  
cho i ce  o f  c l u s t e r i n g  l e v e l .  The ana l yses  have 
been r u n  on t h e  U n i v e r s i t y  o f  Iowa IBM4381 com- 
p u t e r  u s i n g  SAS and SPSS-X. 

The f i n a l  canon i ca l  d i s c r i m i n a n t  r e s u l t s  a re  
shown i n  F i g . 1 .  I n  a l l  cases, Mahalanob is '  d i s -  
tances show t h a t  100% o f  c o l o n i e s  were ass igned 
c o r r e c t l y  t o  groups.  I n  t h e  l a t e  Ol igocene,  
t h r e e  d i s c r e t e  " spec ies "  were found.  The f i r s t  
canon i ca l  v a r i a b l e  (CV1) e x p l a i n s  60.0% o f  t h e  

Tab le  2. L i s t  o f  c h a r a c t e r s .  

Cha rac te r  
Abbre- 
v i a t i o n  

1. c o r a l  1  i t e  d i ame te r  CD 
2. t o t a l  number o f  sep ta  NS 
3 .  c o r a l l i t e  spac ing NND 
4. coenosteum d iame te r  CND 
5. coenosteum d e n s i t y  CNNV 
6 .  coenosteum d e n s i t y  CNP 
7. c o l u m e l l a  w i d t h  CLW 
8 .  c o l  umel l  a  d e n s i t y  CLNV 
9 .  t heca  t h i c k n e s s  TT 

10. septum l e n g t h  ( 1 s t  c y c l e )  SLP 
11. septum l e n g t h  (2nd c y c l e )  SLS 
12. septum l e n g t h  ( h i g h e s t  c y c l e )  SLT 
13. septum t h i c k n e s s  ( 1 s t  c y c l e )  STP 
14. septum t h i c k n e s s  (2nd c y c l e )  STS 
15. septum t h i c k n e s s  ( h i g h e s t  c y c l e )  STT 
16. c o s t a  t h i c k n e s s  ( 1 s t  c y c l e )  CST 

v a r i a t i o n  and t h e  second (CV2) 40.0%. CD and 
-SLS a r e  most h e a v i l y  we igh ted  on CVl;  SLS, CLW, 
and -CD on CV2. I n  t h e  e a r l y  Miocene, f i v e  d i s -  
c r e t e  " spec ies "  were found.  CVl desc r i bes  66.6% 
o f  t h e  v a r i a t i o n  and CV2 26.2%. CD and -SLP a r e  
most h e a v i l y  we igh ted  on CVl; CNP, SLT, and -CD 
on CV2. I n  t h e  m i d d l e  Miocene, f o u r  d i s c r e t e  
" spec ies "  were found. CVl d e s c r i b e s  74.6% o f  t h e  
v a r i a t i o n  and CV2 19.5%. CD and -SLP a r e  most 
h e a v i l y  we igh ted  on CVl; -CD and -NND on CV2. 
I n  t h e  l a t e  Miocene/ear ly  P l i ocene ,  seven 
" spec ies "  were found, some o f  wh ich a re  p a r -  
t i a l l y  o v e r l a p p i n g .  CV1 d e s c r i b e s  87.4% o f  t h e  
v a r i a t i o n  and CV2 4.8%. CD i s  most h e a v i l y  
we ighted on CVl and SLP on CV2. Thus, s i m i l a r  
l o a d i n g s  were found on t h e  f i r s t  two canon i ca l  
v a r i a b l e s  i n  a l l  f o u r  ana lyses ( e s p e c i a l l y  CD on 
t h e  CV l ) .  

RECONSTRUCTION OF LINEAGES 

The 19 f o s s i l  " spec ies "  f ound  above a;d t h e  two 
modern spec ies  were t h e n  l i n k e d  i n t o  l i n e a g e s "  
r e p r e s e n t i n g  s i ng1  e  spec ies  1  i n e s  u s i n g  Mahala- 
nob i s '  d i s t a n c e s  among a l l  21 spec ies  (Tab le  3 ) .  
I n  t h i s  procedure,  d i s t a n c e s  between spec ies  i n  
success ive t i m e  i n t e r v a l s  were compared w i t h  
d i s tances  between spec ies  w i t h i n  t i m e  i n t e r v a l s .  
Species i n  success i ve  t i m e  i n t e r v a l s  were l i n k e d  
i f  t h e  d i s t a n c e  between them was l e s s  t han  t h e  
minimum d i s t a n c e  between spec ies  w i t h i n  each o f  
t h e  two i n t e r v a l s .  Three excep t i ons  were made: 
( 1 )  t h e  l i n k a g e  o f  spec ies  2/3 and 5/1, ( 2 )  t h e  
non l i nkage  o f  spec ies  1/1 and 2/3, and ( 3 )  t h e  
l i n k a g e  o f  spec ies  4/6 and 5/2. I n  t h e  f i r s t  
case, two  nonsuccess ive spec ies  were l i n k e d  
because o f  t h e i r  e x c e p t i o n a l l y  low F -va lue .  I n  
t h e  second case, two spec ies  w i t h  a  l o w  F - v a l u e  
were n o t  l i n k e d ,  because t h e i r  d i s t a n c e  
i nc reased  d r a m a t i c a l l y  a f t e r  t h e  l i n k a g e  i n  t h e  
f i r s t  case. I n  t h e  t h i r d  case, t h e  l owes t  d i s -  
tance on t a b l e  3  was n o t  l i n k e d ,  because o f  t h e  
ex t reme ly  l ow  d i s t a n c e  o b t a i n e d  when comparing 
t ime  i n t e r v a l s  4  and 5  a lone .  

L inkage reduced t h e  21 spec ies  t o  e leven,  one o f  
which ex tended t h r o u g h  a l l  f i v e  t i m e  i n t e r v a l s  



U P P E R  OLIGOCENE 

MIDDLE MIOCENE UPPER MIOCENE/LOWER PLIOCENE 

A B LOWER MIOCENE 

F igure  1. F i n a l  canonica l  d i s c r i m i n a n t  ana lys i s  o f  m a t e r i a l  w i t h i n  t h e  f o u r  
f o s s i l  t ime i n t e r v a l s .  Scores on t h e  f i r s t  two canonica l  v a r i a b l e s  ( C V l ,  C V 2 )  are 
p l o t t e d  f o r  each co lony.  The numbers used f o r  each p o i n t  r e f e r  t o  the  f i n a l  
co lony assignment t o  "species" .  Polygons o u t l i n e  t h e  maximum v a r i a t i o n  w i t h i n  

2 a 
0 

(F ig .  2 ) .  Dur ing t h e  l a t e  Oligocene, one species 
became e x t i n c t .  Dur ing t h e  e a r l y  Miocene, t h r e e  
new species arose, one o f  which became e x t i n c t .  
Dur ing t h e  middle Miocene, one new species arose 
and became e x t i n c t .  Dur ing the  l a t e  Mioc- 
e n e l e a r l y  Pl iocene,  f o u r  species arose, a l l  o f  
which became e x t i n c t ,  and two longer  species 
l i n e s  became e x t i n c t .  No new species arose a f t e r  
t h e  Pl iocene. Thus, r a p i d  per iods o f  species 

d i v e r s i f i c a t i o n  (adap t i ve  r a d i a t i o n s )  appear t o  
have been r a r e  i n  Montastraea, and a few species 
i n  the  c lade  were capable o f  s u r v i v i n g  e x t i n c -  
t i o n  episodes d u r i n g  t h e  l a t e  Oligocene and 
P l io /P le i s tocene .  Species g e n e r a l l y  had long  
dura t ions  w i t h  l i m i t e d  spec ia t ion  and e x t i n c t i o n  
w i t h i n  each i n t e r v a l .  Maximum d i v e r s i t y  occurred 
dur ing  t h e  l a t e  M iocene lea r l y  Pl iocene. 

-,z 

CV 1 CV1 

. 

''-3 
N > 
0 

--. 

Table  3. F - r t a t l s t l c s  (d f=16 ,2611  testing H a h a l a n a b l r '  d l r t a n c e s  b e t r e e n  r p x l e s  from each t l m e  I n t e r v a l .  For each spec ies .  t h e  f l r s t  
n u d e r  refers t o  t h e  t l m e  I n t e r v a l ,  and t h e  second number r e f e r s  t o  t h e  spec les  r l t h l n  t h e  I n t e r v a l .  

,'", 
? \ 
3-3-3 

\ .  . , . .  

I n  t h e  f l n a l  analysis 
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Figure 2. Variation through time in the first 
two canonical variables distinguishing the 
eleven linked species. The five time intervals 
are blocked off along the horizontal axis. Each 
bar shows the mean f 1 s.d. for each species. 
Numbers for each bar refer to the species number 
within that interval (Fig. 1). Solid lines 
between bars indicate linkages. The dashed line 
indicates a possible linkages. 

To test whether gradual directional change. 
occurred within any of the longer ranging 
species lines, canonical discriminant analysis 
was performed between the eleven linked species. 
The scores for the first two canonical variables 
were then analyzed for non-random change through 
time (Fig. 2). Since these two variables repre- 
sent the character complexes which best distin- 
guish species, they would most likely change if 
new species were formed by phyletic evolution. 
Characters related to corallite sfze (e.g. CD, 
SLP) are again most heavily weighted on CVl 
(Table 4). In contrast, characters related to 
the texture of the coenosteum (e.g. CNP) are 
most heavily weighted on CV2. Several unrelated 

Table 4. Canonical discriminant analysis between 
lineages. Standardized discriminant function 
coefficients for the first three canonical 
variables. 

CD 
N S 

NND 
CND 
CNNV 
CNP 
CLW 

CLNV 

SLP 
SLS 
SLT 
STP 
ST S 
STT 
CST 

% variance 
explained 67.64 14.46 6.34 

* most heavily weighted 
+ strongly correlated 

characters are heavily weighted on CV3. To ana- 
lyze for non-random change in these canonical 
variables, Mahalanobis' distances between pairs 
of nearby populations of the two living Carib- 
bean species were compared with Mahalanobis' 
distances between late and early time intervals 
for each species using the methods of Stanley 
and Yang (1987). Despite minor change in CV2 in 
the lineage extending from species 1/2 to 4/4, 
the results indicate that temporal change is 
less than or equal to environmental variation in 
all four lineages. Therefore, stasis prevailed. 

PHENOTYPIC PLASTICITY AND ITS EVOLUTION 

Since the present objective is to evaluate the 
overall role of phenotypic plasticity in direct- 
ing evolutionary patterns, the analyses have 
focussed on character complexes encompassing the 
widest range of variation within species. The 
complexes have been determined by principal com- 
ponent analyses of all corallites within each of 
the 21 unlinked species. Loadings on the first 
three principal components were similar in these 
species (Table 5). 

The phenotypic plasticity of these three charac- 
ter complexes has been estimated using natural 
logarithms of variance; for each colony (by 
"jackknifing variances of Miller 1968). These 
values were compared between species using Dun- 
can's multiple range test and pairwise t-tests. 
The results show that species differ signifi- 
cantly in magnitude of overall phenotypic plas- 
ticity. Five groups of ranges were distinguished 
using the first and second principal components, 
and three using the third. These differences 
suggest that selection may have acted on plas- 
ticity within the clade. 
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F igu re  3. Trends i n  phenotypic p l a s t i c i t y  
through t ime.  A, Trends o f  i n t r a c o l o n y  v a r i a t i o n  
i n  the  t h i r d  p r i n c i p a l  component w i t h i n  
l i neages .  Each bar  shows the  mean f 1  s.d. f o r  
each species.  0 ,  Trends across species.  The 
p o i n t s  rep resen t  species means. C, Re la t ionsh ip  
between p l a s t i c i t y  and species du ra t ion .  Each 
bar  shows the  mean ( f  1  s.d.) o f  species s u r v i v -  
i n g  the  corresponding number o f  i n t e r v a l s .  

Table 5 .  Resul ts  o f  p r i n c i p a l  component analyses 
o f  c o r a l l i t e s  w i t h i n  species. Numbers o f  
species i n  which each charac te r  was h e a v i l y  
weighted are l i s t e d  f o r  the  f i r s t  t h r e e  
p r i n c i p a l  components. 

charac te r  PC1 PC2 PC3 

CD 18 1 
NS 1 3  

NND 4  5  5  
CND 7 2  

CNNV 1 4  4  
CNP 5  3  
CLW 4 1 

CLNV 2  
TT 4 3  

SLP 3  
SLS 1  1  
SLT 1  2  2  
ST P  1  
STS 1  4  1 
STT 3  
CST 1  1 3  

V a r i a t i o n  i n  these p r i n c i p a l  components has 
t h e r e f o r e  been s tud ied  across the c lade through 
t ime. With a  few exceptions, values w i t h i n  
species l i n e s  appear c o n s i s t e n t l y  h igh,  medium, 
o r  low i n  magnitude. However, v a r i a t i o n  i n  the 
f i r s t  component and, t o  a  l e s s e r  ex ten t ,  the 
second component i s  s t r o n g l y  c o r r e l a t e d  w i t h  
s i z e  (Table 4 ) .  These two components t h e r e f o r e  
show few temporal t rends.  V a r i a t i o n  i n  the  
t h i r d  p r i n c i p a l  component i s  un re la ted  t o  s i z e  
and revea ls  th ree  t rends across the c lade (F ig .  
3 ) :  (1 )  i t  decreased through t ime both w i t h i n  
and between species, (2)  species w i t h  shor t  
du ra t ions  tended t o  have low and v a r i a b l e  
amounts o f  phenotypic  p l a s t i c i t y ,  and (3)  h igh  
phenotypic p l a s t i c i t y  was n o t  associated w i t h  
a b i l i t y  t o  su rv i ve  e x t i n c t i o n  episodes. The 
s l i g h t  up tu rn  i n  i n t e r v a l  5  (F ig .  3a, 3b) i n d i -  
cates t h a t  p l a s t i c i t y  increased s l i g h t l y  a f t e r  
the  e x t i n c t i o n  episode d u r i n g  t h e  P l i o /  P l e i s t o -  
cene. Phenotypic p l a s t i c i t y  was lowest  i n  i n t e r -  
va l  4  when s p e c i a t i o n  r a t e s  were h ighes t .  F ig .  
3c shows t h a t  the  r e l a t i o n s h i p  between pheno- 
t y p i c  p l a s t i c i t y  and species d u r a t i o n  i s  no t  
s t rong.  When species w i t h  the  shor tes t  du ra t ions  
are compared against  a l l  o thers,  phenotypic 
p l a s t i c i t y  i s  lower  i n  species w i t h  shor t  dura- 
t i o n s  ( t=-2.321,  d . f .  129.3, p=0.022). 

DISCUSSION AND CONCLUSION 

This r e c o n s t r u c t i o n  o f  e v o l u t i o n a r y  p a t t e r n s  i n  
Caribbean Montastraea shows t h a t  the c lade has 
th ree  d i s t i n c t i v e  a t t r i b u t e s :  (1 )  low e x t i n c t i o n  
ra tes ,  (2 )  low spec ia t ion  ra tes ,  and (3 )  l ong  
species du ra t ions  (maximum= 25 Ma). These 
a t t r i b u t e s  appear even more s t r i k i n g  when com- 
pared t o  those o f  the  genus P o r i t e s  i n  the  same 
region.  I n  P o r i t e s ,  as many as 4-5 new species 
arose d u r i n g  the  P l io /P le i s tocene ,  and no cen- 
t r a l  Caribbean species su rv i ved  from the P l i o c -  
ene t o  t h e  Recent (Foster  1986). 



The r e s u l t s  o f  t h i s  study suggest t h a t  pheno- 
t y p i c  p l a s t i c i t y  p layed l i t t l e  r o l e  i n  increas-  
i ng  the du ra t ions  o f  species o f  Montastraea o r  
i n  making species w i t h i n  the  c lade  l e s s  suscep- 
t i b l e  t o  e x t i n c t i o n .  The two l i neages  s u r v i v i n g  
the  P l io /P le i s tocene  e x t i n c t i o n s  have on ly  mod- 
e ra te  p l a s t i c i t i e s .  Other  l i f e  h i s t o r y  t r a i t s  
(e.g. rec ru i tmen t  r a t e s )  must have been respon- 
s i b l e  f o r  d i f f e r e n t i a l  e x t i n c t i o n  w i t h i n  the  
clade. This  conc lus ion  does n o t  r u l e  ou t  t h e  
p o s s i b i l i t y  t h a t  l a r g e - s c a l e  d i f f e r e n c e s  i n  
p l a s t i c i t y  between c lades such as Montastraea o r  
Por i tes  cou ld  no t  be respons ib le  f o r  t h e i r  
d i f ferences i n  e x t i n c t i o n  pa t te rns .  Phenotypic 
p l a s t i c i t y  may be so h i g h  i n  genera l  i n  Montas- 
traea t h a t  d i f f e r e n c e s  between species had 
l i t t l e  e f f e c t  on r e l a t i v e  s u s c e p t i b i l i t y  t o  
e x t i n c t i o n .  However, these r e s u l t s  do suggest 
t h a t  low phenotypic p l a s t i c i t y  i s  associated 
w i th  h igh spec ia t ion  r a t e s  (e.g. i n  i n t e r v a l  4 ) .  
This r e l a t i o n s h i p  appears even s t ronger  i n  
p re l im ina ry  recons t ruc t ions  o f  the  Montastraea 
clade i n  the  Mediterranean Miocene (Foster  and 
Stemann 1987). Here, one new genus 
(Tarbe l las t raea)  arose as endemism increased and 
phenotypic p l a s t i c i t y  decreased. 

The most pervas ive t r e n d  found, however, i s  t h a t  
o f  decreased phenotypic  p l a s t i c i t y  through t ime .  
The s l i g h t  up tu rn  i n  phenotypic p l a s t i c i t y  i n  
the two l ineages extending i n t o  t h e  Recent may 
have been caused by d i s r u p t i o n  o f  t h e  gene t i c  
system dur ing  t h e  e x t i n c t i o n  episode. To under- 
stand the  t rend  o f  o v e r a l l  decrease i n  p l a s t i c -  
i t y ,  phenotypic p l a s t i c i t y  must be descr ibed 
f u r t h e r  by ana lyz ing  t h e  components o f  t h e  char-  
ac te r  complexes and how they d i f f e r  between pop- 
u l a t i o n s  and species.  Quest ions which need t o  be 
addressed exper imen ta l l y  i nc lude :  I s  t h e  v a r i a -  
t i o n  i n  these complexes r e l a t e d  t o  developmental 
pathways? Are t h e  complexes adapt ive o r  do they 
j u s t  r e s u l t  from changes i n  growth r a t e ?  

I n  summary, t h i s  study has shown: 
(1) Caribbean Montastraea tends t o  have low 
spec ia t ion  and e x t i n c t i o n  r a t e s  and l o n g  species 
durat ions.  L i t t l e  tendency e x i s t s  f o r  adapt ive 
r a d i a t i o n .  
(2) Species w i t h i n  t h e  c lade  d i f f e r  i n  amounts 
o f  p l a s t i c i t y  suggesting t h a t  p l a s t i c i t y  may 
have been acted on by s e l e c t i o n .  
(3)  S tas is  p r e v a i l s  w i t h i n  l i neages  thoughout 
the  e v o l u t i o n  o f  t h e  c lade.  Therefore, l i t t l e  
r e l a t i o n s h i p  appears t o  e x i s t  between p l a s t i c i t y  
and t h e  r a t e  o f  charac te r  e v o l u t i o n .  
(4) D i f fe rences  i n  e x t i n c t i o n  w i t h i n  t h e  c lade  
do n o t  appear r e l a t e d  t o  amounts o f  phenotypic 
p l a s t i c i t y ,  a l though species w i t h  very shor t  
durat ions tend t o  have low p l a s t i c i t i e s .  
(5)  High spec ia t ion  r a t e s  w i t h i n  t h e  c lade  cou ld  
be associated w i t h  low p l a s t i c i t i e s .  
(6) P l a s t i c i t y  decreases w i t h i n  t h e  c lade,  i n  a  
t rend unre la ted  t o  spec ia t ion  o r  e x t i n c t i o n .  
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