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Abstract

F ra g m e n ta tio n  in sc le rac tin ian  co rals has been  reco gn ized  as an  im p o rta n t face t in th e  life h isto ry  
p o r tra it  o f  m an y  species. F rag m en ts  (ram ets) iso la ted  fro m  ex isting  genets m ay  e stab lish  new  
co lon ies; a p h e n o m e n o n  th a t  is w ide ly  used  in a v a rie ty  o f  m an ag em en t m easu res, includ ing  
re s to ra tio n  o f  d e n u d ed  co ra l reef a reas. A n "analysis o f  reg en e ra tin g  b ran ch es o f  th e  Indo-Pacific  
c o ra l S ty lo p h o ra  p is tilla ta  reveals th a t  th e  a rc h ite c tu ra l c o m p le x ity  o f iso la ted  b ran ch es m ay  have a 
sign ifican t im p a c t on  th e  in itia tio n  o f th e  re g en e ra tio n  p ro cess to w a rd s  th e  typ ica l s tru c tu re  and  
co m p lex ity  o f  an  in ta c t colony. It is suggested  th a t  th e  3 -D  s tru c tu re  c o m p lex ity  o f iso la ted  ram ets 
sh o u ld  be  ta k e n  in to  co n sid e ra tio n  w h en  ap p ly in g  reef re s to ra tio n  practices.

D ie F ra g m en tie ru n g  bei sk ie rak tin isch en  K o ra llen  ist fü r  d as F eb en zy k lu s-P o rtra it v ieler A rten  als 
w ich tiges M e rk m a l e rk a n n t  w o rd en . F rag m en te  (R am e ten ), d ie  vo n  ex is tie ren d en  genetisch en  In d i­
v iduen  (genets) iso lie rt w u rd e n , k ö n n en  neue K o lo n ien  e tab lie ren ; dies ist ein P h ä n o m en , das bei 
M a n a g em en t-M e ssu n g en  vielfach g en u tz t w ird , zu m  Beispiel in der R e s to ra tio n  e ro d ie r te r  Riffe. 
E ine A nalyse  d e r sich regen erie ren d en  Ä ste d e r in d o p az ifisch en  K o ra lle  S ty lo p h o ra  p is tilla ta  zeigte, 
dass d ie K o m p le x itä t  d e r  A rc h ite k tu r iso lie rte r Äste e inen  sig n ifik an ten  E influss a u f  die In itiie ru n g  
des R eg en e ra tio n sp ro zesses  im H in b lick  a u f  die ty p isch e  S tru k tu r  u nd  K o m p lex itä t e in e r in ta k te n  
K olonie  h a t.  Es w ird  vorgesch lagen , d ass d ie 3 D -S tru k tu r-K o m p lex itä t vo n  iso lie rten  R am eten  
b e rü ck sich tig t w e rd en  w o llte , w en n  R if f -R es to ra tio n s -M aß n a h m en  a n g ew a n d t w e rd en .

Key w o rd s : A rc h itec tu ra l co m p lex ity  -  p a tte rn  fo rm a tio n  -  co ra l ram e ts  -  reef re s to ra tio n  -  S ty ­
lo p h o ra  p is tilla ta
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Fission (Hughes &  Jackson  1980),  budd ing  an d  phys­
ical as well as biological forces th a t  cause breakage of 
scleractinian corals (H ighsm ith  1982) are co m m o n  
agents for the  fo rm ation  o f  ram e ts  in -situ . Both d a m ­
aged natal colonies and cora l fragm ents  as small as a 
single branch  o r  a nubb in  (R inkevich  &  Shafir 2000),  
initiate after b reakage  a series o f  developm enta l p ro ­
cesses aim ing to  regain the  species-specific 3-D colony 
structure . Loya (1976) w h o  exam ined  regeneration  in 
b roken  colonies o f  the Indo-Pacif ic  b ranch ing  coral 
Sty lophora  pistilla ta  has suggested  th a t  an  injured 
colony will a llocate  resources f ro m  its healthy  par ts  to 
the dam aged  b ranches in o rd e r  to  restore its former 
shape. An isolated ram et,  however, reconstitutes a 
w ho le  colony configuration  f ro m  even a m inute ,  non- 
branch ing  po r t ion .  This m o d e  o f  regeneration ,  kn o w n  
as ep im orphosis  is characterized  by g ro w th  o f  new, 
correctly  pa t te rned  b ranches a n d  leads to  the re -for­
m a tio n  o f  w ho le  colonies via an asexual p ropaga t ion  
pathway.

T h e  m easure o f  coral t r a n sp la n ta t io n  is p robab ly  
the m ost  co m m o n  m anag e m en t  p ractice used to  facili­
tate na tu ra l  recovery of d am ag e d  reef sites (Edwards 
&  C lark  1998). The  ra t ional  th a t  ram ets  will grow  
an d  replace lost colonies inspires the  use of coral frag­
m ents  as the best material for t r an sp lan ta t io n  (H a r ­
r io t  &  Fisk 1988 , R inkevich 1995). An im proved  a p ­
proach  to  reef  res tora tion  is the  m easure  o f  ‘ga rden ­
ing’ (Rinkevich 1995). T h e  gard en in g  concep t does 
no t leave the  ra m e t’s regenera tion  to  the  leniency of 
local reef cond it ions  an d  adds ,  as an  in term edia te  
phase, coral m aricu ltu re  in u n d e rw a te r  nurseries be­
fore the  tran sp lan ta t io n  o f  the  new  colonies in to  de­
nuded  reef sites. Like o ther  t ra n sp la n ta t io n  practices, 
the gardening  concept focuses on  the criteria o f  ram et 
survivorship an d  g row th  rates  as m easures  for suc­
cess. The  idea th a t  ra m e t’s s t ru c tu ra l  com plex ity  may 
significantly influence its g ro w th  an d  regenerative 
ability received little a t ten t io n  and ,  w hen  discussed, 
its im portance  w as  a t t r ib u ted  to  ecological rather  
th a n  to  developm enta l concepts .  O ne  exam ple  is 
H ighsm ith  (1982) w h o  briefly rem a rk e d  th a t  a 3-D 
ram e t  shape could  p reven t b ra n c h  burial un d er  sedi­
ment. Here, w e  explore the  idea th a t  an  architec tural 
com plexity  th resho ld  of the  iso la ted  ram e t  is required 
for faster regeneration  to  a full co lony structure . We 
suggest th a t  a  developm enta l b io logy concept of co lo ­
nial pa t te rn  fo rm a tion  sh o u ld  be considered  as an  a d ­
ditional cr iter ion  (to the well d iscussed criteria o f  sur­
vivorship a n d  grow th)  in the  appl ied  discipline of 
coral t ran sp lan ta t io n  for reef  res to ra tion .  This  is p a r ­
ticularly re levant to  b ranch ing  forms.

A b ranching  coral co lony m ay  be considered as an 
integrated th ree-d im ensional  s t ru c tu ra l  entity, w here 
physiological param ete rs  such as rep ro d u c t io n  and

g ro w th  pa t te rns  are  synch ron ized  between different 
pa r ts  (R inkevich in press). F o llow ing  this tenet, regen ­
era t ion  o f  isolated ram ets  sh o u ld  reflect no t on ly  su ­
perficial l inear b ran c h  e longa t ion ,  bu t  also c o o rd in a t ­
ed, 3-D p a t te rn  fo rm a tio n  processes th a t  inc lude a 
un ique  m ode o f  apical ram ifica t ion ,  lateral g ro w th  
an d  spatia l o rg an iza t ion  o f  the  new ly  form ed axes a c ­
cord ing  to  a precise a rch itec tu ra l  m odel (Dauget 
1991 , K a a n d o rp  1999).

W h e n  eva lua ting  aspects for co ra l  reef res to ra tion  
(R inkevich 2 0 0 0 ,  unpubl.)  we have  found  th a t  the 
orig inal arch itec tu ra l  com plex i ty  o f  isolated ram ets  
m ay influence their  ability  to  swiftly com m ence  these 
specific 3-D g ro w th  pa t te rn s .  An exam ple  is i l lustra t­
ed in F igure 1 (a -d )  w here  4  fragm ents  taken  f rom  a 
single S ty lo p h o ra  p istilla ta  co lony  (labeled by alizarin 
Red S), were  cu l tu red  in -situ  side by side on  concrete  
plates a t  6 m ’ dep th  (Rinkevich 2000) .  These  ram ets ,  
a small fragm ent o f  2 cm  long (Fig. l a ) ,  a b ranch  frag ­
m en t  o f  4 cm long  (Fig. l b ) ,  a f ragm en t of a b ifu rca t­
ed tip  (ab o u t  3 .5 cm long, Fig. le )  an d  a ram e t  of 
a b o u t  5 cm long  w ith  tw o  m a jo r  b ranches (Fig. Id )  
w ere  cu l tu red  for 8 m o n th s  a fte r  isolation. Subse­
quently , the b ranches  w ere  b r o u g h t  to  the lab, their 
tissue was rem oved  a n d  skeletal g ro w th  pa t te rns  
above an d  below  the  alizarin  m a rk  were exam ined . It 
is evident th a t  th e  type o f  f ra g m en t  influenced g ro w th  
ra te  as well as arch itec tu ra l  complexity. W hile in s im ­
ple, linear coral f ragm ents  (Fig. l a ,  b) only apical 
g ro w th  w as  recorded ,  w ith in  the  same time course, 
fragm ents  like the ra m e t  in Figure l e  d isplayed a d d i ­
t iona l  m o rp h o m e tr ic  g ro w th  pa t te rn s ,  such as side 
b ran ch in g  (seen a t  its left fork) an d  a fission th a t  
fo rm ed a new  doub le  tip  a t  its r ight fork. In a m ore 
com plex  m orpho logy ,  (Fig. Id ) ,  m any  new  s ide -g row ­
ing k n obs  ap p eared  below  the  area  o f  apical g row th ,  
a long  the  m a in  ram e t  axis. These  p ro tru s ions  will de­
velop in to  side-grow ing  b ranches,  indicating  an a d ­
vanced 3-D p a t te rn  fo rm a tion  process (Fig. I d ;  a r ­
row s beneath  the  al izarin  line). In com par ison  to  frag ­
m en ts  ‘a ’, ‘b ’ an d  also ‘c ’, r a m e t  ‘d ’ (Fig. 1) will m ost 
likely be able to  regain the  typical spherical colony 
shape  (Loya 1976) in the shortes t period  o f  time. 
F ragm en t ‘d ’ p ro b ab ly  possessed the  m inim al c o m ­
plexity  required  to  initiate n o t  only apical ex tension  
b u t  also 3-D g ro w th  pa t te rns .  G ro w th  ra te  a lone  is, 
therefore,  n o t  th e  sole p a ra m e te r  for considera t ion  
w h en  th e  regenera tion  o f  isolated b ranch  fragm ents  is 
analyzed.

D u r in g  the  above  experim ent,  w e followed the  re­
gene ra tion  o f  add i t iona l  3 7  b ranches (20 single tip 
an d  17 ramified ramets).  O f  the single tip  g ro u p ,  17 
b ranches  (8 5 % ) displayed only a linear, apical ex ten ­
sion  while 3 cases developed, each, an  add i t iona l  new  
tip  th ro u g h  fission. Conversely, f rom  the ramified
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Fig . 1 ( a - d ) .  F o u r f r a g m e n ts  ( a - d )  w ith  d if f e r e n t  a rc h i te c tu ra l  c o m p le x itie s  ta k e n  f ro m  a  s in g le  5. pistillata  g e n e t  (f ro m  R inkev ich  2 0 0 0 ) .  B lack lines  re fe r  to  
alizarin  m a rk s . P h o to g ra p h s  w e r e  t a k e n  a t  th e  e n d  o f  t h e  e x p e r im e n t .  A lizarin  m a rk s  rev ea l s ize s  a t  t h e  b e g in n in g  o f  t h e  e x p e r im e n t .  S c a le  o n  r ig h t in cm .

ram ets  g roup ,  only 2 (1 1 .8 % )  displayed just l inear ex­
tension  while 15 ram ets  (8 8 .2 % ) developed n ew  tips 
an d  b ranches on  a t  least one  o f  the  forks, in add i t ion  
to  lateral p ro trus ions  on  th e  m a in  axis (P < 0 .0001; 
Fisher exac t  tests). T h e  f ragm ents  sh o w n  in F igure 1 
represent,  therefore the typical g ro w th  of m a n y  simi­
lar size fragm ents an d  illustrate  early  stages a t  a m ult i­
d im ensional regenerative process w h ich  leads to  the 
typical s tructure  o f  S. p istilla ta  co lony  (Rinkevich in 
press).

Three-d im ensional g ro w th  p a t te rn s  in regenerating 
S. p istilla ta  ramets are p ro b a b ly  ‘cana l ized ’ (Wadding- 
ton  1942) in accordance  w ith  the  species’ ‘develop­
m enta l  ru les’ th a t  deno te  the  recreation  o f  its iterated 
branch ing  system an d  th e  typical co lony  shape. This 
arch itec tural design m ay  be the expression  o f  the  coral 
s truc tu ra l  blueprin t (such as h o m e o b o x  genes) th a t  
encodes fo r  specific b iochem ical processes (Gellon &c 
M cG inn is  1998), o r  can  be the  o u tcom e of secreted 
w a te rb o rn e  bioactive chem ical signals (isomones) tha t  
regula te  an d  contro l  b ra n c h  g ro w th  rates  and  posi­
tions w ith in  the  in ternal vo lum e o f  th e  co lony  (R inke­
vich &  Loya 1985). F or  the  appl ied  techn ique  o f  coral 
m aricu ltu re ,  isolation o f  ram ified  b ranches  m ay the re­
fore, significantly accelerate regenera tion  an d  shor ten  
m aricu ltu re  dura tion .  T herefo re ,  th e  co n s tra in t  of 
m in im al s tructura l com plexity , im posed  o n  ram ets  as 
a critical factor  for fast 3-D  regeneration ,  should  be 
considered  a long w ith  the  g ro w th  ra tes  an d  the su r ­
vivorship criteria in reef  re s to ra t io n  activities.

A ck n o w led g m en ts : T h is  s tu d y  w as ca rried  o u t a t the  
M inerva  C en te r fo r  M a rin e  In v e rte b ra te  Im m u n o lo g y  and  
D ev elo p m en ta l Biology, a n d  w as a lso  su p p o r te d  by the AID- 
C D R . T h a n k s  are due to  th e  s ta ff  o f  th e  H . S te in itz  M arine  
B iology L a b o ra to ry  a t  E ila t fo r  th e ir h o sp ita lity .

References

D a u g e t JM  (1991) A p p lica tio n  o f tree  a rch ite c tu ra l m odels 
to  reef-co ral g ro w th  fo rm s. M a r in e  B iology 111: 
1 5 7 -1 6 5 .

E d w ard s A j, C lark  S (1 9 9 8 ) C o ra l t ra n sp la n ta tio n : A useful 
m an a g em e n t to o l o r m isg u id ed  m edd ling?  M a rin e  Po llu ­
tio n  B u lle tin  37: 8 -1 2 .

G ellon  G , M cG in n is  W  (1 9 9 8 ) S h ap in g  an im a l bo d y  plans 
in d ev elo p m en t an d  e v o lu tio n  by m o d u la tio n  o f H o x  ex ­
p ressio n  p a tte rn s . B ioEssays 20 : 1 1 6 -1 2 5 .

H a r r io t t  V J, Fisk D A  (1 9 8 8 ) C o ra l t ra n s p la n ta t io n  as a reef 
m an a g em e n t o p tio n . P ro ceed in g s o f  th e  6 th  In te rn a tio n a l 
C o ra l R eef S ym posium , A u s tra lia , 2 : 3 7 5 -3 7 9 .

H ig h sm ith  R C  (1982) R e p ro d u c tio n  by frag m e n ta tio n  in 
corals. M a rin e  E co logy  P ro g ress  Series 7 : 2 0 7 -2 2 6 .

H u g h es TP, Ja c k so n  JB C  (1980) D o  c o ra ls  lie a b o u t their 
age? Som e d e m o g ra p h ic  co n seq u en ces o f  p a r tia l  m o rta li­
ty, fission an d  fusion . Science 209 : 7 1 3 -7 1 5 .

K a an d o rp  JA  (1999) M o rp h o lo g ica l analysis o f  g ro w th  
fo rm s o f b ran ch in g  m arin e  sessile o rg an ism s a lo n g  envi­
ro n m en ta l g rad ien ts . M a rin e  B iology 134 : 2 9 5 -3 0 6 .

L oya Y (1976) Skeletal re g en e ra tio n  in  a R ed  Sea Sclerac- 
tin ian  co ra l p o p u la tio n . N a tu re  L o n d o n  2 6 1 : 4 9 0 -4 9 1 .

Basic A pp l. Ecol. 2 , 3 (2001)



2 2 2  E pstein  an d  R inkevich

R in k ev ich  B (1 9 9 5 ) R e s to ra tio n  s tra teg ies fo r c o ra l reefs 
d a m a g ed  by recrea tio n a l activ ities: th e  use o f sex u a l and  
a se x u a l re c ru its . R e sto ra tio n  Ecology 3: 2 4 1 -2 5 1 .

R in k ev ich  B (2000) Steps to w a rd s  th e  ev a lu a tio n  o f  co ra l 
re e f  re s to ra tio n  by using  sm all b ran ch  frag m en ts . M a rin e  
B io logy  136: 8 0 7 -8 1 2 .

R in k ev ich  B (in press) B ranch ing  co lo n ia l o rgan ism s: W here  
genetics an d  e n v iro n m en t sh ap e  lan d scap e. In: K a a n d o rp  
J ,  K eu b le r J  (eds.) T he A lg o rith m ic  B eauty  o f  Sea W eeds, 
Spo n g es a n d  C o ra ls . Springer V erlag.

R in k ev ich  B, Shafir S (2 0 0 0 ) E x -s itu  cu ltu re  o f  co lo n ia l m a ­
rin e  o rn a m e n ta l in v erteb ra tes : C o n c ep ts  fo r  d o m es tic a ­
tio n . A q u a riu m  Science C o n se rv a tio n  2: 2 3 7 -2 5 0 .

R inkev ich  B, L oya Y (1 9 8 5 )  C o ra l iso m o n e: A  p ro p o se d  
chem ica l signal c o n tro llin g  in tra c lo n a l g ro w th  p a tte rn s  in 
a b ran ch in g  co ra l. B u lle tin  o f  M a rin e  Sciencp 36: 
3 1 9 -3 2 4 .

W ad d in g to n  C H  (1942) C a n a liz a tio n  o f d e v e lo p m en t a n d  
th e  in h eritan ce  o f  a c q u ire d  ch ara c te ris tic s . N a tu re  L o n ­
d o n  1 50 : 5 6 3 -5 6 5 .

Basic A ppl. E col. 2 , 3 (2001)


