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A bstract. M orpholog ical p lastic ity  is com m on am ong c lona l organism s, including 
sclerac tin ian  corals, yet the ro le o f  pheno typ ic  p lastic ity  in coral eco logy  and evolu tion  is 
largely  unexplored. A dditionally , it  is u nc lea r how  m uch varia tion  in plastic responses 
ex ists am ong indiv iduals, populations, and species, and thus how  m uch po ten tia l there is 
fo r natu ral selection  to ac t on coral reac tion  norm s. In  the branch ing  coral M adracis m i­
rabilis, corallite  arch itecture  and density , b ranch  d iam eter and spacing , and overall aggregate 
m orphology  all vary  am ong environm ents. To exam ine the ro le o f  phenotyp ic  p lastic ity  in 
genera ting  these patterns, c lonal rep lica tes o f five genotypes o f  M . m irabilis  w ere tran s­
p lan ted  from  each o f tw o source popu la tions in to  four trea tm en t env ironm ents on the north 
coast o f  Jam aica. Flow  rate, sed im entation , irrad iance, w ater tem perature , and salin ity  all 
v aried  am ong these environm ents. D N A  fingerprin ting  w as used  to  ensure tha t the 10 
transp lan ted  genotypes w ere genetically  d istinct. Six m orpho log ica l traits (in tersepta area, 
sep ta  length , colum ella  area, co ra llite  area, co ra llite  spacing , and b ranch  tip d iam eter) w ere 
m easured  after transp lan ta tion  to  determ ine  w hether they  w ere a ltered  in  response to en ­
v ironm enta l conditions. B ecause these tra its  w ere co rrelated , p rinc ipal com ponents analysis 
w as used  to define new, uncorrelated  tra its  fo r analysis. F our o f the five corallite  tra its  and 
b ranch  diam eter w ere significantly  a ffec ted  by the environm ent, dem onstrating  that m or­
pho log ica l variation  am ong environm ents in M . m irab ilis  is due in large part to phenotypic 
p lastic ity . N o difference w as detec ted  betw een  the tw o source populations in the m agnitude 
o r d irection  o f the ir p lastic  responses, bu t there  w as substan tia l varia tion  am ong genotypes 
(geno type X environm ent in teraction ). M any o f the phenotypic  changes o f both populations 
resu lted  in the transplants becom ing  m orpholog ically  sim ilar to residen t conspecifics in 
each  trea tm en t environm ent. G enotypes from  both  popu la tions w ere able to m aintain  sim ilar 
grow th  rates under d iverse env ironm ental conditions. Such m orpholog ical convergence by 
pheno typ ic  p lastic ity  m ay expand the eco log ica l range o f  th is species by  enabling  genotypes 
to to le ra te  spatia lly  and tem porally  variab le  environm ents.
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I n t r o d u c t i o n

S cle rac tin ian  corals typically  display a strik ing  de­
gree  o f m orpho log ica l variation  in colony shape and 
co ra llite  struc tu re  a long environm ental g rad ien ts (F os­
ter 1980, B row n e t al. 1985), and am ong geographic 
reg ions (V eron 1981, Veron and W allace 1984). Such 
varia tion  can be caused  by genetic d ifferences am ong 
ind iv iduals and popu la tions (A yre and W illis 1988), by 
the env ironm ent (Foster 1979), or by  bo th . E nv iron­
m en ta l con tro l o f  m orphological traits is term ed phe­
no typ ic  p lastic ity  and a reaction  norm  describes the 
re la tionsh ip  betw een  the phenotype and the env iron ­
m en t (B radshaw  1965, Schlich ting  1986, S tearns 
1989). P henotypic  p lastic ity  is w ell know n am ong n u ­
m erous o ther taxa, includ ing  plants (S cheiner and
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G oodnight 1984, S chm itt 1993), sponges (Palum bi 
1984), b ac te ria  (Forst and Inouye 1988), fish (M eyer 
1987), barnacles (L ively 1986), m ollusks (M artin- 
M ora e t al. 1995, T russell 1996), and b ryozoans (H ar­
veii 1986), w here it is thought to be eco log ica lly  im ­
portan t because  it confers broad adaptab ility  (B radshaw  
1965). P lastic ity  can a lso  have im portan t evo lu tionary  
im plications (Sultan 1987). F or exam ple, w ith in  a sin ­
gle  env ironm ent, p lastic ity  can m ain tain  genetic  d i­
versity  under stab iliz ing  selection  by enab ling  a  variety  
o f  genotypes to display a sim ilar advantageous phe­
notype (B radshaw  1965, Sultan  and B azzaz 1993). In 
add ition , there are a num ber o f  m echanism s through 
w hich phenotypic p lastic ity  m ight accelerate  the ap­
pearance  o f  novel phenotypes and the rates o f spéci­
ation  and m acroevolution  (W est-E berhard  1989).

A  variety  o f  life h is to ry  tra its  ind icate  tha t p lastic ity  
could  be im portant in co ra ls as w ell. F or exam ple, cor­
als are  sessile  and m any are clonal (H ughes 1983, 
1989), re ly ing  heavily on asexual m odes o f  rep roduc­
tion , includ ing  fragm entation  (T unnicliffe 1981, H igh-
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sm ith 1982), fission (H ughes and Jackson  1985), and 
the p roduction  o f  parthenogenic  larvae  (Stoddart 
1983). D ue in part to  indeterm inate  grow th (H ughes 
and C onnell 1987, Sebens 1987), and the absence o f 
physio log ical senescence  (H ughes 1983, bu t see M ees­
ters and Bak 1995), ind iv idual co lonies can live for 
cen turies and their c lonal rep lica tes fo r even longer 
(H ughes 1983, P o tts  1984, Potts et al. 1985). Further­
m ore, m any im portan t reef-bu ild ing  corals are rarely 
seen as recru its (B ak and E ngel 1979), suggesting that 
sexual recru itm ent is ep isod ic  as it is in o ther clonal 
cnidarians (A yre 1984) and in  clonal, aquatic anim als 
in general (Jackson  and C oates 1986). Together, these 
attributes can act to res tric t genotypic d iversity  w ithin 
coral populations and favor spatial dom inance by a few 
successful genotypes (Potts et al. 1985, H unter 1993). 
U nder such cond itions phenotypic  p lastic ity  w ould be 
pred icted  to be particu larly  valuab le  in alleviating  som e 
o f  the effects o f  reduced  genetic d iversity  (Bradshaw  
1965).

Phenotypic  p lastic ity  has been  docum ented  in  a  num ­
ber o f  coral species fo r tra its, including w hole-colony 
m orphology (V aughan 1911, 1917 ,M aragos 1972, W il­
lis 1985), tissue p igm en ta tion  (G leason 1992), and cor­
allite  structure (F oster 1979), as w ell as physio logical 
(L esser et al. 1994) and behavioral tra its  (C hornesky 
1983). H ow ever, few  data are  availab le  on crucial as­
pects o f  coral p lastic ity , such as how  m uch variation 
in plastic responses ex ists am ong ind iv iduals, popu­
lations, and species, and how  specific p lastic  traits 
change in response  to  particu la r env ironm ental char­
acters. This is in con trast to the large body o f literatu re  
docum enting varia tion  in  p lastic  responses at a num ber 
o f levels in  p lan ts, as w ell as its prom inence in general 
theories o f  pheno type evo lu tion  (V ia and L ande 1985, 
Schlich ting  1986, Sch lich ting  and P ig liucci 1995). A s 
a result it is unclear w hen and w here ( if  ever) coral 
p lastic ity  is beneficial, how  m uch po ten tia l there is for 
natural selection  to ac t on  the p lastic  responses o f co r­
als, and w hat ro le  ( if  any) p lastic ity  p lays in coral evo ­
lu tion  and spéciation .

T he purpose o f  th is study w as to  ob tain  a detailed 
understanding  o f  p lastic ity  in the b ranch ing  coral M ad­
racis m irabilis. A rec ip rocal transp lan t experim ent w as 
perform ed in  w hich clonal rep lica tes o f  several geno­
types w ere exposed  to d ifferen t environm ental trea t­
m ents. T his design  allow ed  a com parison  o f the m ag­
nitude and d irec tion  o f  p lastic ity  betw een populations 
and am ong genotypes. Six physio log ica lly  im portant 
m orphological tra its  w ere m easured  a fte r transp lan ta­
tion to  determ ine w hether they w ere altered  in response 
to the env ironm ental trea tm en ts. Specifically , the fo l­
low ing questions w ere addressed: (1) To w hat degree 
do genetic and env ironm enta l fac to rs affect the m or­
phology o f  M. m ira b ilis? (2) A re there betw een-pop- 
u lation  and/or am ong-geno type d ifferences in  the m ag­
n itude or d irection  o f  p lastic ity  in M. m irab ilis?

M a t e r i a l s  a n d  M e t h o d s  

E xperim en ta l organ ism

M adracis m ira b ilis  was ch o sen  for th is study because 
it d isp lays a  la rg e  am ount o f  m orpholog ical variation 
am ong env iro n m en ts , and because  its b ranching m or­
phology  allow ed num erous c lo n a l rep licates to be co l­
lected  from  each genotype. A dd itionally , field obser­
vations suggested  tha t skele ta l m orphology in M. m i­
rabilis  m igh t be d e te rm in ed  in p a rt by the environm ent. 
For exam ple, la rg e , con tinuous aggregations o f  M. m i­
rabilis  liv ing  in  back ree f/lag o o n  environm ents in Ja­
m aica, spann ing  num erous m icroenv ironm ents along a 
depth  range o f  > 1 0  m, d isplay  th e  en tire  range o f m or­
phologies tha t h av e  been observed  w ith in  th is species 
(J. F. B runo , u n pub lished  da ta ). B ecause M. m irabilis 
can rep roduce  asexually  th rough  fragm entation  (Bak 
and C riens 1981, H ighsm ith  1982), both  spatial (frag­
m ents can b e  tran spo rted  in to  novel environm ents) and 
tem poral (local cond itions can change after an aggre­
gation becom es e stab lished ) heterogeneity  could ex ­
pose a  genotype to  novel env ironm ents during  its life ­
span.

M adracis m irab ilis  is found in a variety  o f  habitats 
from  5 to  50  m in depth th roughou t the C aribbean 
(S ch ind ler 1985, L ew is and S nelgrove 1990, Fenner 
1993). In fo re ree f env ironm ents, it form s hem ispherical 
aggregations o f b ranches up to  2 m in d iam eter (Fig. 
1A), and in b ack ree f and lagoon  environm ents it can 
form  la rger agg regations o f  > 5  m in diam eter. Separate 
b ranches w ith in  an aggregation  o f M. m irabilis  are 
physically  connected  by a  com m on skeleton but not by 
tissue. A s a b ranch  ex tends, the tissue at the base o f 
the b ranch  recedes and the new ly exposed portion of 
the skele ton  can becom e co lon ized  by boring  sponges 
and algae. T hus, each  branch  is a functional colony of 
physio log ica lly  in teg ra ted  polyps (C onnell 1973), and 
each  aggregation  is likely to be a  genotype m ade up 
o f num erous c lo n a l rep lica tes (branches).

E nvironm ent

A ll field w ork took  p lace on the north  coast o f Ja­
m aica at th e  D iscovery  Bay M arine L aboratory 
(D B M L). T he ree fs  near D B M L w ere orig inally  de­
scribed  by G oreau  (1959) and subsequently  in  num er­
ous o ther studies (e .g ., G oreau and G oreau 1973, L id ­
dell and O hlho rs t 1987, 1992, E dm unds and Bruno 
1996). F o u r reef sites w ere used as treatm ent env iron­
m ents. Two w ere located  on the exposed  forereef at 
D airy  B ull cove, at 10 m  (DB 10) and 20 m depth 
(D B 20). T he o ther tw o w ere < 3  km  w est o f D airy  Bull 
at C olum bus P ark  (10 m depth), w hich is a  protected 
lagoon  env ironm en t w ith in  D iscovery Bay. C olum bus 
P ark  Springs (CPSP, 10 m depth) was ad jacent to un­
derw ater, freshw ater springs, w hich are num erous at 
th is site  (D ’E lia e t al. 1981). T he other lagoon env i­
ronm ent (C P  10) w as 25 m from the nearest spring, but 
also at 10 m depth. D ifferences in the physical con-
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Fig. 1. (A) M adracis mirabilis aggregation from  Conch Reef, Florida Keys (25 m depth); (B) branches of M. mirabilis
after transplantation from  Dairy Bull at 20 m  to (from left): Colum bus Park Springs, Colum bus Park at 10 m, D airy Bull at 
10 m, D airy B ull at 20 m (scale bar =  1 cm); (C) scanning electron micrograph o f corallites of M. mirabilis from  Dairy 
Bull at 10 m; (D) scanning electron m icrograph o f corallites o f M. mirabilis from Colum bus Park Springs at 10 m. Note the 
arrow  in C pointing to the hexagonally shaped ridges (pseudocostae) surrounding the corallite from Dairy Bull at 10 m, 
which are absent in the Columbus Park Springs at 10 m corallite.

d itions am ong the four treatm ent env ironm ents have 
b een  described  in  previous papers and include tem ­
p era tu re , salin ity , irrad iance (Foster 1979, E dm unds 
1989, B runo 1995), nu trien t concen tration  (D ’E lia  et 
al. 1981), and flow rate (H elm uth and Sebens 1993). 
T hese physical characters are  sum m arized in  Table 1. 
In th is paper, the corals naturally  liv ing  in  each o f  the 
trea tm en t env ironm ents are referred  to as residen ts (as 
opposed to those  that w ere experim entally  transp lan ted  
there) and all o f  the conspecific corals from  each  e n ­
v ironm en t are loosely  term ed  a population . H ow ever, 
it  is likely  th a t our populations are all p art o f  a la rger 
m etapopu la tion , and tha t they are genetica lly  hom o­
geneous due to gene flow betw een  each  o ther and ex ­
ternal sources.

N atura l m orphologica l varia tion

A  num ber o f  m orpholog ical traits in M adracis m i­
rab ilis  vary  along environm ental g rad ien ts (Schind ler 
1985, F enner 1993, B runo 1995, Sebens e t al. 1997). 
F o r exam ple, b ranches from  fo rereef hab ita ts  (e.g., 
D B 10 and D B 20) are generally  cy lind rical, w hile in

lagoon  hab ita ts (e.g ., CP 10 and C PSP) b ranches have 
a la rger d iam eter and bulbous, flattened tips (Fig. IB; 
Sch ind ler 1985, F enner 1993, B runo 1995). In tercon­
necting , hexagonally  shaped ridges (pseudocostae) o f­
ten  surround the co rallites o f  fo re reef b ranches but are 
absen t in the lagoon (Fenner 1993; Fig. 1C, D). A d­
ditionally , the spacing am ong corallites is la rger in 
fo re ree f habitats than in lagoon environm ents (Schin­
dler 1985, B runo 1995; Fig. 1C, D ). C orallites on la ­
goon branches and on the term inal ends o f  fo rereef 
b ranches have 10 thin prim ary  sep ta  and the colum ella 
is form ed from  junc tion  o f  the sep ta  (Fig. 1C, D). C or­
allites on the sides o f  branches from  the fo re ree f have 
a p rom inen t colum ella, 10 th icker prim ary  septa, and 
m uch sm aller in tersep ta  areas than lagoon corallites. 
A ggregate-level traits inc lud ing  branch  spacing and ag­
gregate  shape also vary  am ong environm ents (Bruno 
1995, Sebens et al. 1997).

F our co ra llite  traits (in tersep ta  area, ISA ; colum ella 
area, C LA ; corallite area, C A ; and co ra llite  spacing, 
CS; F ig  2), and two b ranch  tra its  (branch tip  diam eter, 
B D ; and branch  spacing, B SP) w ere m easured  on M ad-
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T a b l e  1. Relative differences in environm ental characteristics of the four trea tm ent environm ents. Values in parentheses 
were m easured during June 1994 (Bruno 1995). Site abbreviations: DB10, D airy Bull at 10 m; DB20, D airy Bull at 20 
m; CP10, Colum bus Park at 10 m; CPSP, Columbus Park Springs at 10 m.

C haracteristic Source DB10 D B 20 CP10 CPSP

W ater velocity

Wave energy

Sedim entation rate

Light intensity (% surface ir­
radiance)

Temperature (°C)
Nutrient level (nitrogen) 
Salinity (g/kg)

Helmuth and Sebens 1993; J.
F. Bruno, unpublished data 

Brakel 1976; J. F. Bruno, un­
published data 

Foster 1980, Edmunds 1989, 
Bruno 1995 

Edmunds 1989, Bruno 1995

Edmunds 1989, Bruno 1995 
D ’Elia et al. 1981 
Bruno 1995

high m ed

high m ed

low low

high (26%) m ed (20%)

high (29.5) high (29.5)
low low
high (35.0) high (35.0)

low high

low low

med high

med (18%) med (18%)

med (28.5) low (27.1)
med high
med (30.0) low (26.5)

racis m irab ilis  aggregates from  the four treatm ent en ­
v ironm ents (residen ts). T hese m easurem ents w ere used 
to quantify  field observations o f  m orphological vari­
a tion  am ong environm ents and fo r com parison w ith 
transp lan ted  corals (refer to Fig. 2 fo r fu rther descrip ­
tion  o f m easured  tra its). C ora llite  area w as included in 
the analysis so tha t the o ther corallite  traits could be 
norm alized  to co ra llite  size. To quantify  the corallite  
tra its, three b ranches w ere co llec ted  from  each o f five 
genotypes se lected  at random  (each separated by > 2 5  
m ) from  each treatm ent environm ent. T hree haphaz­
ardly se lected  co ra llites, 2 cm  from  the term inal branch 
end , w ere analyzed  on each branch. Two m easurem ents 
w ere m ade from  each  co ra llite  fo r ISA  (the largest and

C
Ç

Fig. 2. M orphom etrie traits that were m easured to quan­
tify plasticity in M adracis mirabilis. ISA, intersepta area; 
CLA, colum ella area; SL, septa length; CS, corallite spacing. 
Traits not shown in figure include: CA, corallite area; BD, 
branch tip diam eter; BSP, branch spacing; and CD, corallite 
diameter. The corallite is the structure in the coral skeleton 
that houses a single coral polyp. Each septa acts as a wall lo 
divide the corallite into separate cham bers (intersepta area). 
The colum ella is the central region of the corallite and is 
located at the junction  o f the 10 septa in the case o f  M. 
mirabilis.

opposing a rea  b e tw een  ad jacen t septa), and CS (dis­
tance to  the tw o n ea res t co rallites), and a  sing le  m ea­
su rem ent w as m ad e  on each co ra llite  fo r CLA  and CA. 
To p repare  the co ra ls  for analysis, the skeletons w ere 
b leached  (w ith  50%  bleach) to  rem ove the tissue, rinsed 
in  d is tilled  w ater, and  dried. P lanar im ages o f  the skel­
eton  su rface (1 0 0 X ) w ere m ade o f the b ranches with 
a v ideo cam era fitted  to a d issecting  m icroscope, and 
these  w ere ana lyzed  w ith  im ag ing  softw are (N IH  Im age 
1.43). T he tw o b ran ch  traits (BD  and B SP) w ere m ea­
sured  in situ  on five  M. m irab ilis  aggregates (the sam e 
aggregates from  w hich  branches had been collected) 
from  each  o f  the fo u r  treatm ent environm ents. B ranch 
d iam eter w as m easured  w ith  calipers 1 cm  from  the 
end o f  10 b ranches on each aggregate. B ranch spacing 
w as m easured  as th e  d istance betw een ad jacen t b ranch­
es (10 pairs/aggregate).

B ecause the  six  m easured skeletal traits w ere cor­
re la ted , a one-fac to r M A N O V A  (M G H L platform , 
SY STA T 3.0) w as used to analyze m ultivaria te  varia­
tion  am ong environm ents. A fter estab lish ing  the sig ­
n ificance o f the env ironm ent effect w ith  M A N O V A , 
un ivaria te  com parisons w ere perform ed w ith ANOVA. 
G enotype m ean  values fo r each tra it w ere the statistical 
rep lica tes, and analysis was perfo rm ed  on log -trans­
fo rm ed  data  a fte r a ll statistical assum ptions had been 
m e t (Z ar 1996). E nvironm ent w as considered  a  fixed 
effec t in  all analyses because the four environm ents 
w ere chosen based  on: (1) a p riori assessm ent o f  site- 
specific varia tion  in  the m orphology o f  M adracis m i­
rabilis, and (2) d a ta  describ ing  d ifferences in env iron­
m en ta l factors know n to affect coral m orphology (Table 
1).

P rinc ipa l com ponents analysis (PCA ) was carried  out 
on  the co rre la tion  m atrix  o f log -transform ed genotype 
m eans to  investiga te  m ultivaria te  associations am ong 
the tra its  and to  exam ine the natu re  o f  the m ultivaria te  
d ifferences am ong groups. P rincipal com ponents (PC) 
th a t exp la ined  > 1 0 %  o f the to tal variance or tha t had 
an e igenva lue  o f > 1 .0  w ere in terp re ted  (N ichols 1977, 
Jo lliffe  1986). H ow ever, the final decision  as to  w hich 
com ponents to  u se  in  subsequent analyses w as based
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T a b l e  2. M orphom etrie com parisons (means ±  1 SE) o f M adracis mirabilis aggregations naturally living (resident corals) 
in each of the four treatment environm ents. F  values are from univariate com parisons (ANOVA, one fixed factor =  site; 
d f = 3 , 1 6 )  o f each trait among the four environm ents. M ultivariate comparison (fixed-effect M ANOVA) among sites was 
significant (W ilks’ X =  0.012; F  = 6.70; d f  =  18, 31; P  <  0.001). DB10, D airy Bull at 10 m; DB20, D airy Bull at 20 
m; CP 10, Colum bus Park at 10 m; CPSP, Colum bus Park Springs at 10 m.

Character DB10 DB20 CP10 CPSP F

Corallite area (mm2) 
Colum ella area (mm2) 
Intersepta area (m m 2) 
C orallite spacing (mm) 
Branch tip diam eter (mm) 
Branch spacing (mm)

1.75 ±  0.25 
0.35 ±  0.04 
0.04 ±  0.01 
0.44 ±  0.03 
6.92 ±  0.37 
7.90 ±  0.20

1.56 ±  0.17 
0.30 ±  0.05 
0.04 ±  0.01 
0.44 ±  0.04 
5.71 ±  0.28 

11.30 ±  0.80

1.58 ±  0.09 
0.23 ±  0.03 
0.07 ±  0.01 
0.38 ±  0.10 
7.03 ±  0.36 
9.60 ±  0.40

1.69 ±  0.10 
0.20 ±  0.03 
0.09 ±  0.01 
0.18 ±  0.03 

12.68 ±  1.27 
6.00 i  0.30

0.29 
3 .0 5 t 

11.98*** 
6.28* 

25.09*** 
16.92***

* P  <  0.05; *** P <  0.001; t  P <  0.075.

on an exam ination  o f associated  e igenvecto rs (com ­
po n en t loadings) to  ascertain  their u tility  in  p rov id ing  
b io log ica lly  m eaningful in form ation  (N ichols 1977, 
G auch  1982).

T ra n sp la n t e x p e r im e n t

T w elve branches (3 -6  cm  in  length) w ere co llected  
from  each o f  five genotypes se lected  at random  from  
th e  D B20 (D B 20 population; genotypes 1 -5 ) and the 
C P 10  (C P10 population; genotypes 6 -1 0 ) env iron ­
m ents. T hese 10 genotypes w ere d is tinc t from  those 
sam pled to quantify  residen t m orphology  in each  en­
v ironm ent (i.e ., p revious section). A ll geno types sam ­
p led  w ithin a  population  w ere separated  by > 2 5  m to 
increase  the p robab ility  tha t they w ere genetica lly  d is­
tinc t. Each branch was glued into a short p iece  o f p la s­
tic  p ipe  (1 cm  in  diam eter) w ith  m arine epoxy (Z -S par 
S p lash  Z one C om pound A -788, K op-C oat, L os A n­
geles , C aliforn ia; epoxy did no t appear to  adversely  
affec t the corals, as m any grew  over the dried  epoxy 
w ith in  4 w k), and a nylon screw  w as set in the opposite  
en d  (Fig. IB ). T he 12 b ranches from  each  genotype 
w ere random ly  assigned to 12 d ifferen t P lex ig las p lates 
(15 X 25 cm ) and w ere random ly  assigned  positions 
w ith in  each plate. E ight additional corals, w h ich  w ere 
no t used in  the analysis for th is study, w ere a lso  a t­
tach ed  to the sam e p lates to form  sm all, artificial ag ­
gregations. B ranches w ere placed as c lose as possib le  
(1 0 -2 0  m m  betw een ad jacent b ranches) to  m im ic n a t­
u ra l spacing (Table 2), bu t w ere not p laced  in  d irect 
con tac t to avoid  aggressive in terac tions (L ang and 
C hornesky  1990). T hree random ly  se lec ted  p lates w ere 
transp lan ted  to each o f the four trea tm en t env ironm ents 
(D B 10, D B20, CP10, and C PSP) fo r 96  d, beg inn ing  
in February  1994. C orals w ere k ep t in a flow ing sea ­
w ate r table during the p repara tion  o f  p la tes and w ere 
tran sp lan ted  to  their respective environm ents w ith in  48 
h o f  co llection . T he plates w ith in  each  env ironm ent 
w ere  separated  by > 1 0  m.

M orpho log ica l p lasticity  w as quantified  by m easur­
ing  six skeletal traits at the conclusion  o f  the tran sp lan t 
experim ent: in tersep ta  area, ISA ; sep ta  leng th , SL; co l­
u m ella  area, C LA ; corallite  area, C A ; co ra llite  spacing, 
C S ; and branch  tip diam eter, B D  (Fig. 2). T he m or­

phological traits o f  the transp lan ted  corals w ere quan­
tified in  the sam e m an n er as the res iden t corals (3 cor- 
allites/b ranch). T w o m easurem ents o f  SL  w ere m ade 
from  each co ra llite  (the longest and opposing septa). 
Q uantification  o f IS A , CLA , CA , C S , and BD is de­
scribed above.

T he results o f  the  transp lan t experim en t w ere ana­
lyzed in tw o separa te  sets o f analyses. T he purpose of 
the first was to  exam ine the effec ts o f  the population  
(orig in), genotype, and env ironm ent on coral m or­
phology, and to com pare p lastic  responses betw een 
populations and am ong genotypes. B ecause the six 
m easured skeletal tra its  w ere co rrelated , PC A  w as per­
form ed on log -transform ed m easurem ents o f the six 
traits from  both  populations (sta tistica l rep lica tes w ere 
m ean branch values fo r each  tra it) and the resulting  
uncorrelated  variab les w ere used in  A NO VA . PC A  re­
sults also a ided  in an exam ination  o f  m ultivaria te  p las­
tic  responses. L og-transform ed scores from  the first 
th ree  PC s (see above fo r com ponent selection  criteria) 
w ere analyzed  w ith th ree-w ay A N O V A  (Scheffé  m ixed 
m odel sensu F ry  1992, fixed fac to r =  environm ent, 
random  facto r =  population , nested  fac to r =  genotype).

T he second set o f  analyses w as carried  out to com ­
pare  the m orphologies o f the corals transp lan ted  into 
each environm ent w ith  the residen t corals na turally  liv ­
ing in  those environm ents. A n add itional PC A  w as per­
form ed on the genotype m eans (log transform ed) of 
both  the transplanted  and the residen t corals using the 
five traits tha t had been quantified on both  groups: C A, 
C LA , ISA , C S, and BD . T he log -transfo rm ed  scores 
from  the first three p rincipal com ponents w ere analyzed 
w ith  tw o-w ay A N O V A  (fixed-factor 1 =  environm ent, 
fixed-factor 2 =  population). In th is analysis the pop­
u lation  factor consisted  o f three levels, includ ing  the 
residen t corals and th e  transp lan ted  corals from  each 
o f  the tw o source populations, and w as considered  a 
fixed factor because th e  residen t level w as specifically 
chosen to determ ine w hether the transp lan ts adopted 
the m orphology of the ir residen t conspecifics.

R eaction  norm s are a graphic po rtraya l o f  the m ean 
response  o f  individual genotypes to  the environm ent, 
and allow  a v isual com parison o f m agnitudes and pa t­
terns o f p lastic ity  to b e  m ade am ong genotypes and
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populations (S tearns 1989). T he environm ent can con ­
sist o f  tw o o r m ore levels o f a single m anipulated  factor 
as w ould be con tro lled  in a laboratory  experim ent (con­
tinuous env ironm ents), or tw o or m ore natural env i­
ronm ents know n to  d iffer in a num ber o f factors (d is­
crete  env ironm ents), as is usually  the case in a field 
transp lan t experim en t (V ia et al. 1995). In the p resen t 
study, reaction  norm s w ere p lo tted  for both  the original 
m easured  traits and fo r the first three principal com ­
ponents. F o r the m easured  traits CLA , SL, and ISA , 
reaction  norm s w ere p lo tted  as p roportions o f  corallite  
size , as th is is like ly  to be m ore b io log ically  im portant 
than the ir absolute size (Patterson 1992). In  all reaction  
norm s, the fou r env ironm ental treatm ents are p lo tted  
in an arb itra ry  o rder and do not represen t a sing le  e n ­
v ironm ental g rad ien t (Table 1).

T ransp lan t grow th a n d  survival

T he grow th  (linear extension and skeletal accretion) 
and su rv ival o f the transp lan ted  corals w ere m easured 
as estim ates o f  fitness. In colonial corals, grow th is 
closely  linked  to  fecundity  because the rep roductive 
capab ility  o f  m odular organism s increases w ith liv ing 
su rface  area (C onnell 1973, H ughes 1989). Further­
m ore, la rger co lony  size decreases the risk  o f w hole- 
co lony  m ortality  (H ughes and Jackson  1985, H ughes 
and C onnell 1987). T herefore, grow th rate  is likely to 
be an im portan t com ponent determ in ing  overall colony 
fitness (Jackson 1979, H ughes and Jackson  1985).

L inear ex tension  was determ ined  by  m easuring  the 
length  o f  each b ranch , before and after transp lan tation . 
Skeletal accretion  was quantified  as an increase in d ry  
skeletal m ass using  the buoyant w eighing technique 
(D avies 1989). A t the end o f  th e  transp lan t period, both 
m easures o f  ske le ta l grow th w ere norm alized  to surface 
area o f  liv ing  tissue  as determ ined  w ith the m ethylene 
b lue dye m ethod (d escribed  in H oegh-G uldberg  1988). 
C olony su rv ival w as m easured  by scoring  each coral 
as a live or dead  a t the com pletion  o f  the transp lan t 
period.

D N A fingerprin ting

B ecause M adracis m irabilis  can reproduce asexually  
th rough  fragm en ta tion  (B ak and C riens 1981, H ighs- 
m ith 1982), D N A  fingerprin ts o f  the genotypes used in 
the tran sp lan t experim en t w ere prepared  to ensure that 
a ll 10 genotypes w ere genetically  d istinct (Jeffreys et 
al. 1985a). A nim al D N A  w as ex tracted  by c rush ing  a 
b ranch  o f  each  geno type in 2 m L  of ice-co ld  guana- 
d in ium  hydroch lo ride  buffer (8 m ol/L  G H C L, 0.1 
m ol/L  sodium  acetate , 5 m m ol/L  d ith io th re ito l, 0.5%  
N -lau ry l sarcosine) and storing  the resu lting  slu rry  at 
4°C. T he sam ples w ere cleaned  w ith SS p h en o l/ch lo ­
ro fo rm /isoam yl a lcohol (25 :24 :1), fo llow ed by a ch lo ­
ro fo rm /isoam yl a lcoho l (24:1) c leaning. D N A  w as then 
prec ip ita ted  by add ing  7.5 m ol/L  am m onium  acetate  
and ice-co ld  isopropanol and ch illing  to -2 0 ° C  over­
night. D N A  sam ples w ere d isso lved  in Tris/ED TA  b u ff­

er to  1 fxg/|xL, tr e a te d  w ith  R N ase, d igested  w ith H ae  
III, and sep a ra ted  on  tw o agarose  gels for 16 h at 30 
V. T he D N A  w as th en  tran sfe rred  to ny lon  m em branes 
by  sou thern  b lo ttin g .

M em branes w e re  p robed w ith the o ligonucleotide 
G TG 5, w hich w a s  3 '-en d -lab e led  w ith  D IG -ddU TP 
(G enius S ystem , B oehringer, M annheim , G erm any). 
M em branes w ere  hybrid ized  fo r 6 h at 38°C and de­
tec ted  w ith  chem ilum inescence . T he m igration  distance 
o f  reso lvab le  b a n d s  betw een 1.6 and 10.0 kb (kilobase) 
w as m easured  f ro m  au torad iogram s. F or quantita tive 
analysis, bands w ere  assigned  to  b ins that w ere ca l­
cu la ted  from  th e  e rro r in  estim ating  band size  (after 
G ibbs et al. 1991) and the resu lting  banding  patterns 
w ere used  for co m p ariso n s am ong genotypes. Previous 
experim en ts hav e  dem onstrated  tha t these m ethods can 
produce banding  pa tte rn s  from  coral host D N A  that are 
repea tab le  fo r a s in g le  co lony  and are not confounded 
by the D N A  o f th e  sym biont zooxan the llae  (P. J. Ed­
m unds, u n p u b lish ed  data).

R e s u l t s  

N a tu ra l m orpholog ica l variation

M A N O V A  rev ea led  that the m ultivariate  m orphol­
ogy o f  M a drac is  m irab ilis  res iden t corals varied sig ­
nifican tly  am ong  the fou r treatm ent environm ents 
(based  on W ilk s’ \ ,  w hich w as 0 .012; F  = 6.70; d f  =  
18, 31; P  <  0 .001 ). A dditionally , A N O V A s found that 
fou r o f the six un ivariate  traits varied  significantly 
(ISA , C S, B D , an d  B SP), one varied  m arg inally  (CLA, 
P  <  0 .075), and one w as not significant (C A , Table 2). 
F or PC A  on re s id en t coral genotype m eans, the first 
p rinc ipa l com ponen t (P C I) explained  53%  o f the m ul­
tivaria te  variance  and was characterized  by h igh  pos­
itive  load ings (eigenvecto rs) fo r CS and CLA , and high 
negative  load ings BD and ISA  (Table 3). PC 2 explained 
24%  o f the variance  and was characterized  m ainly  by 
positive ly  w eighted  C A , w hile PC3 exp la ined  24%  o f 
th e  variance  and w as defined by BSP.

T ransplan t experim ent

A fter transp lan ta tion  to C PSP the p roportion  o f  the 
co ra llite  occup ied  by the colum ella  decreased , w hile 
the SL  and ISA  (p roportional to corallite  size) increased 
(F ig . 3). T his resu lted  in  the C PSP cora llites adopting 
a m uch m ore porous o r open co ra llite  m orphology  sim ­
ila r to tha t o f the residen t corals (Fig. ID ). CS de­
creased  in  the lagoon  environm ents (C P  10 and C PSP), 
w h ile  B D  increased  in C PSP (Fig. 3). In the PCA  of 
transp lan ted  corals, P C I explained 50%  o f the variance 
and w as defined by h igh positive load ings for ISA  and 
SL , and negative  loadings for CS and C LA  (Table 3). 
PC 2 explained 22%  o f the variance and w as charac­
terized  m ainly by positively w eighted  C A  and CLA, 
and PC3 w as defined m ainly by BD , w hich was w eigh t­
ed negative ly  (refer to Table 3 fo r e igenva lues and e i­
genvectors). A N O V A  o f the first three p rincipal com ­
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T a b l e  3 . Principal components analysis of: five skeletal traits measured on M adracis m irabilis collected from  the four 
treatment environm ents (residents), six traits m easured after transplantation to th e  treatm ent environm ents (transplants), 
and five traits of both transplants and the resident corals in each environm ent (residents and transplants).

Parameter

Residents Transplants Residents and transplants

PCI PC2 PC3 PCI PC2 PC3 PCI PC2 PC3

Eigenvalue 3.18 1.46 0.87 2.99 1.30 0.89 2.37 1.24 0.73
Explained variance (%) 52.99 24.37 14.51 49.85 21.73 14.81 47.36 24.78 14.61
Com ponent loadings

CA - 0 .0 4 0.98 0.04 0.65 0.70 0.09 0.49 0.82 -0 .2 2
CS 0.92 -0 .0 5 - 0 .2 7 -0 .7 3 0.41 - 0 .0 3 -0 .7 6 0.20 0.24
BD - 0 .8 5 0.13 - 0 .3 2 0.44 -0 .2 1 - 0 .8 6 0.69 - 0 .1 7 0.70
CLA 0.71 0.59 - 0 .3 7 -0 .4 7 0.74 - 0 .3 5 -0 .5 5 0.66 0.38
ISA -0 .8 4 0.36 0.25 0.90 0.16 0.05 0.88 0.26 0.02
SL 0.91 0.15 0.11
BSP 0.64 0.15 0.70

Notes: All PCA was perform ed on log-transform ed data. Refer to Fig. 2 for trait abbreviations. Ellipses denote traits not 
included in the analysis.

ponents found a significant env ironm enta l e ffec t for 
P C I and PC3 bu t not for PC 2 (Table 4), w hich was 
strongly  w eighted by CA. N o sign ifican t e ffec t was 
detec ted  for the source popu la tion  o r the environm ent 
X population  in teraction , w hich is illu s tra ted  by the 
s im ilarity  o f  reaction  norm s o f the D B 10 and CP 10 
popu la tions (Figs. 3 and 4). T he m ain  genotype effect, 
how ever, w as h ighly  significant fo r all three com po­
nents, and there  w ere significant geno type X env iron ­
m en t in teractions (G X E) fo r the first tw o com ponents, 
and m arginally  significant G  X E fo r PC 3 (Table 4). 
T hese effec ts  are dem onstrated , respective ly , by  d if­
ferences in elevation  o f  reaction  norm s and by crossing 
o r d isco rdan t reaction  norm s (e .g ., PC 2). In the s ta tis­
tical design used in  this analysis, com parisons are m ade 
am ong all 10 genotypes. H ow ever, fu rth er analysis (a 
separate  ANO VA  for each  popu la tion ) found the sam e 
patterns o f significant genotype and G  X E effects 
am ong the five genotypes w ith in  each  popu la tion  (J. 
B runo, unpublished  data).

The PC A  that included genotype tra it m eans o f  both 
transp lan ted  and residen t corals p roduced  th ree  PCs 
th a t had com ponent loadings tha t w ere very  sim ilar to 
those  from  the other tw o PC A s (Table 3). T he m ean 
scores o f transplants and residen ts w ere broadly  sim ilar 
fo r PC I and PC 2, but not fo r PC 3 in th e  C PSP env i­
ronm ent (Fig. 5). In  the tw o-w ay A N O V A s used to 
analyze these PCs, a significant env ironm en t X pop­
u lation  in teraction  indicated  th a t the m orphology  o f  the 
th ree  populations d iffered  significantly  w ith in  env iron ­
m ents. T h is in teraction  term  w as no t significant fo r PC I 
and PC 2, bu t w as highly significant fo r PC 3, w hich 
w as heav ily  w eighted  by B D  (Table 5). T he m ain  en ­
v ironm ent fac to r had a h ighly  sign ifican t effect on  P C I 
bu t no t on PC 2 (the significance o f the tw o m ain effects 
w as not tested  in  PC3 due to the sign ifican t in teraction  
term ; Z ar 1996).

Transplan t grow th  a n d  surviva l

M ost o f the transp lan ted  corals doubled  the ir d ry  
skele ta l m ass and length  during  th e  96-d  transp lan t

period. N either m easu re  o f  grow th  varied  significantly 
am ong env ironm ents, populations, or genotypes (Fig. 
6 , Table 6). H ow ever, there  w as a nonsignificant trend 
fo r corals from  the  D B 10 popu la tion  to extend faster 
than those from  th e  CP 10 popu lation . T here  w as no 
am ong-genotype varia tion  fo r linear ex tension  and 
skeletal accretion , suggesting  tha t no one genotype 
grew  faster in all env ironm ents than any other geno­
type. T here w as a lso  no  significant G X E  for linear 
extension  and skele ta l accretion  (Table 6), indicating 
tha t rankings o f  genotype by grow th  ra tes d id  not vary 
across environm ents. A lthough  the corals in  the CP10 
environm ent grew  as fas t as the corals transp lan ted  to 
the other three env ironm ents, they experienced  more 
frequent partia l overgrow th  by  sponges, b ryozoans, and 
bivalves. T he corals transp lan ted  to the fo re reef that 
experienced  partial overgrow th  w ere overgrow n by 
brow n algae, especially  D ictyo ta  spp. O nly  4 branches 
(out o f  120 branches) experienced  w hole-co lony  mor­
ta lity  during the tran sp lan t period  (2 branches from 
each population), all o f  w h ich  had been transplanted 
to  CP10. S urv ivorsh ip  frequencies w ere no t indepen­
dent o f the env ironm ental trea tm en ts (chi-square anal­
ysis: X2 =  12.42; d f =  3; P  <  0.01).

DNA fingerprin ting

Scorable banding patterns w ere successfully  pro­
duced from  8 o f  the 10 transp lan ted  genotypes (four 
patterns from  each source population). In the finger­
prin ts from  the other tw o genotypes, the bands were 
not w ell defined and cou ld  no t be confidently  scored. 
T he eigh t scorable pa tte rn s  consisted  o f 4 -1 5  bands 
ranging  in  size from  1.6 to 10.0 kb. A ssign ing  all scor­
able bands to 12 bins p roduced  7.1 ±  0.9 bands/colony 
(m ean ±  1 s e , Table 7 ) .  B anding  patterns o f  a single 
colony w ere reproducib le  w hen  duplicate  sam ples were 
run  on separate gels (J. B runo, unpub lished  data). None 
o f the e igh t genotypes tha t w ere successfu lly  finger­
prin ted  had m atching banding  patterns (Table 7 ) .  This 
resu lt, in addition  to th e  fac t that each o f  the 5 geno-
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F ig . 3. Reaction norms of five traits in response to the environm ental treatm ents. (A) Dairy Bull (DB10) genotypes; (B) 
Colum bus Park (CP 10) genotypes. Values are untransform ed m eans. R efer to Table 1 for a sum m ary o f environm ental 
characteristics of each treatm ent environm ent and to Fig. 2 for trait abbreviations. DB10, Dairy Bull at 10 m; DB20, Dairy 
Bull at 20 m; CP10, Colum bus Park at 10 m; CPSP, Colum bus Park Springs at 10 m.
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T a b l e  4. Results of three-factor nested ANOVA testing the e ffec ts of the treatm ent envi­
ronm ent, origin population, and genotype on the first three p rincipal components (PC 1-3).

PCI PC2 PC 3

Source df MS F MS F MS F

Environm ent (E)* 3 17.251 13.996* 3.977 2.254 6.488 13.491*
Population (P)§ 1 5.494 2.722 0.208 0.065 2.554 0.82
Genotype (G)|| 8 2.018 6.516*** 3.226 5.339*** 3.115 5.235***
E X PH 3 1.233 1.727 1.764 1.544 0.481 0.501
E X G|| 24 0.714 2.304** 1.143 1.892* 0.96 1.6131-

Error 80 0.31 0.604 0.595

Note: PCA was o f six traits o f transplanted corals. The genotype facto r is nested within the 
population factor. Refer to Table 3 for component loadings.

* P  <  0.05; ** P  <  0.01; *** P  <  0.001; t  P <  0.075.
± m s  tested over m se<p; § m s  tested over m sg; || m s  tested over MScrror; H m s  tested over m sExG.

ty p e s  sa m p le d  w ith in  a p o p u la tio n  w e re  se p a ra te d  by 
> 2 5  m , s tro n g ly  su g g ests  th a t a ll 10 g e n o ty p e s  w ere  
g e n e tic a lly  u n iq u e  (Je ffrey s  e t al. 1985¿>, L e w o n tin  and  
H a rti 1991).

D i s c u s s i o n

T h e  g o a ls  o f  th is  stu d y  w e re  to  d e te rm in e  w h e th e r  
th e  p o ly m o rp h ism  d e m o n s tra te d  b y  M a d ra c is  m ira b ilis  
is d u e  to  p h e n o ty p ic  p la s tic ity , an d  w h e th e r  th e re  is

v a r ia tio n  in  re a c t io n  n o rm s  a m o n g  g e n o ty p e s  a n d  b e ­
tw e en  p o p u la tio n s  o f  th is  sp e c ie s . T h e  re su lts  d e m ­
o n s tra te  n u m ero u s  m o rp h o lo g ic a l c h an g e s  in  re sp o n se  
to  tra n sp la n ta tio n  to  a  n ew  e n v iro n m e n t as w e ll a s  s ig ­
n if ic an t g e n o ty p e  X e n v iro n m e n t in te ra c tio n s . T h e  p h e ­
n o ty p ic  c h an g e s  o f  b o th  p o p u la tio n s  re su lte d  in  the  
tra n sp la n ts  b e c o m in g  s im ila r  to  re s id e n t co n sp ec ific s  
in  e a c h  tre a tm e n t e n v iro n m e n t. A n a ly s is  o f  th e  PC A  
re su lts  w ith  A N O V A  fo u n d  a  s ig n if ic a n t e n v iro n m e n ta l
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F ig . 4. Reaction norms o f the first three principal components (PC 1-3) in response to the environmental treatments. The 
most heavily loaded traits for each PC are in parentheses. (A) Dairy Bull (DB10) genotypes; (B) Columbus Park (CP 10) 
genotypes. Values are untransformed means. Refer to Table 1 for a summary of environmental characteristics of each treatment 
environment and to Fig. 2 for trait abbreviations. DB10, Dairy Bull at 10 m; DB20, Dairy Bull at 20 m; CP10, Columbus Park 
at 10 m; CPSP, Columbus Park Springs at 10 m.
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F i g . 5. M ean scores ( ± 1  s e ) for the first three principal 
com ponents (PC 1-3) of transplanted and resident corals in 
the four treatm ent environments. The m ost heavily loaded 
traits for each PC are in parentheses. DB10, Dairy Bull at 10 
m; DB20, D airy Bull at 20 m; CP10, Columbus Park at 10 
m; CPSP, Colum bus Park Springs at 10 m.

F i g . 6. Two m easures of growth for the two transplanted 
populations in the fou r treatm ent environm ents. Values are 
untransform ed m eans and standard errors. ANOVA found no 
significant variation among environm ents or between popu­
lations (Table 6). D B 10, D airy Bull at 10 m; DB20, Dairy 
Bull at 20 m; CP10, Colum bus Park at 10 m; CPSP, Columbus 
Park Springs at 10 m.

effec t on P C I, w h ich  was defined p rim arily  by corallite  
arch itec tu ra l tra its  including co ra llite  spacing, co lu­
m ella area, in te rsep ta  area, and sep ta  length, and on 
PC 3, w hich w as defined alm ost en tire ly  by branch  d i­
am eter (Tables 3 and 4). These five tra its  vary  sign if­
ican tly  am ong co ra ls  naturally  liv ing  in  the four trea t­
m ent env ironm ents (Table 2). In contrast, the  m ain en ­
v ironm ent effec t w as insignificant fo r PC 2, w hich was 
defined m ainly b y  corallite  area, a  tra it that varies 
am ong corallites on a single branch  and am ong ge­
notypes, bu t no t am ong environm ents (Table 2). W hile

Table 5. Results of ANOVA testing the effects of the treatm ent environm ent and “ population” 
(transplanted or resident corals) on the first three principal components (PC 1-3) from  PCA 
of five skeletal characters of both resident and transplanted corals.

PCI PC2 PC 3

Source df MS F MS F MS F

Environm ent (E) 3 13.836 47.117* 0.798 0.754 2.740
Population (P) 2 0.825 2.811 0.477 0.450 4.139
E X P 6 0.291 0.990 0.806 0.761 2.954 5.722*

Error 48 0.294 1.059 0.516

Note: The purpose o f this analysis was to com pare the m orphologies of the corals transplanted 
into each environm ent with the resident corals naturally living in those environments. R efer 
to Table 3 for component loadings. Significance tests o f the two main effects were not perform ed 
for PC3 due to the significance o f the interaction term.

* P <  0.05.
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T a b l e  6. Results o f three-way nested ANOVA testing the 
effects of the treatm ent environm ent, origin population, and 
genotype on linear extension and skeletal accretion. The 
genotype factor is nested w ithin the population factor. All 
F  ratio tests were nonsignificant (P  >  0.05).

Source df

Linear
extension

Skeletal
accretion

MS F MS F

Environm ent (E )t 3 0.4880 6.5497 0.0674 1.1328
Population (P)f 1 2.2280 2.3863 0.1296 0.7403
Genotype (G)§ 8 0.9337 1.8155 0.1750 0.2811
E X P|| 3 0.0745 0.1354 0.0595 0.6979
E X G § 24 0.5502 1.0697 0.0853 1.3702

Error 80 0.5143 0.0623

t  m s tested  over m sBxP.
t ms tested  over m sg .
§ m s  te s ted  over MSCITOr.
II m s tested  over m s e g .

this study did not attem pt to de term ine  w hich  env iron­
m ental factors caused the ob serv ed  p lastic  changes, 
p rev ious studies suggest th a t w ater velocity  and irra ­
diance are tw o particu larly  im portan t factors in deter­
m ining coral m orphology (D ustan  1975, G raus and M a- 
c in ty re  1982, Sebens and D one 1992). B oth o f these 
factors vary  am ong th e  fou r trea tm en t environm ents 
used in  the p resen t study.

C oral genotype also sign ifican tly  affected all six 
m easured  traits, dem onstrating  that both  the genotype 
and the environm ent act synerg istica lly  to determ ine 
m orphology in M adracis m irabilis. T his finding may 
explain  field observations o f  substan tia l m orphological 
varia tion  betw een neighboring  genotypes o f  M. m irab­
ilis, w hich appeared to have  been experiencing  iden­
tical environm ental cond itions (J. F. B runo, persona l 
observations). As there w as no popu lation-level genetic 
e ffec t and no popu la tion  X env ironm ent in teraction , 
the  o rig in  o f  each popu lation  had little  effect on  coral 
m orphology. T his apparen t lack  o f genetic variation  
betw een  the experim ental popu la tions is fu rther sup­
ported  by the sim ilarity  o f  th e ir  reac tion  norm s (Fig. 
3) and is m ost likely  due to  gene flow betw een  them .

Significant genotype X environm ent interactions for 
PC I (com bined corallite  traits) and PC 2 (corallite area), 
and a m arginally significant G X E for PC3 (branch 
diam eter), indicate am ong-genotype variation in the di­
rections and/or m agnitudes o f  plastic responses. Such 
variation is m ost likely due to genetic differences among 
the genotypes. However, the significance o f the genotype 
effect and the G X E effect m ay also have been influ­
enced by residual effects o f  the orig in  environm ent. This 
G X E interaction is illustrated  by the reaction norm  of 
genotype 8, w hich was qualitatively  different than the 
other four CP genotypes for both in tersepta area and 
branch diam eter (Figs. 3 and 4). Intraspecific variation 
in plasticity  am ong genotypes has also been reported in 
the corals M ontastraea annularis  and Siderastrea sideria  
(Foster 1979) and in num erous terrestrial plants and oth­
er organism s (M iller and Fow ler 1993, Schm itt 1993).

T a b l e  7. Banding patterns o f DNA fingerprints from the 
animal DNA of e ig h t aggregations of M adracis mirabilis.

Bin (bp)

Genotype

Freq.2 3 4 5 6 7 8 9

10000-8920 + 0.125
8919-7956 0.000
7955-7096 0.000
7095-6329 + + 0.250
6328-5645 0.000
5644-5035 + + 0.250
5034-4491 + + + + + 0.625
4490-4005 + + + + 0.500
4004-3573 + + + + + 0.625
3572-3186 + + + + + + + 0.875
3185-2842 + + + + + + 0.750
2841-2535 + + + + + + 0.750
2534-2261 + + + + + 0.625
2260-2017 + + + + + 0.625
2016-1799 + + + + + 0.625
1798-1604 + + + + 0.500
Bands: 12 9 6 4 5 7 6 8

Note: Bands were allocated to 1 of 12 bins between 1.6 
and 10 kb in size. T he num ber of bands is shown for each 
genotype and band frequencies are shown for each bin. Ge­
notypes 2 -5  were from  the D airy Bull population (DB10) and 
genotypes 6 -9  were from the Columbus Park population 
(CP10). +  =  band present.

A lthough the exact m echanism  is no t w ell understood 
(S team s 1989, Via 1993), p lasticity  itse lf is thought to 
be affected by natural selection (Bradshaw  1965). Thus, 
the detection o f  G X E as in the present study is im ­
portant because such genetic variation for plasticity is 
necessary  for natural selection to act on character re­
action norm s (V ia and L ande 1985, Scheiner 1993, Via 
et al. 1995).

A  com parison  of th e  m ultivaria te  m orphology  o f the 
transp lan ted  and the res iden t corals ind ica ted  tha t many 
o f  the phenotyp ic  changes resu lted  in  the transplants 
becom ing m orpholog ically  sim ilar to  residen t conspe- 
cifics in  each treatm ent environm ent. T hese findings 
together w ith  the un iform ity  o f reaction  norm s betw een 
the transp lan ted  populations suggest tha t phenotypic 
p lastic ity  in  th is species is not random , bu t instead is 
a p red ic tab le  response to  a single or a su ite o f envi­
ronm enta l factors. T he sim ilarity  o f P C I am ong the 
transp lan ted  and residen t corals is apparen t in Fig. 5. 
T his figure also suggests that the significant population 
X env ironm ent term  fo r PC3 is m ainly  due to a d if­
ference betw een  transp lan ts and residen ts in branch 
diam eter in  the C PSP environm ent. A lthough  th is trait 
was p lastic  (Table 4, F igs. 3 and 4 ) and displayed an 
increase in 5 o f the 10 geno types transp lan ted  to CPSP 
(Fig. 4), it had  not changed  enough during the 96-d 
transp lan t period  to reach  the d iam eter o f  the resident 
conspecifics.

A num ber o f  studies have investigated  the functional 
significance o f  skeletal m orphology  in  corals, including 
its e ffec t on  zooplanktivory  (H elm uth  and Sebens 
1993), m ass transfer (P atterson  1992), m uscular at­
tachm ent (B row n et al. 1983), sed im ent rejec tion  (H ub­
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bard  and Pocock  1972), and suscep tib ility  to fragm en­
ta tion  (H ighsm ith  1982). W hile p lastic ity  can be ben ­
eficial, neu tra l, and even detrim ental (B radshaw  1965), 
there  is som e experim ental ev idence tha t m orpholog­
ical p lastic ity  in M adracis m irab ilis  could  be eco log ­
ica lly  advantageous (B runo 1995). F or exam ple, in M. 
m irab ilis  branch  spacing is inversely  re la ted  to branch 
diam eter (Tables 2 and 3) and to w ater ve locity  (Table 
1; B runo  1995, Sebens et al. 1997), as it is in other 
co ra l species (e.g ., L esser et al. 1994). P rev ious lab­
o rato ry  flum e studies have dem onstrated  tha t branch 
spacing  and flow can interact to affect both  the feeding 
efficiency (Sebens et al. 1997) and resp ira tion  rate  o f 
M. m irab ilis  (B runo 1995). In low -flow  cond itions, in­
creased  branch  spacing results in  h igher resp iration  and 
p artic le  cap ture  rates (Bruno 1995, Sebens e t al. 1997), 
w hile in high-flow  conditions decreased branch  spacing 
increases feeding efficiency (Sebens e t al. 1997). 
T herefo re , the phenotype appears to  “ m a tch ” local en ­
v ironm ental conditions in a way tha t labora to ry  studies 
and b iom echanical theo ry  (e.g., Patterson  1992) predict 
w ould  be  beneficial. The results o f  the fitness estim ates 
o f the transp lan ted  corals are concordan t w ith  these 
p red ictions: corals from  both populations w ere able to 
m ain ta in  sim ilar grow th rates and experienced  a re la ­
tively  h igh surv ivorsh ip  in four very  d ifferen t env i­
ronm ents (Table 6, Fig. 6). In  o ther w ords, they  d is­
p layed  flat fitness reaction norm s characteristic  o f gen­
era list genotypes (Schlichting  and P ig liucci 1995). 
T hus, phenotyp ic  p lasticity  could  fac ilita te  the w ide 
d is tribu tion  o f  M. m irabilis  (Sch ind ler 1985) through 
the convergence o f skeletal m orphology to that o f  the 
local conspecifics. H owever, a m ore d irect experim en ­
tal approach  w ould be  necessary  to determ ine unequ iv ­
ocally  w hether p lasticity  in M . m irab ilis  is beneficial. 
F o r exam ple, short-term  fitness estim ates cou ld  be 
m ade on corals o f various m orphologies transp lan ted  
into d ifferen t environm ents before and after the p lastic  
changes induced  by transplantation  (e.g ., S chm itt e t al. 
1995, D udley  and Schm itt 1996).

A be tte r understanding o f pheno typ ic  p lastic ity  
m ight he lp  resolve a num ber o f long-stand ing  problem s 
in coral biology. O ne exam ple is coral taxonom y, w hich 
has long been plagued by confusion  arising  from  po ly ­
m orphism s o f the characteristics used to d is tingu ish  
species (A yre et al. 1991). E xperim ental taxonom y, 
w here tran sp lan t experim ents are  used to determ ine the 
e ffec t o f  the environm ent on coral m orphology, could 
help  to unam biguously  d istingu ish  closely  re la ted  spe­
cies. T he large  am ount o f m orphological varia tion  seen 
in M adracis m irab ilis  exem plifies th is p rob lem  (S ch in ­
d ler 1985, F enner 1993). T he d iscre te  separa tion  o f 
each  m orphotype could be m istaken  as an ind ication  
tha t M. m irab ilis  is com posed o f  a com plex  o f  sib ling  
species (sensu K now lton 1993), w ithou t the ev idence 
o f p lastic ity  from  th is study w hich suggests o therw ise. 
T he use o f  reaction  norm s to exam ine how  tra its  change 
in  response  to env ironm ental fac to rs p rov ides a v a lu ­

able tool to better u n d e rs tan d  the functional m orpho l­
ogy o f  po lym orph ic  skele ta l characteristics in  corals 
and o ther c lonal o rgan ism s. Investiga tions o f  p lasticity  
m ay also aid in ou r unders tand ing  o f how  cora l pop­
u lations m ight re sp o n d  to an th ropogen ic  d is turbances 
tha t are  currently  deg rad in g  m any reefs (G rigg and D o l­
la r  1990, G rigg 1993).

T he results o f th is  study  dem onstra te  th a t a  relatively  
long-lived, sessile  o rg an ism  em ploying  bo th  sexual and 
asexual rep roduction  can d isp lay  substan tia l pheno typ ­
ic p lastic ity  and th a t reac tion  norm s can  vary  signifi­
cantly  am ong c lones . Such p las tic ity  is likely  to  be  an 
im portan t com ponen t o f the life h is to ry  stra teg ies of 
clonal populations, a llev ia ting  the negative effec ts  of 
low  genetic v a ria tio n  (B radshaw  1965, Schlichting 
1986). M orpho log ica l p lastic ity  m igh t also enable  c lo n ­
al species (and in d iv idua l c lones them selves) to occupy 
a  broad range o f h ab ita ts  and allow  those tha t are sessile  
to  adapt to  tem p o ra l changes in their environm ent. 
T herefore , investiga tions o f  phenotyp ic  p lastic ity  in 
predom inantly  asex u a l clonal taxa  that have  no t p re­
viously received  su ch  attention  could  p rove  invaluable 
in  p roviding in s ig h t in to  the ir evo lu tion , spéciation , 
population  dynam ics, and su rv ival stra teg ies in het­
erogeneous env ironm ents.
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