
quantum mechanical resonances when 
they are strongly coupled. The amount 
of this renormalization depends on the 
strength of scattering; the larger the scat- 
tering, the larger the adjustment. blore- 
over, it is physically plausible that as the 
concentration of scatterers increases, the 
material properties of the renormalized 
effective embedding medium approach 
those of the scatterers themselves. Conse- 
quently, the individual scattering reso- 
nances inevitably become leaky and weak- 
ened, as the effective contrast between a 
scatterer and the embedding medium di- 
minishes. In fact, in the limit of the em- 
bedding medium having the same proper- 
ties as the scatterers, the resonances must 
vanish entirely. It is precisely this effec- 
tive renormalization of a strongly scatter- 
ing medium that is sensed by the coherent 
group velocity. In our calculation, the 
coated sphere also possesses these scatter- 
ing resonances, and these are modified by 
the coupling to the embedding mediu~n. 
Our procedure effectively identifies the fre- 
quencies and wave vectors of the minima in 
these coupled scattering resonances; these 
correspond to the dispersion curve. This ap- 
proach indicates directly how a propagating 
wave of frequency w is forced by the renor- 
malization of the embedding medium to se- 
lect the wave vector k that allows it to 
propagate through the mediu~n with the 
least scattering. Hence, the physical origin 
of the remarkably low velocities of ballistic 
propagation lies in the renormalization of 
the effective medium by strong resonant 
scattering, as correctly described by our the- 
oretical model. Finally we note that, al- 
though our experimental and theoretical ap- 
proach has focused on acoustic waves, we 
expect the same features to be observed for 
any form of classical wave propagating in 
disordered materials; thus, electromagnetic 
radiation, such as light or microwaves, 
should show similar behavior, and confirma- 
tion of this would provide an important 
generalization of our results. 
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Calcification in Hermatypic and 
Ahermatypic Corals 

A. T. Marshall 

The evolutionary development of tropical coral reefs is presently ascribed to the asso- 
ciation of corals with symbiotic algae (zooxanthellae) and to the enhancement of calci- 
fication by light. Contrary to this idea, the calcification rate in a non-reef-building tropical 
coral (Tubastrea faulknero without symbiotic algae was the same as the light-enhanced 
rate in a zooxanthellate reef-building coral (Galaxea fascicularis). The mechanisms of 
calcification, however, differed between the two species. Instead of being "light-en- 
hanced," calcification in corals with algae was "dark-repressed." The evolutionary de- 
velopment of coral reefs may therefore not be related to light-enhanced calcification 
resulting from the association of corals with symbiotic algae. 

I t  is generally thought that the formation of 
coral reefs in shallow trowical seas has been 
possible because the association of symbiotic 
algae (zooxanthellae) with hermatypic (reef- 
building) corals facilitates rapid calcifica- 
tion. The calcification rate of zooxanthellate 
hermatypic corals has been considered to be 
greater than that of azooxanthellate corals 
[categorization according to Schuhmacher 
and Zibrowius ( I ) ] .  Calcification in the 
former is said to be light-enhanced (2).  It is 
indisputable that light profoundly affects cal- 
cification rates in these corals. the whenom- , L 

enon first being noted by Kawaguti and Sa- 
kumoto (3) and subsequently confir~ned by 
Goreall (4) and many other authors (2).  The 
experimental evidence, however, supporting 
the assertion that calcification in zooxan- 
thellate hermatvoic corals oroceeds at a , L 

higher rate than in azooxanthellate corals 
appears to be very limited. The evidence is 
largely based on the finding that the calcifi- 
cation rate in an aherrnatypic Atlantic coral 
Astrnngea dame n-as so low at B0 to 10°C as 
to be undetectable (5). Although Astrangen 
is an ahermatypic coral, it appears to have a 
facultative symbiotic relation with zooxan- 
thellae. Jacques et al. (6) showed that colo- 
nies of Astrangen that contained zooxanthel- 
lae did exhibit light-enhanced calcification 
at 15' to 2'i°C, with calcium incorporation 
rates that were colnoarable to those of reef 
corals. These experiments do not show that 
tropical azooxanthellate corals, which never 
contain zooxanthellae, calcify at lower rates 
than do tropical zooxanthellate hermatypic 
corals. The supposition that the calcification 
rate is lower in trowical azooxanthellate cor- 
als then rests primarily on observations 

Analytical Electron Microscopy Laboratory, School of Zo- 
ology, LaTrobe University, Bundoora [Melbourne), Victo- 
ria 3083, Australia 

showing that rates are lower in hermatypic 
corals that have bee11 exoerilnentallv de- 
prived of zooxanthellae (4j; there a&ar to 
be no measurements of calcification rates in 
tropical azooxanthellate corals and therefore 
no direct comparisons. The present paper 
seeks to rectify this omission. 

Experiments were carried out at Heron 
Island Research Station on the Great Bar- 
rier Reef of Australia. Two species of coral 
were selected that have large descrete pol- 
yps that can be readily separated. The her- 
matvwic zooxanthellate coral Gnlaxea fas- , L 

ciculnris has polyps of similar size and form 
to those of the ahermatvoic azooxanthellate , 
coral Tubastren faulltneri, and care was taken 
to use polyps from the same colonies and 
match the sizes of polyps from each species 
as closely as oosslble. , L 

Two experiments designed to measure 
t5Ca incorporation into the coral skeleton 
were carried out on different days. Polyps 
were incubated in containers of aerated fil- 
tered seawater placed in large outdoor aquar- 
iums under the same conditions of time (4 
hours) and temperature (25°C) (7). Tubns- 
tren was incubated in shade (5 pmol s p l  
n p 2 )  because it is normallv found subtidally 
on coral reefs in caves or under overhangs. 
Gnlaxen was obtained intertidally and was 
incubated in full sunlight (540 to 1080 pmol 
spl  mp2). The rates of calcium incoroora- 
tion per mass of skeleton (8) were shown to 
be the same in the two species, being 0.65 2 
0.18 pmol gpl  hour-' (n = 5)  for Tubnstrea 
and 0.60 i 0.09 pmol g p l  hourp1 (n = 5) 
for Galaxea (P > 0.05, t test). 

A further experiment was carried out 
under similar conditions but for a longer 
period of time (6.5 hours) and at higher 
temperature (27' to 28OC). Polyps of Tu- 
bastren and Galasen were incubated in 45Ca 
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as before, wit11 and u~i thout  the  addition of 
the photosynthetic inhibitor DCMU 
[3-(3,4-dichloropheny1)-1,l - d i m e t l ~ y l ~ ~ r e a ]  
(9,  10).  In  the  absence of DCMU,  the  rate 
of calcium i~lcorporat io~l  into the  skeleton 
by- Gnlnxen was 0.54 I 0.04 pmol  g-l 
hour-' ( n  = 6 )  and was not significantly 
different [P > 0.05, analysis of variance 
(ANOVA)]  from incorporatiol~ by Tubas- 
tren, which was 0.61 i 0.08 pmol  g p l  
hour-' ( n  = 6) .  In  the presence of DCh/lU, 
the rate of c a l c i ~ ~ ~ n  incorporati011 was dras- 
tically reduced in Gnlaxen, as anticipated, 
to 0.17 i;-0.03 pmol  g-I hour-' ( n  = 6)  (P 
= 0.0001, A N O V A )  b ~ ~ t  remained undi- 
minished in  Tttbnstren at 0.56 t 0.06 pmol  
e-l  hour-^' (n  = 6 )  ( P > 0.05, A N O V A ) .  

T h e  rates of ca lc i~~ ln  incorporation by the 
skeleton can also be expressed in terlns of 
tissue inass (1 1).  For the previous experi- 
ment, col~trol v a l ~ ~ e s  were 0 .9i  + 0.06 p111ol 
g p l  of t i s s ~ ~ e  per hour for Galnren anii 0.44 + 
0.03 p,tnol g p l  of tissue per hour for Tubas- 
tren. This could illdicate that calcium trans- 
port rates by the tissues are higher in Gnlnxen 
than in  Ttibnstren; hou~ever,  the lower rate in 
Ttdastren is a t t r ib~~table  to the fact that the 
tlssue/skeleton Inass ratio in this coral is 
almost 2.5 tinles that of Gnlnxen. T h e  greater 
t i s s ~ ~ e  nlass 111 Tubastrea is primarily associat- 
ed with its considerably larger tentacles and 
oral disc, vv11lch are ~loncalcifying regions of 
the polyp and are most unlikely- to be in- 
volved in calcium transport. 

The  foregoing experiments indicate that 
calcification rates in Gnlnxen and Ttibnstren 
were similar. The  use of various illhibitors and 
agonists revealed differe~lces in the processes 
of calcificatio~l between the two species (Figs. 
1 to 3)  (12). Calcium uptake nias lllhibited in 
both species by the calc i~~lu adenosine 
triphosphatase (ATPase) ~nhibitor Rutheni- 
um red and by the Na/K ATPase inhibitor 
o ~ ~ a b a i n  (Fig. 1) .  This suggests that active 
calcli~nl transport (1 3-1 3) and poss~bly Nap /  
Ca2+ exchange (1 6. 17) are ~ n r o l ~ e c l  in cal- 
cificatlon 111 both specles. However, the cal- 

Treatment 

Fig.1. Uptake of -'%a by polyps of (A) G. iascicu- 
laris and (B) T iaiilkr-ieri, untreated (C) and in the 
presence of cAMP (CAI. Ruthenurn red (Rr), and 
ouaba~n (0) Values shovs~n are means -t SE (17 = 

6); asterisks indicate a s~gnif~cant difference from 
the control value (P < 0.05, one-way ANOVA). 

ciurn ionophore A23187 (Fig. 2) and vera- 
pamil, a potent blocker of L-type voltage- 
dependent calcium channels (1 7, 18) (Fig. 3 ) ,  
denressed calcium untake in Gnlnxen b ~ ~ t  had 
no  effect o n  calcium uptake by Tttbnstren. 
Conversely, cyclic AhIP (c14h1P) had no ef- 
fect on calcium uptake by Gnlnren (Fig. 1A)  
but depressed uptake in Ttibnstrea (Fig. 16) .  
Thapsigargin, which raises intracellular calci- 
um levels in a variety of cells by inhibit& Ca  
ATPase associated with intracell~~lar mem- 
branes (the endoplasinic reticulum) (19), had 
no effect o n  calcium uptake hy either species 
(Fig. 2). When polyps \\'ere exposed to 
A23187 and CAMP together (Fig. 2), the 
cAMP appeared to inoderate the effect of 
A21187 in Gniasen and potentiated the effect 
in Tttbastren, but the I'ff 1 erel~ces niere not 
statistically significant. 

T h e  rate of 4iCa uptake in Ttibnstren was 
shown to be the same in light (0.48 -t 0.01 
p~11ol g-I hour-', n = 6)  or dark (0.58 I 
0.05 IJ.inol g p l  h o ~ ~ r ' ,  n = 6) (P = 0.08, t 
test) (2L1). In Gnlnxen this was not the case, , ~ ,  

and the differences are similar to those seen 
wit11 DCbIU.  Calcium uptake in the dark in 
Gnlnxea has l ~ e e n  shown by- autoraii~c~graphy 
to be focally localized (21 ). It is possible, 
therefore, that the rates of dark calcification, 
at the sltes where calcification occurs, c o ~ ~ l d  
be similar to light calcification rates. Thus it 
was of interest to determine \vhetl~er dark 
calcification was affected bv inhibitors and 
agonlsts in a similar way- as was light calcifi- 
cation. Poly-ps \t7ere incubated as before, hut 
m containers shro~~decl by- black plastic and 
a t  night for 4 hours. Uptake of "Ca 111 dead 
controls was not sign~ficantly different from 
uptake in live controls. Uptake was not af- 
fected by the nletabollc lllhibitor C C C P  
(carbollyl cyanide m-chlorophe~lylhy~jra- 
zone) (22),  ouabain, or cAA1IP. However, as 
in the light, "Ca uptake nias reduced hy 
verapamil, A23187, a113 Ruthenium red 
(Fig. 4).  T h e  failure of C C C P  to clepress 
i5Ca uptake co~lfirnls observations ( 1  3 .  23) 
that C C C P  does not affect ciark calcificatioll 

klL C A A c T  

Treatment 

Fig. 2. Uptake of -'%a by polyps of (A) G. iascicu- 
Ians and (B) T. fauIi<nen untreated (C) and in the 
presence of A231 87 (A), A231 87 + cAMP (Ac), 
and thapsigarg~n (3. Values shol.nin are means I 
SE (n = 6); asterisks lndlcate a signf~cant d~ffer- 
ence from the control value (P < 0.05, one-way 
ANOVA). 
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rates in  Acroporn; b ~ ~ t  it is not collsistent 
with the finding of Barnes (24),  who 
showed, L I S ~ I I ~  the alkalinity anomaly meth- 
od, that C C C P  did depress dark calcifica- 
tion. T h e  uptake of "Ca in dead polyps is 
presumed to be d ~ ~ e  to isotopic exchange and 
occurred a t  a rate that was indistine~~ishable - 
from that of the live control polyps. This is 
in  agreement with the observatiol~s of 
Chalker (1 3). 

T h e  only difference between light and 
u 

dark calcification in Gainxea with respect to 
the  effects of i~~h ib i to r s  and aeonists was - 
seen in the re~ponse to ouabain. Ouabain 
depressed light calcification, but had no  
effect o n  dark calcification. Autoradiogra- 
phy has s l~o~ \ rn  that "Ca is deposited prin- 
cipally- o n  the o ~ ~ t a i d e  of the  co r~ l l i t e  wall in  
the  light (21) .  T h e  finding that active 
t r a n s ~ o r t  of Ca'- o c c ~ ~ r s  across the  oral 
epithelia (14) is col~sistent with this obser- 
\,ation. In  inost corals, poly-ps in the light 
ha1.e their mo~1t11s closed, and therefore the  
entry of C a ' ~ '  into the  coelenteron mav he 
across the  oral epithelia, which nlay be the  
site of action of ouabain. A t  night the  
poly-ps expand and their mouths open, al- 
lo\\,ing water to enter the coe le~~te ro t l  and 
extrathecal coelenteron. T h e  aboral euithe- 
lia may thus be the site of action of Ruthe- 
nium red, verapamll, and A2318 i .  A n  al- 
ternative, but not  necessarily exch~slve, ex- 
ulallatloll is that o ~ ~ a b a ~ l l  111 some way af- 
fects the  photosynthet~c relation of the 
zoosanthellae w ~ t h  calcification. Hon-ever, 
b e c a ~ ~ s e  ouabain also dramatically depresses 
calcificatioll 111 the  azooxanthellate Ttihns- 
tren, t h ~ s  seenls a n  unlikely explanation. 

Dark calcification in Gnlnxen differs 
markedly fro111 calcification in Tubnstrea in 
that o ~ ~ a h a i n  alld cAhlP  30 not  affect dark 
calcification, \vhereas these agents signifi- 
cantly depress calcification in Tubastrea. 

Treatment 

Fig. 3. Uptake of 4%a by polyps of G. fasciciilaris 
(G) and T faulkneri (TI, untreated (Gc, Tc) and n 
the presence of verapam (G\J, Tv). Values shovs~n 
are means i SE (17 = 6); the asterisk ndcates a 
signif~ca~it d~fference from the control value (P < 
0.05, t test). 



Verapamil greatly decreases ciark calclflca- 
tion in Galilxea but has no effect on calci- 
fication in Tubnstrea. There thus appear to 
be at least three different lnechanisnls of 
calcification in scleractinian corals, includ- 
ing light calcification anci ciark calciflcatlon 
In zooxanthellate corals and calcification In 
azooxanthellate corals. 

Although the cell~~lar sites of action of the 
various compouncis affecti~lg calciuln uptake 
are ~lnknown at present, the effects do serve to 
demonstrate that there are substantla1 differ- 
ences bet\veen the calclficatlon processes in 
the zooxanthellate Galaxeil and the azooxan- 
thellate Tt~bastreil. It appears that in both 
species, calcium ATPase is involved and that 
either the ionic integrity of the cells is essen- 
tial or that a Nat/Ca'+ exchange mechanism 
is also involveti. Verapamil-sensiti~ L-type 
ca lc i~~m channels may be implicated in calci- 
fication in Gala.~ea, but they do not appear to 
have a role in Tubnstrea. Cyclic '4hlP may act 
in a regulatory pathway for calclfication in 
Tt~bnstrea but not in Galaxen. Possibly calcium 
ions themselves are involved in this role in 
Galaxea, as indicated .hy the effect of the 
calcium ionophore A23 187. 

A high-affinity calciulii ATPase has been 
previously de~iionstrated b~ochemically in 
Galasea (15), and calclurii ATPase is central 
to a liioclel of calcification proposed by A/lc- 
Connaughey (25). In essence, this model con- 
ceives of calclfication as belng an enhancer of 
photosynthesis. This is achieved by a calcium- 
proton exchanging ATPase supplying protons 
for the conversion of extracellular HC0, -  
into C02, ~vhich 1s used for photosynthesis. In 
this model, calcium carbonate precipitation is 
seen as heing incidental to a process that 
f~lnctions primarily as a source of protons. The 
res~llts presented here are not inconsistent 
with this view. It may be conject~lred that 
zooxanthellae control calcificatlon in some 

Treatment 

Fig. 4. Uptake of 4%a by polyps of G. fasciculans 
In the dark, untreated (C) and n the presence of 
verapam~l (V).  A231 87 (A). CCCP (CP). Ruthenium 
red (Rr), ouaba~n (0), and CAMP (cA). A control 
serles of polyps f~xed In 100% ethanol (FC) was 
ncluded to assess lsotop~c exchange. Values 
shovs~n are means ? SE (n = 6); aster~sks ndcate 
a s~ynflcant dfference from the control value (P < 
0.05, one-v,Ja)j ANOVA). 

niay in order to enhance C 0 2  availability in 
the light and conserve the lnetabolites of the 
host in the dark n-hen photosynthesis does 
not occur. This is consistent with the obser- 
vation that dark calciflcation in Galasen is 
focal (21) and particularly occ~lrs in regions 
such as the exert septa \$,here zooxanthellae 
are absent (26). It 1s also known that the axial 
polyps, 111 \t,hich zooxanthellae are ahsent, of 
a number of Acropora species calcify at high 
rates in linht and dark 127). Thus, sooxanthel- 
lae may repress calcification in skeletal areas 
only in their i~nlnediate uroximitv. It is there- 
fore not surprising that aiooxanthellate corals 
calc~fv at similar rates in light and ciark anci 

u 

have different niechanisms of calcification 
and control of calcification. The success of 
zooxanthellate corals as reef huilciers may be 
more attributable to their autotroph~c capa- 
bllities than to enhanceti calciflcation rates. 

The results presented here suggest that 
(in cornoarison to calcification in Tubas- 
trea) calcificatlon in Galilxea, rxther than 
heing enhanced in the presence of light and 
nrhen photosynthesis occurs, nlay be re- 
presseci in the dark and in the absence of 
photosynthesis, This fillding ilnplies that 
light-enhanced calcification may not be a 
major reason for the evolutionary develop- 
nlent of trop~cal coral reefs. 
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