
Calcification Rates in Corals 

T h e  report "Calcification in hermatypic 
and ahermatypic corals" by A. T .  Marshall 
( 2  Feb., p. 637) sheds light on  the poorly 
understood relationship between photosyn- 
thesis and calcification in reef corals, but it 
does not provide a strollg test of whether 
calcification proceeds at higher rates in her- 
lnatypic (reef-building) species compared 
with that in ahermatypic species. This hy- 
pothesis, if true, would validate the pivotal 
role of coral-algal symbiosis in the develop- 
ment of cokal reefs in trooical waters. 

cify about 3.58 times faster in the light than 
in the dark; that hermatypic corals calcify 
about 5.27 times faster than ahermatypes 
(daily average); and that there is a positive 
correlation between daily calcium deposi- 
tion and specific primary productivity. 
They can be spatially and temporally sepa- 
rated as the result of differing biochemical " 

mechanisms. This study (1 ) used two differ- 
ent methods and three soecies each, as OD- 

posed to one method and one species each 
used in Marshall's studv. 

There are two reasok  why I am not Marshall's conclusiAs apparently result 
convinced. First, as Goreau and Goreau in part from inappropriate normalization of 
( 1 )  and others have found, calcification his 45Ca uptake data by the weight of skel- 
rates can varv bv as much as a factor of 10 eton. Coral calcification is limited to the , , 
between hermatypic species. Thus, hy- 
potheses concerning calcification rates in 
hermatypic and ahermatypic corals are 
dealing with statisticai phenomena and 
therefore require a sample size greater than 
one. Second, the use of the term (Mar- 
shall's included) "reef-building coral" is 
problematic. While all hermatypic corals 
are termed "reef-building," it is unlikely 
that all hermatypic corals make significant 
contributions to the construction of coral 
reefs. The  steps between organismal-level 
calcification and the incorporation of this 
material in reef growth are complex (2)  and 
poorly understood. However, a few species 
(that is, framework species) may make dis- 
proportionate contributions to reef accre- 
tion. Marshall says he chose the hermatype 
Galaxea fascicularis for his experiments be- 
cause it has oolvos of a size similar to those 

L , A  

of the ahermatype Tuhastrea faulkneri. It 
W O L I ~ ~  also be useful to comDare calclfica- 
tion rates in known framework species and 
in ahermatypes. 
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Marshall's conclusions are in disagreement 
with a large existing literature. One study 
(1)  found no notable differences in calcifi- 
cation rate between ahermatypes in the 
light and in the dark; that hermatypes cal- 

basal ectoderm, so the layer of skeleton 
deposited during measurements is a fraction 
of a millimeter. Coral species differ greatly 
in skeletal micro-architecture, and corals 
with porous skeletons will have high appar- 
ent calcification rates by Marshall's calcu- 
lation. Tubastrea faullkneri forms an excep- 
tionally porous and friable skeleton. Only 
Tubastrea micrantha is capable of forming 
tall structures, and only in highly protected 
habitats where its faster growing competi- 
tors have been eliminated by Acanthaster 
predation (2). In contrast, Galaxea fascicu- 
laris forms extremely hard, dense, and mas- 
sive basal skeletons, despite having exsert 
calices that superficially resemble those of 
Tuhastrea. More appropriate measures by 
which to contrast experimental physiologi- 
cal uptake rates are those of tissue biomass, 
protein, or nitrogen content (3 ,  4).  

Marshall's proposal that symbiotic algae 
suppress calcification in the dark rather than 
stimulating it in the light appears to misin- 
terpret the acid-base reactions that link pho- 
tosynthesis and calctfication through use of 
a common bicarbonate pool (1,  3, 5 ,  6). 
The mechanism originally proposed predicts 
that removal of CO, during photosynthesis, 
mediated by carbonic anhydrase, increases 
alkalinity in the light. The hlgh carbonic 
anhydrase levels predicted have been found 
(1, 5,  8 ) .  The increase of alkalinity stimu- 
lates supersaturation and catalyzes nucle- 
ation of calcium carbonate (7). Marshall 
suggests that carbonate ion removal by cal- 
cification releases C02 for photosynthesis, 
which would make carbonic anhydrase su- 
perfluous and drive cellular pH acidic. But 
cellular pH measurements by microelectrode 
show that internal pH is highly alkaline in 
the daytime and acidic at night (9) ,  refuting 
the mechanism Marshall proposes. 

Marshall's measurements are neither in- 
consistent with the existing data nor do 
they provide a basis for the radical reinter- 

pretation of the role of sy~nbiotic algae in 
coral reefs that he proposes. 
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Response: Carlon is not convinced that my 
experiments on  Galaxea and Tubastrea pro- 
vide a strong test of the hypothesis that 
calcification proceeds at higher rates in her- 
matypic as compared with that in aherma- 
typic species. My results show that short- 
term calcification rates (strictly accretion 
rates) can be similar in a tropical zooxan- 
thellate and a tropical azooxanthellate cor- 
al. This suggests that light-enhanced calci- 
fication may not be a real phenomenon and 
that zooxanthellae may repress calcification 
in the dark. As a corollary, I suggested that 
the development of coral reefs is not attrib- 
utable to increased calcification rates that 
result from the direct activities of zooxan- 
thellae. This does not necessarily mean that 
long-term accretion rates are not greater in 
hermatypic corals than in tropical aherma- 
typic corals. 

There must certainly be a range of cal- 
cification rates for zooxanthellate corals 
and for azooxanthellate corals. My main 
point, however, is that they have now 
been shown to overlap. This raises the 
possibility that the relationship between 
the algae and the host is not one of direct 
calcification enhancement. 

Because the calcification rate of Galaxea 
appears to be comparable to, or even greater 
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than, that of some framework corals (for 
example, Montastrea annulares), the conclu- 
sions made for Galaxea should be equally 
valid for at least those same corals. If this is 
so, the comparison with the azooxanthel- 
late coral Tubastrea should also be valid. 

While mv results are from exoerirnents 
on  "one spkcies each" (hermitype and 
ahermatype), rather than two of each ( the  
third species were hydrozoans, not sclerac- 
tinian corals), as in Goreau's oaoer of 1961 
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( 2 ) ,  they are statistically documented with 
respect to replication. I compared polyps 
with polyps of silnilar size, not polyps with 
colonies, or colonies with colonies of dif- 
ferent polyp sizks and unspecified dimen- 
sions, as did Goreau (2) .  

With regard to calcification rates, Acro- 
pora pulchra was shown to calcify faster than 
Tubnstrea micrantha (9) .  However, if values 
for Tuhastrea micrantha are converted from 
protein to nitrogen units by assuming that 
the nitrogen content of protein is 16% (3) ,  
then a calcification rate of 104 pg of calci- 
um per milligram of nitrogen per hour is 
obtained, which colnpares well with the 
\.slues given for Acropora cerwicornis by Go- 
reau and Goreall (4)  .(61 to 74 pg of calci- 
um per milligram of nitrogen per hour) and 
Goreau (5) (63 to 134 pg of calcium per 
lnilligra~n of nitrogen per hour). If the 
methods are sufficiently reproducible to 
permit comparisons, then the comparisons 
suggest that the azooxanthellate T .  micran- 
tha calcifies at rates similar to those of the 
fast growing zooxanthellate A. cervicornls 
[which itself calcifies at rates LIP to 11 times 
faster than other zooxanthellate corals ( 4 ) ] .  
Contrary to being found in "highly protect- 
ed habitats," T .  micrantha "is designed well 
to withstand hvdrodvna~nlc attacks and to 
colonize a currint exposed habitat" (10). 

Goreau et al. state that "Marshall's con- 
cl~~sions result apparently in part from in- 
appropriate nornalization of his "'Ca up- 
take data bv the weieht of skeleton." Thev 
imply that ~ a l a x e a  L s  a more massive an2 
dense skeleton than Tubastrea. Suoerficial- 
ly, this appears to be so. Co~nparisons of 
silnilar sized corallites (in diameter of the 
open or mouth end of the corallite and 
lengths), however, reveal that the skeletal 
mass of Tubastrea is about 70 to 80% that of 
Gahxea  and that the skeletal densities are 
silnilar (Tubastrea, SD = 2.32 2 0.61, n = 

5; Galaxea, SD = 2.14 i 0.24, n = 4). 
Goreau et al. suggest that more appropriate 

measurements for the nor~nal~zation of 45Ca 
~ncorporation data are "tissue biomass pro- 
tein, or nitrogen content." In fact, we gave 
normalized data using wet tissue mass and 
showed that, in these terms, the rate of "Ca 
~ncorporation in Tubclstrea is approximately 
half that in Galaxea. I pointed out, however, 
that the Inass ratio of tissue to skeleton in 

Tubastrea is almost 2.5 times that of Galaxea. 
This example illustrates the difficulty of using 
tissue mass protein, or nitrogen content for 
normalization when between-species compar- 
isons are made. The underlying assulnption is 
that these parameters are a measure of the 
surface area of the skeletogenic epithelium, 
that is, the calicoblastic (basal) ectoderm. 
This cell layer is highly attenuated, being only 
1 to 3 pin thick in most cases, while the other 
three cell lavers (aboral endodenn, oral 
endoder~n, and oral ectoderm) vary in thick- 
ness up to approxi~nately 50 Fm, and the 
types of cells vary considerably between lay- 
ers, between regions of a polyp, and particu- 
larly between species (6, 7). Clausen and 
Roth (3)  have suggested that "particularly in 
perforate corals, tissue content (and organic 
nitrogen) may be better correlated with vol- 
ume than with s~~rface area." 

Even if the true surface area of the cali- 
coblastic ectoderm could be measured, the 
information is not usef~11 unless the sites of 
4'Ca deposition during the inc~~bat ion  are 
known. Deposition in Galaxea occurs, in 
light, on  the wall of the corallite, but not on 
the costae, and on  the centrad regions of 
the septa. In this case, normalizing by the 
total surface area of the calicoblastic ecto- 
d e r ~ n  (which covers the surface of the septa 
as well as the other oarts of the corallite) 
would give inacc~~rate  results. Preliminary 
results for Ttibastrea indicate that short 
term ( 3  to 5 hours) of "Ca deposition may 
also not be uniform. (8). 

In the l ~ g h t  of the forego~ng, it seems 
that calcification in terms of accretion 
(mass of new calcium deposited per total 
mass of calcium) as defined and used by 
Goreau (5) would be the most appropriate 
method for interspecific comparisons. A 
slightly modified version of this (mass of 
new calciu~n deposited per total mass of 
skeleton) is the method I used in my report. 

I have suggested that my data on the 
mechanisms of calcificat~on are not incon- 
sistent with the model proposed by McCon- 
naughey ( 1  1 ), who suggests that calcifica- 
tion may be viewed as a by-product of a 

thesis. Far from being a "misinterpretation 
of the acid-base reactions," this seems to be 
a well-considered proposal. The  conversion 
of extracellular bicarbonate to C02 in the 
model mav well involve carbonic anhv- 
drase. In terms of this model, it makes sense 
that zooxanthellae mav reoress calcification 
in the dark when C O ~ '  is not required. 
Goreau et al. say that "cellular pH measure- 
ments by microelectrode" r e f ~ ~ t e  "the mech- 
anism Marshall proposes." Actually, it is 
McConnaughey's proposal ( 1 1 ), and K ~ l h l  
et al. (12) do not state that their measure- 
ments are intracellular. 

I agree that my measurements are not 
inconsistent with the existine literature " 
because the only sufficiently detailed data 
are those on  T .  micrantha ( 9 ) ,  which ap- 
pear to support my proposal that azooxan- 
thellate corals lnav calcifv at rates silnilar 
to those of some zooxanthellate corals. 
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Imaging Su bstrate-Mediated Interactions 

Surface defects, such as steps and adsorbed 
atoms and molecules, perturb the electronic 
structure of the surrounding surface. These 
perturbatlons greatly affect adsorbate struc- 
tures, dynamics, and chemistry. We have 
now observed these perturbations directly 
with the use of scannillg tunneling micros- 
copy and have shown that they determ~ne 
the structure and dynamics for benzene on 
C u ( l l 1 )  that we had previously found ( 1  ). 

These substrate-mediated interactions have 
important implications for the atomic-scale 
mechanisms of film growth and heteroge- 
neous selective catalvsis. 

There are three w'ays in which the elec- 
tronic structure of a surface can be Der- 
turbed. First, the electron distributions at 
the steps are smoothed by a charge transfer 
from the top to the bottom of the step edge, 
the so-called Smoluchowski effect (2).  Sec- 
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