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Abstract 
Calcification by four species of crustose coralline algae was estimated on the windward reef at Lizard Island, 

northern Great Banier Reef, Australia, by combining measurements of O?, pH, and total alkalinity with equations 
describing the seawater carbonate equilibrium. Calcification (C) was regressed against irradiance ( I )  and modeled 
using a general exponential function. C-I models yielded estimates of gross calcification that ranged from 9.6 mmol 
CaCO, m-2 h-I at 0 m to 2.0 mmol CaCO, m-2 h-I at 18 m. A significant proportion of all samples exhibited 
CaCO, dissolution in the dark. Integration of C-I models with half sine-curve approximations of whole-day irra- 
diance yielded estimated net deposition rates of 0.82 to 9.1 g CaCO, m-' d-I. Net 24-h calcification was linearly 
correlated with noontime irradiance. Daily CaCO, deposition as a function of reef surface relief (3.1 for the crest 
and 5.0 for the slope) indicated potential contributions to reef accretion of 4.1 to 28.1 g m-Z d-I, assuming 100% 
coralline cover. These estimates predict annual deposition rates of 1.5 to 10.3 kg CaCO, m-? yr-I, provided that 
measurements made between late summer and mid-winter are representative of calcification throughout the year. 
Since observed accretion falls far short of the quantities predicted by these measurements, erosive agencies must 
remove much of the CaCO, deposited annually by crustose coralline algae on windward reef margins. 

Calcification by crustose coralline algae is crucial to the however, in studies of algal calcification, perhaps because it 
formation and maintenance of coral reefs (Wray 197 1 ;Littler has been perceived that prohibitively large quantities of bi- 
1972). Coralline algae bind adjacent substrata and provide a ological material are needed to produce measurable changes 
calcified tissue barrier against erosion (Bak 1976). Coralline in total alkalinity (Borowitzka 1977). Chisholm et al. (1990) 
algae also serve as food for grazers-notably parrot fish, demonstrated that this need not be the case if the ratio of 
urchins, and starfish-and provide hard substrata for settle- seawater volume to algal biomass is suitably adjusted. Mea- 
ment of invertebrate larvae (Adey 1998). surements of total alkalinity change (AA,) can then be made 

Few data describe specific rates of calcification by coral- in concert with measurements of 0, concentration and pH 
line algae, although coarse estimates can be derived from change to derive values for the photosynthetic and respisa- 
metabolic studies of reef communities in which coralline al- tory quotients (PQ and RQ, respectively). Armed with reli- 
gae were dominant components (e.g., Kinsey 1985). Long- able estimates for the metabolic quotients, calcification can 
term studies of growth rates have provided information on be followed without recourse to laborious determinations of 
net accretion but not on losses due to chemical and me- total alkalinity using oxygen and pH sensors (Barnes 1983; 
chanical erosion. Most data based on measurements of 4 T a  Barnes and Devereux 1984). 
incorporation by calcareous algae are thought to be unseli- This study reports rates of calcification by four species of 
able (Barnes and Chalker 1990). In particular, non-biologi- coralline algae, species that contribute significantly to reef 
cally mediated isotopic exchange has, on occasion, caused development in the Indo-Pacific (Adey et al. 1982, and see 
more "Ca to be incorporated into dead algal controls than taxonomic amendments by Woelkerling 1987, 1988; Penrose 
actively growing samples (see Chisholm and Gattuso [I9911 and Woelkerling 1992; Woelkerling et al. 1993). Measure- 
for references). ments of 0, concentration and pH, together with irradiance 

A significant body of research has shown that biological and temperature, were made over continuous 24-h cycles 
precipitation of CaCO, can be estimated from changes in using a submersible respisometer. Water samples were taken 
seawater total alkalinity (see Kinsey 1985; Chisholm and from the sample chamber during certain incubations for de- 
Gattuso 1991). This technique has not been widely applied, termination of AA, to permit calculation of the metabolic 

quotients. 
Corresponding author (j.chisholm@aims.gov.au). 
Present address: Observatoire OcCanologique Europken, Centre Methods 

Scientifique de Monaco, Avenue Saint-Martin, MC 98000, Monaco. 
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glass pH electrodeincubation chamber 

stainless steel band 

Fig. 1. Simplified cross-sectional diagram of experimental set-up used for in situ measurement 
of crustose coralline calcification (see Chisholm et al. [I9901 for full details). 

mm internal diameter). The core-barrel was driven by a com- 
pressed-air drill connected to a SCUBA tank. Specimens 
smaller than the diameter of the core-barrel, specimens 
growing in locations that were too confined for deployment 
of the incubation chamber (135-mm base diameter), and 
specimens whose surfaces had been perforated by boring 
organisms were not investigated. In other respects, samples 
were selected at random at specific depth intervals. The sides 
of the cores were smeared with dental wax (Orthodonthic 
Tray, Sybron Ken), and premium-grade (316) stainless-steel 
bands were fitted to provide smooth, corrosion-free surfaces. 
At least four replicates of each species were prepared in this 
manner at each selected depth interval. Samples of Hydrol- 
ithon onkodes (Heydrich) Penrose & Woelkerling (formerly 
Porolithon onkodes) were cored at 0 and 2 m; samples of 
Neogoniolithon brassica-$orida (Harvey) Setchell & Mason 
(formerly Neogoniolithon fosliei) were cored at 0, 3, and 6 
m; samples of Hydrolithon reinboldii (Weber van Bosse & 
Foslie in Foslie) were cored at 3 and 6 m; and samples of 
Neogoniolithon conicum (Dawson) Gordon, Masaki & Ak-
ioka (formerly Paragoniolithon conicum) were cored at 0, 
6, and 18 m. These depths encompassed the limits of the 
species' vertical distributions at Lizard Island. 

Respirometry-Once new tissue growth was visible at the 
periphery of the core samples, measurements were made of 
inorganic carbon metabolism over 24-h periods using a sub- 
mersible respirometer (see Chisholm et al. 119901 for full 
description of equipment and procedures). A small-volume 
(120-ml), ultraviolet-transparent, acrylic incubation chamber 
was slid over the core sample until it seated against the en- 
circling stainless-steel band, thereby isolating the specimen 
(Fig. 1). Oxygen (Kent EIL), temperature (Analog Devices 
AC2626K4), and pH (Radiometer GK2401) sensors were in- 
serted through cylindrical acrylic fittings bonded to the side- 
wall of the incubation chamber. All sensors were sealed 
within their mounting fittings with O-rings. An underwater 
quantum sensor (Li-192SB) was placed inside a second rep- 
lica chamber, similarly orientated, and mounted in an adja- 
cent location. 

Oxygen and pH sensors were calibrated before each 24-h 
incubation. The 0, sensor was calibrated first against a sat- 

urated solution of Na,SO, (zero 0,) and second against air- 
saturated seawater, which had been bubbled overnight with 
humidified air and maintained at ambient seawater temper- 
ature. The pH electrode was calibrated against Radiometer 
Precision Buffer Solutions S1500 (pH = 6.865 ? 0.005 at 
25°C) and S1510 (pH = 7.410 ? 0.005 at 25°C). The tem- 
perature sensor was precalibrated against a quartz thermom- 
eter (Hewlett-Packard, 0.05"C accuracy traceable to National 
Bureau of Standards) and subsequently checked at regular 
intervals against a similarly calibrated glass mercury ther- 
mometer (O.l°C accuracy). The quantum sensor (Li-192SB) 
was calibrated against a second factory-calibrated Li-192SB 
sensor connected to a light meter (Li-188B). 

All sensors with the exception of the pH sensor were con- 
nected by underwater electrical cable to a data logger (RCA 
microboard-CDP18S607, 32-KB RAM memory module, 
Australian Institute of Marine Science AD converter and 
analogue interface control board, 6 X 1.5-V alkaline cell 
power supply), which was protected within a watertight 
housing. The pH electrode was connected to the data logger 
by passing the manufacturer's electrical cable through a flex- 
ible pressure-resistant conduit. Sensors were interrogated ev- 
ery 6 s. Sensor readings were integrated over 1-min inter- 
vals, stored in RAM, and later downloaded to a personal 
computer using custom-written data-communication soft-
ware. 

During incubations, seawater was continuously mixed 
within the sample chamber by a twin-paddle stirring bar 
(Kent Eil) attached to the tip of the 0, sensor (see Fig. 1). 
The free end of the stirring bar coupled magnetically with a 
motor-driven rotating magnet contained within a stainless- 
steel casing; this magnet was mounted on the opposite side 
of the incubation chamber. Fresh seawater was flushed 
through the specimen chamber for 3 min during every 18- 
30-min period by a small centrifugal pump connected by 
Tygon hose to a spring-loaded Teflon ball-valve that was 
mounted on the sidewall of the incubation chamber. The 
pump was powered by a 12-V gel-cell battery (Yuasa NP6) 
contained within a separate compartment of the data-logger 
housing. Seawater exited the incubation chamber via a sec- 
ond self-sealing Teflon ball-valve. 
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Total alkalinity measurements-Two sets of water sam- 
ples were collected from the specimen chamber (see Chis- 
holm et al. [I9901 for apparatus and operation) in 14 exper- 
iments that were timed to finish shortly after the sun had 
reached its zenith. The first sample was taken at the begin- 
ning of the final incubation phase (i.e., immediately after the 
last flush cycle). The second water sample was taken at the 
end of the final incubation phase (i.e., prior to removal of 
the specimen chamber). Water samples were collected at 
these times to bridge the daylight period over which the 
coralline samples would be as close as possible to "light 
saturated" with respect to photosynthesis. The 14 experi- 
ments were performed on three to five samples of each spe- 
cies. Pre- and postincubation water samples (100 rnl) were 
filtered (0.45 pm; Millipore), stored without air in foil- 
wrapped, HC1-washed, seawater-conditioned glass bottles (at 
4"C), and subsequently titrated against 0.005 N HC1 for de- 
termination of AA, (see Chisholm et al. 1990). 

Postincubation procedures-The coralline specimen was 
chipped from the reef surface and taken to the laboratory in 
a seawater-filled container. The specimen was repositioned 
in the access uort of the chamber. the sensors and stirrer 
motor were replaced, and the chamber was filled with fresh 
seawater. The pH sensor was removed, allowing the water 
to flow into a measuring cylinder, thereby enabling deter- 
mination of incubation volume. Samples were then snap- 
frozen in a vapor stream of dry ice (CO, at -32OC) and 
stored in aluminum-foil wrappings at -20°C pending mea- 
surement of surface area. Surface area was estimated bv 
molding and trimming aluminum foil of known surface area : 
weight ratio to fit the contours and boundaries of the spec- 
imen (Marsh 1970). 

Estimates of the surface relief of the crest and windward 
slope of the reef at Lizard Island were obtained at 3-m depth 
intervals by comparing linear and topographical distances in 
horizontal and vertical planes. A steel stake was driven into 
the reef. One end of a 3-m-long tape measure was attached 
to the stake. The tape measure was then molded over pro- 
jections and depressions in the reef surface. The straight-line 
distance between the stake and the termination point was 
measured after pulling the tape taut against the stake (n = 

five sets of comparative measurements in both horizontal 
and vertical planes at each depth interval). 

Determination of calcijication or  dissolution-It was as- 
sumed that measured changes in seawater CO, concentration 
were the product of CO, removal by photosynthesis and cal- 
cification and CO, addition by respiration and CaCO, dis- 
solution (Smith and Kinsey 1978). The change in total CO, 
concentration (ACCO,) was calculated by converting mea- 
sured changes in pH into equivalent units of CO, using the 
first and second dissociation constants for carbonic acid 
(Skirrow 1975). The change in CO, concentration due to 
calcification and dissolution (ACO,,-,) was estimated by 
subtracting the change in CO, due to photosynthesis and 
respiration (ACOzp-,) from AZCO,, ACO,,_, was estimated 
by dividing measured AO,,-, by net PQ (AO,,~,lACO,,_,). 
Net PQ was determined by simultaneous measurement of 
AO,, ApH, and AA, under saturating irradiance. ApH pro- 

vided an estimate of AZCO,. AA, provided an estimate of 
ACO,,-, (=lhAA,). Measured AO,,-, divided by ACCO, -
ACO,,, yielded an estimate of net PQ. Net PQ was as-
sumed to approximate true PQ, because all measurements 
were made under saturating or near-saturating irradiance 
(Barnes 1983). RQ was assumed to be the reciprocal of PQ. 

Data analysis-Hourly rates of calcification, normalized 
to crust surface area, were plotted against irradiance and 
modeled using a general exponential function, thus: 

(Chalker 1980). This exponential function was modeled us- 
ing the least-squares method (JMP v3 Statistics Made Visual, 
SAS Institute); note that when E = 1, 0, and -1, the differ- 
ential form of Eq. 1 integrates to the hyperbolic tangent 
function, a simple exponential function, and the right-rect- 
angular hyperbola function, respectively. When light satu- 
ration of calcification was not observed, data were modeled 
by linear regression. 

Daily rates of calcification were estimated (using Simp- 
son's Rule) by numerically integrating the C-I models with 
half sine-curve approximations of the change in irradiance 
between civil dawn and civil dusk (times obtained from the 
1986 Nautical Almanac, Her Majesty's Stationery Office, 
London; see Chalker et al. 1984). The peak amplitude of the 
half sine-curve was determined by the maximum irradiance 
recorded during each incubation when the sun was near its 
zenith (I,,,,,). Net 24-h calcification was plotted against I,,,,, 
and analyzed by linear regression. 

Results 

Seawater temperature inside the specimen chamber varied 
from 30 to 23OC over the course of experiments (March- 
July) and by up to 20.7OC during any single incubation. 
Maximum noontime irradiance varied from 30 pmol rn-, s-' 
at 18 m to 1,516 pmol rn-, s-' at 0 m. Samples at given 
depths on the reef slope experienced widely varying irradi- 
ance as a function of differential shading and orientation 
with respect to the sun (Table 1). 

Experimentally determined values for PQ ranged from 
1.05 to 1.48. The mean PQ of N. conicum was 1.07 (20.04, 
95% confidence limits; n = 3), which indicated production 
of carbon compounds predominantly at the reduction level 
of carbohydrate. The mean PQs of the other three species 
were in excess of 1.2: H. onkodes = 1.21 (20.11, n = 5); 
N. brassica-Jorida = 1.27 (20.45, n = 3); H. reinboldii = 
1.33 (20.27, n = 3); these measurements indicate synthesis 
of structural or storage compounds. 

Curves or straight lines were fitted to C-I data with co- 
efficients of determination (r2) that ranged from 0.53 to 0.99. 
Maximum hourly rates of gross calcification (C;;;ltr + CdoJL) 
ranged from 2.0 to 9.6 mmol m-2 h-I (Table 1). Mean hourly 
rates of calcification in the dark varied from -1.8 to 1.1 
rnrnol m-* h-I (Table 1). Full light saturation of calcification 
was rarely observed (Fig. 2). Samples existing in deep shade 
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Table 1. Gross calcification capacity in the light (O;s5) and calcification or dissolution in the 
dark (Ckil ')of crustose coralline algae on the windward crest and slope of the reef at Lizard Island; 
rates are means of n samples k95% confidence intervals; italicized numbers in parentheses indicate 
the number of samples that became sufficiently light-saturated to obtain reasonable estimates of 
C;ys;differences between these numbers and n indicate the number of samples that exhibited linear 
or nearly linear C-I relationships. 

crs C d o r k  
Devth 

Species 6) n mmol CaCO, m-' h-I 

Hydrolithon onkodes 
Neogoniolithon brassica-jorida 
Neogoniolithon conicum 
Hydrolithon onkodes 
Neogoniolithon brassica-jorida 
Hydrolithon reinboldii 
Neogoniolithon brassica-jorida 
Neogoniolithon conicum 
Hydrolithon reinboldii 
Neogoniolithon conicum 

or close to their species' lower depth limits frequently ex-
hibited nearly linear C-I profiles (Fig. 2). 

Total CaCO, precipitation over the hours of daylight 
ranged from 1.2 to 9.2 g CaCO, m-*; precipitation at night 
varied from -2.2 to 1.4 g CaCO,~,,(Table 2). Over 24 h, 
net calcification ranged from 0.8 g CaCO, m-* for samples 
of N. conicunz at 18 m to 9.1 g CaCO, m-* for samples of 
H. onkodes at 0 m (Table 2). Net 24-h calcification varied 

linearly with noontime irradiance (Fig. 3). Nighttime rates 
of calcification were highly variable and could be either pos-
itive (indicating calcification) or negative (indicating disso-
lution). Multiplication of net 24-h calcification by 365 yield-
ed estimates of annual calcification that ranged from 0.3 to 
3.3 kg CaCO, m-* (Table 2). 

The surface relief factors of the reef crest and windward 
slope were estimated to be 3.1 and 5.0, respectively. Mul-

Hydrolithon onkodes Neogoniolithon brassica-florida Hydrolithon reinboldii Neogoniolithon conicum 

8 

.. 
f 3 m 0 m 

-5 3 , 

0 50 100 0 100 200 0 200 400 0 25 50 75 
-2 -1lrradiance (ymol m s ) 

Fig. 2. Mean calcification versus irradiance curves for Hydrolithon onkodes, Neogoniolithon brassica-jorida, Hydrolithon reinboldii, 
and Neogoniolithon conicum at indicated depths on the windward crest and slope of the reef at Lizard Island, northern GBR. 
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Table 2. Estimated precipitation or dissolution of CaCO, by crustose coralline algae over the day, the night, and 24 h on the windward 
crest and slope of the reef at Lizard Island; rates are the means of n samples 5 95% confidence intervals; I,,,,,,the irradiance incident upon 
the coralline samples at noon. 

Depth Cd,, c,,,,,,, CZJJ ,  cc,,,,ttlc,~ I,,,,, 
Species (m) n g m-2 kg m-2 pmol mr2 s r l  

Hydrolithon onkodes 
Neogoniolithon brassica-jlorida 
Neogoniolithon conicurn 
Hydrolithon onkodes 
Neogoniolithon brassica-jlorida 
Hydrolithon reinboldii 
Neogoniolithon brassica-jlorida 
Neogoniolithon conicurn 
Hydrolithon reinboldii 
Neogoniolithon conicurn 

tiplication of the estimated annual rates of calcification by 
these relief factors indicated potential contributions to reef 
calcification that ranged from 10.3 kg CaCO, m-* for H. 
onkodes at 0 m to 1.5 kg CaCO, m-* for N.conicum at 18 
m, assuming 100% coverage of the reef. 

Discussion 

Perceptions of "normal" reef metabolic activity have been 
derived almost exclusively from community-level studies us-
ing slack-water field enclosures or open-water flow tech-
niques (Kinsey 1985). Although invaluable for characteriz-
ing certain reef zones (e.g., Barnes 1983; Barnes and 
Devereux 1984; Kinsey 1985; Barnes and Lazar 1993; Gat-
tuso et al. 1993), both slack-water field enclosures and open-

o - Hydrolithon onkodes 
- Neogoniolithon brassica-jlorida 

A - Hydrolithoiz reinboldii 0 

- A - Neogoniolithon conicunz . o 

Oo 

A
Qa- A F - - - - - - - - - - - - - - - - - - - - - - - - - - -

A 

y = 0 .0037~+ 1.6997; r? = 0.43, P = 0.001 

Noon irradiance (prnol rnh2s-I) 

Fig. 3. First-order relationship between net 24-h calcification by 
the crustose coralline algae Hydrolithon onkodes, Neogoniolithon 
brassica-jlorida, Hydrolithon reinboldii, and Neogoniolithon coni-
cum and irradiance incident upon their surfaces at noon on the 
windward reef at Lizard Island, northern GBR. 

water flow techniques are constrained by requirements for 
work in shallow water: in the first case, to enable isolation 
of the chemical environment; in the second case, to ensure 
unidirectional flow, homogeneous mixing, and sufficient sig-
nal strength. Most estimates of community metabolism 
therefore pertain to reef-flat or shallow lagoonal environ-
ments, which are rarely sites of significant carbonate accre-
tion. Net carbonate accretion occurs predominantly around 
the outer peripheral margins of reefs once they have reached 
sea level. These margins are not amenable to open-water 
flow techniques because of hydrodynamic uncertainties and 
loss of signal strength and are too deep to permit partitioning 
using open-top field enclosures. Out of necessity, then, mea-
surement of reef slope metabolism must be achieved by iso-
lating benthic communities or their component organisms 
within incubation chambers or other operationally equivalent 
structures. 

Logistical difficulties associated with work on windward 
reef margins have provided the greatest impediment to de-
termination of the in situ metabolism of crustose coralline 
algae. For this reason, the contribution of coralline com-
munities to reef growth has tended to be viewed as func-
tionally important but quantitatively subordinate to corals. 
Data reported here do not support such a perception. When 
calcification rates are adjusted for surface relief to provide 
projected reef area estimates, shallow-water coralline algae 
can deposit CaCO, at rates that equate with Kinsey's (1983) 
and Smith's (1981) fast-rate category of 10 kg CaCO, m-2 
yrrl (hereafter all discussion of calcification rates pertains to 
projected area estimates). Recent work has further shown 
that elevation of seawater pH by turf algal photosynthesis 
can drive open-reef calcification faster than may be indicated 
by measurements made on organisms isolated within incu-
bation chambers (Small and Adey 2000). 

If H. onkodes covers 90-100% (e.g., Atkinson and Grigg 
1984; Glynn et al. 1996) of a reef crest with a similar surface 
relief to that measured here, data indicate that it should de-
posit on the order of 9.2-10.3 kg CaCO, mr2 yr-l. In less 
energetic environments, where the cover of coralline species 
declines to, for example, 41% (Stearn et al. 1977), the con-
tribution of coralline communities to calcification on a reef 
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slope with similar physical characteristics to those of Lizard 
Island should vary between 0.6 and 5.2 kg CaCO, m-' yr-l. 

Remarkably good correspondence between estimates of 
calcification on algal and coral reef flats at Enewetak Atoll, 
One Tree Island, and Lizard Island led Smith and Kinsey 
(1976) to propose that some unknown factor, one that is 
independent of community structure, sets an upper limit of 
around 4 kg CaCO, m-2 yr-I on seaward reef-flat calcifica- 
tion. The data presented here indicate that such a result 
would be surprising on oceanic reef margins where the cover 
of H. onkodes frequently surpasses 70%. Rates of calcifi- 
cation obtained for H. onkodes in this study predict depo- 
sition rates that are more in keeping with the 15 kg CaCO, 
mr2 yrrl reported by Stearn et al. (1977) for a rich coral- 
algal-covered fringing reef on the west coast of Barbados 
and Kinsey's (1983) forecasted 10 kg CaCO, m-2 yr-I rate 
for "continuous coral-algal cover" on seaward slopes that 
are shallower than 5 m. Such a rate also fits better with the 
Barnes and Chalker (1990) evaluation that CaCO, precipi- 
tation on coral reefs varies between 1 and 35 kg m-2 yr-I, 
with an average of around 10 kg mr' yrrl .  These authors 
remark that this average is probably biased by a small num- 
ber of high measurements, which, if eliminated, would result 
in a mean rate of 3-6 kg CaCO, mr' yrrl .  The bias here 
may have more to do with overreliance on reef-flat estimates 
than with overestimation of CaCO, precipitation rates in par- 
ticular studies. 

Smith (1983) estimates that a deposition rate of 10 kg 
CaCO, mr' yrrl should translate to upward reef growth of 
around 7 mm yrrl ,  assuming an average porosity of 50%. 
Indo-Pacific reefs have made little upward progress in recent 
geological history (Adey 1978b; Davies 1983), indicating 
that erosive forces (which are probably combined with 
stress-induced periods of little or no growth) must remove 
much of the CaCO, precipitated in the near-surface waters 
of coral reefs (Buddemeier et al. 1975). Davies (1983) re- 
viewed in detail the rates of past and present reef growth 
and summarized much of what is known concerning the fac- 
tors that affect them. Collated information on reef erosion 
indicates rates of 0.5-4 mm yr-l, with greater reliability at 
the uppermost limit for lithified intertidal reef platforms at 
Aldabra. Adey and Vassar (1975) and Steneck and Adey 
(1976) reported vertical accretion rates of 1-5.2 mm yr-I for 
coralline crusts of Hydrolithon pachydermum and Litho- 
phyllum congestum, with the most rapid growth of the latter 
species occurring 10 cm above and below mean low water 
at St. Croix in the Virgin Islands. Analysis of core samples 
taken from Caribbean reefs led Adey (1978a,b) to conclude 
that rates of upward reef growth are generally more rapid 
when corals predominate but that the degree of consolidation 
is greater when coralline algae are the principal reef-building 
components. 

Smith's (1983) estimate of upward reef growth of 7 mm 
yrrl  at a deposition rate of 10 kg CaCO, m-2 yr-I, given 
50% porosity, drops to 5 mm yrrl  if the reef rock is more 
heavily consolidated to a porosity of 25%. Metabolic mea- 
surements presented here for H. onkodes indicate potential 
upward growth of this order on oceanic reef margins, which 
accords well with estimates of algal ridge growth in the Ca- 
ribbean (when not limited by sea level rise; -6 mm; Adey 

and Burke 1976). Annual erosion on intertidal platforms at 
Aldabra, which experience a tidal range similar to that as- 
sociated with many reefs on the GBR (mean high water 
springs - mean low water springs = 2.8 m), is estimated at 
4 mm yrr' (Trudgill 1976). Erosion at rates similar to those 
estimated by Trudgill at Aldabra could explain the apparent 
lack of significant coralline accumulation on windward reef 
margins in the GBR (Hopley 1977; Davies 1983). 

A fundamental understanding of the major factors con- 
trolling the development of coralline (and other) algae on 
coral reefs has come from the work of Adey, Littler and 
Littler, Steneck, and their coworkers (see Steneck [1986], 
Steneck and Dethier [1994], and Adey [I9981 for referenc- 
es). Commencing with analysis of the geological record 
(Adey and Macintyre 1973), this understanding was boosted 
by recognition of the importance of algal "functional form 
groups" (Littler and Littler 1980, 1984) and of their control 
by productivity versus disturbance gradients (Steneck and 
Dethier 1994; Steneck 1997 [and references given in both]). 
Crustose coralline algae benefit from and may even depend 
upon herbivores in shallow fore-reef environments to re-
move faster growing species of filamentous algae that foul 
their surfaces and impede extension of their peripheral mar- 
gins (e.g., Steneck 1986; Steneck and Dethier 1994; Littler 
et al. 1995; Adey 1998). In lower energy environments (e.g., 
deeper water), coralline algae can exist beneath macroalgal 
or coral canopies in the absence of grazers because light 
levels are too low to support effective growth of more pro- 
ductive competitor species (Jackson and Kaufmann 1987; 
Steneck and Dethier 1994). Under such conditions, epithal- 
lial sloughing appears sufficient to keep their upper surfaces 
largely free of fouling epiphytes (Littler 1971; Keats et al. 
1997; Steneck 1997). 

Effective removal of fouling algae requires deep grazing 
by organisms that are capable of excavating carbonate: chi- 
tons, limpets, urchins, and herbivorous fishes (Steneck 1983, 
1985). The primary ridge-building coralline algae-
H. onkodes in the Indo-Pacific (Littler 1971) and H. pach-
ydermum in the Caribbean (Steneck and Adey 1976)-are 
supremely well adapted to withstand and recover from the 
damage caused by excavating grazers (Steneck 1986). They 
are often thick (>I0  mm) and crustose (i.e., lacking erect 
branches or protuberances). They possess embedded spore 
chambers that protect their reproductive propagules from 
surface grazers. They have subapical meristems, from which 
damaged upper cell layers can be regenerated. They possess 
fusion cells that operate in conjunction with primary and 
secondary pit connections, enabling vertical and lateral 
translocation of photosynthetic products to facilitate repair 
of deeply gouged perithallial (mid) and hypothallial (basal) 
tissues. These attributes explain the preponderance of thickly 
encrusting coralline forms on the intensively grazed, high- 
energy, windward margins of coral reefs (Steneck 1985). 

Coanalysis of present-day grazing impacts and scars pre- 
served in the geological record shows that herbivores have 
become not only more abundant but also significantly more 
effective at removing carbonate over the last several tens to 
hundreds of million years (Steneck 1983). In regions such 
as the GBR, where tidal oscillation normally limits wind- 
ward reef height to at least a meter below high water, her- 
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bivorous fishes (overwhelmingly parrot fish) are most likely 
responsible for removing much of the carbonate that is de- 
posited annually by coralline algae in shallow fore-reef en- 
vironments. This conclusion is strongly supported by data 
and observations made on the growth of coralline species 
with branched morphologies (see Steneck [I9851 for refer- 
ences). Erect, strongly branched species, such as L. conges-
tum, are less susceptible to dessication, because the inter- 
stices formed between their branches aid in water retention. 
Their morphologies further deter limpets from grazing and 
ensure that a proportion of their photosynthetic surface re- 
mains above accumulating sediment. However, branched 
species can be grazed by fishes to the point of extinction 
(Steneck and Adey 1976) and thus tend only to occur in 
high-energy environments, where parrot fish are excluded, 
or in low-energy environments, where parrot fish are not 
abundant (see Steneck [I9851 for discussion and references). 

The data presented in this study again demonstrate the 
strong enhancement of calcification by irradiance. That many 
coralline algae exhibit measurable rates of CaCO, dissolu- 
tion in the dark in fact indicates that light may be a prereq- 
uisite for calcification in coralline algae and that when cal- 
cification is observed at night, it results from processes that 
occurred when light was available. Although. bioerosion may 
account for significant carbonate loss on the open reef, it is 
unlikely that bioerosion was responsible for the measured 
rates of nighttime carbonate dissolution. As samples were 
isolated within an incubation chamber, surface grazers were 
excluded during measurements. Chemical erosion might 
have been caused by boring organisms that were present in 
the underlying reef rock, but since noticeably bored crusts 
or their underlying substrata were not included in our ex- 
periments, this seems an unlikely explanation. More plau- 
sibly, nighttime carbonate dissolution resulted from respi- 
ratory acidification of the alga's tissues or from equivalent 
pH changes produced by microbial activity in the underlying 
reef rock. 

At this time, it is impossible to determine whether decal- 
cification serves a biological function or if coralline algae 
are often simply unable to maintain conditions that favor the 
precipitation of CaCO, at night. Processes such as the pro- 
duction of spore chambers (conceptacles) and the sloughing 
of epithallial cells presumably involve localized CaCO, dis- 
solution and could contribute to variability in the direction 
and magnitude of carbonate flux in the dark. If localized 
decalcification were to occur in the light, the processes nor- 
mally responsible for removal or neutralization of protons 
resulting from calcification (Barnes and Chalker 1990) 
would have to be reversed. Such a reversal of chemical ac- 
tion would not be required in the dark if acid resulting from 
respiratory CO, production were channeled to, concentrated 
at, or simply not removed from sites of decalcification. 

In spite of the observed variability in carbonate flux in 
the dark, Fig. 3 demonstrates that it is possible to estimate 
net 24-h calcification by mixed populations of reef-building 
coralline algae on the basis of incident irradiance at noon (P 
= 0.001). Although there is clearly significant variation 
around the fitted line (r2= 0.43), the variability is apprecia- 
bly less than the more than two orders of magnitude that has 
been observed in calcification rates that were determined 

using radioisotope techniques (see table 3 in Borowitzka 
[1983]). In an ecological context, it is probably not by 
chance that the data shown in Fig. 3 are more concentrated 
at the extremities of the irradiance axis. It is evident on mid- 
shelf reefs in the GBR that crustose corallines are propor- 
tionately more abundant in shallow water, where grazing ac- 
tivity and wave action serve to reduce turf algal biomass, 
and in deeper or cryptic environments, where light levels are 
too low to support vigorous growth of competitor species. 

Given the current knowledge of surface cover and sub- 
marine irradiance, the model presented in Fig. 3 enables (1) 
calculation of the contribution made by crustose coralline 
algae to reef calcification and (2), in conjunction with data 
on accretion, the amount of consolidated carbonate convert- 
ed into sediment or redissolved during reef maintenance. 
Figure 3 indicates that rates of calcification do not differ 
significantly among the four selected coralline species. 
Therefore, energy input and surface area available for crystal 
deposition appear to be the major controls on calcification. 

Might it be that reef calcification, generally, is limited by 
the same parameters? That is, do unbranched organisms 
(e.g., crustose coralline algae, massive corals) and simply 
structured communities (e.g., reef flats) possess lower rates 
of calcification than do branched corals or complex reef 
communities (seaward slopes)-principally because they 
have lower relative surface areas for CaCO, deposition? 
Could this explain why reef calcification appears to fall into 
specific rate categories (Smith and Kinsey 1976)? Our in- 
ability to accurately measure the dimensions of the surfaces 
upon which new CaCO, crystals are deposited may obscure 
the role of skeletal surface geometry in determining calci- 
fication rate. 
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