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INTRODUCTION
Corals open an exceptional window into many phenomena of geological,
geochemical, climatic, and paleontological interest. From the Paleozoic to the present,
corals provide some of the finest high-resolution archives of marine conditions. Corals
are likewise exceptional for chronometric purposes, and even the terrestrial 14C timescale
has now been calibrated against coral 230Th/234U. Corals also represent a testing ground
for basic ideas about mineralogy and geochemistry. The shapes, sizes, and organization
of skeletal crystals have been attributed to factors as diverse as mineral supersaturation
levels and organic mediation of crystal growth. The coupling between calcification and
photosynthesis in symbiotic corals is likewise attributed to everything from
photosynthetic alkalinization of the water, to efforts by the coral to prevent
photosynthetic alkalinization. Corals also leave a significant geochemical imprint on the
oceans. Their aragonite skeletons accept about 10 times more strontium than does calcite,
hence the proportion of marine aragonite precipitation affects the oceanic chemical
balance. Biological carbonates represent the biosphere’s largest carbon reservoir, hence
calcareous organisms affect the ocean’s pH, CO2 content, and ultimately global
temperatures through the greenhouse gas connection. Finally, corals present some
geochemical puzzles for ecology and conservation. How do symbiotic corals obtain
nutrients in some of the most nutrient deficient parts of the planet? Are global
geochemical changes partially responsible for the widespread declines in coral reefs
during recent decades? We will address many of these issues, but will concentrate on
coral skeletal structure and calcification mechanism. These topics bear most directly on
the biomineralization process and generally affect the choice of skeletal materials and
analytical techniques used in geochemical investigations.
The coral reef is probably the planet’s most spectacular biomineralization product.
These grand and complex ecosystems build on the accumulated skeletal debris of
countless generations of organisms, especially calcareous algae and symbiotic
foraminifera and corals. The algae produce much of the reef mass and help to cement it
together, while the corals build much of the erosion-resistant framework. Coral reefs
dominate much of the world’s tropical coastline and cover abut 15% of the seabed
shallower than 30 m (Smith 1978).
Charles Darwin (1842) originally showed that reef corals grow almost exclusively in
shallow waters. He nevertheless hypothesized that reef sediments might sometimes
extend to great depths, having formed over millions of years near the sea surface, on the
flanks of subsiding volcanoes. Deep drilling in the Marshall Islands ultimately confirmed
Darwin’s theory. Darwin didn’t know why reef corals grew fastest in shallow water, but a
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century later Kawaguti and Sakumoto (1949) showed that they calcify fastest in the light,
and Muscatine (1967) found that reef corals obtain much of their nutrition from
symbiotic algae, called zooxanthellae. While these results tied up some of the loose ends
left by Darwin, they revealed whole new problems worthy of geochemical
investigation—like how and why reef corals couple calcification to photosynthesis, and
how they flourish in some of the planet’s most nutrient deficient regions.
Corals are clonal animals, sometimes consisting of thousands of small, genetically
identical anemone-like polyps. The polyps remain connected and promote the common
good, but can generally survive and continue to grow and reproduce on their own. Corals
often reproduce largely by asexual colony expansion and fragmentation, and like other
clonal organisms, sometimes enjoy phenomenal longevity. Coral colonies can live for
several centuries, during which their continuous calcification creates layered skeletal
archives that record past marine conditions.
Coral skeletons contain a wealth of environmental information. Ancient
temperatures can often be inferred to a precision of better than 1°C from skeletal
strontium, magnesium, uranium, and oxygen-18 levels, as well as skeletal densities and
growth rates. River discharges, oceanic upwelling, and other hydrographic conditions
leave their marks on various trace metals, 14C, humic acids, and clay particles
incorporated into the skeleton. Skeletal 13C sometimes reflects cloudiness. Human
activities affect such parameters as lead content. These environmental indicators become
especially useful in the context of a layered skeleton with excellent chronological control.
Radiometric dating tools have undergone explosive development in corals, and good
chronometers are now available on most timescales. Many corals also contain
recognizable annual bands, like tree rings, and many produce recognizable daily bands
too. By counting the number of daily bands within annual bands of ancient corals, Wells
(1963) was able to monitor the gradual slowing of the earth’s rotation due to tidal
friction.
Skeletal chemistry obviously depends on how corals extract materials from seawater
and place them in their skeletons. Here we encounter an apparent contradiction. For the
most part, the coral skeleton resembles the assemblage that might be expected from
inorganic aragonite precipitation from seawater. Most trace elements and even small
particles occur in the skeleton in proportions reflecting their abundance in seawater, and
their tendencies to become incorporated either within or among the aragonite crystals. On
the other hand, the isotopes of oxygen and carbon, which are widely used as
environmental indicators, are not incorporated at the expected ratios. This dichotomy
apparently reflects a fascinating difference in the ways that materials reach the
calcification site—calcium, strontium and most trace components largely by fluid
transport, but carbon and oxygen largely as carbon dioxide, which diffuses through the
coral cells and reacts in the calcifying space, with interesting consequences for skeletal
carbon and oxygen isotopic composition.
Corals also challenge some widespread notions about biomineralization and the
importance of organic components in organizing and promoting mineral growth. Corals
do incorporate organic materials into their skeletons, at relatively low levels—on the
order of one percent. But corals don’t shape or organize their skeletal crystals with
anything approaching the care seen in molluscan nacre. Yet corals calcify a hundred
times faster than inorganic calcification rates on the reef, and faster than most other
animals, and thereby display a strong command over the biomineralization process.
Biomineralization physiology has also tended to emphasize the importance of calcium
transport to the skeleton, yet recent results show that calcium concentrations at the
calcification site are only slightly above ambient. So how do corals create the high
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calcium carbonate supersaturations apparently needed for rapid crystal growth? This too
has a logical explanation.
This paper reviews the current status of knowledge of the coral mineralization
process, with emphasis on insights gained through geochemical measurements,
particularly stable isotopes and trace elements. We start with a description of coral
skeletal structure, then consider how corals precipitate an aragonite skeleton with its
various impurities. We end with the question of why reef corals calcify so fast, and how
calcification may relate to recent declines in coral health over much of the world
(Pandolfi et al. 2003).
THE SCLERACTINIAN SKELETON:
MORPHOLOGY, MINERALOGY, GROWTH AND CHEMISTRY
Reef corals belong to the order Scleractinia, the “true” corals, all of which accrete
hard exoskeletons (Fig. 1) and are distinguished from the soft corals (Octocorallia and
Antipatheria) which permeate their tissue with supportive CaCO3 spicules. Scleractinian
corals are broadly divisible into two groups, the reef builders (the focus of this paper) and
the non-reef builders. The majority of the reef-building scleractinia are colonial and
hermatypic, meaning that they host symbiotic algae, or zooxanthellae, in the polyp tissue
endoderm. Indeed, it is the intricate and interdependent relationship between the polyp
and these single-celled dinoflagellates that enables the coral skeleton (and thus, the reef)
to grow faster than it is eroded by wave action and boring organisms. However, this
dependence on photosynthetic algae also means that the hermatypic corals are restricted
in their geographic distribution to the shallow sunlit oceans of the tropics and subtropics,
and are rarely found in waters where temperatures dip below 18ºC for extended periods
of time. These same restrictions do not apply to the second group of Scleractinia, the

Figure 1. Surface view (inset) and T/S through
coral skeleton showing detail of mesoscale skeletal
architecture and location of polyp (p) within the
corallite (cl). The corallite is a tube enclosed by a
wall, the theca (t) which is intercepted by flattened
plates, the septa (s) radiating out from the tube
center. The paliform lobes (pl) are outgrowths of
the septa. Extensions of the paliforms lobes meet in
the center to form the columella (cm). The
dissepiments (d) are thin horizontal sheets accreted
at regular (monthly) intervals. The arrow at right
points to the calcifying region, at the interface
between tissue and skeleton. Figure is adapted from
Veron (1986).
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ahermatypes which do not have zooxanthellae and grow throughout the world’s oceans to
great depths. That ahermatypic corals also calcify, assembling complex aragonitic
skeletons, indicates that photosynthesis is not a prerequisite for calcification. The basic
building blocks of the coral skeleton are structurally similar in hermatypic and
ahermatypic corals (Wainwright 1964) and corals with symbionts build skeleton both day
and night (dark calcification) (Barnes 1985; Chalker et al. 1985) as do corals without
symbionts (Jacques et al. 1980, 1983)
The polyp
The animal responsible for skeletal formation is the polyp, a double-walled sack of
simple design. The innermost cell layer, the endoderm contains the zooxanthellae. A jellylike cell-less connective layer, the mesoglea, separates the endoderm from the outer cell
layer, the ectoderm. The ectoderm consists of two histologically distinct regions. That lying
adjacent to the skeletal surface, the calicoblastic layer, is differentiated from the remainder
of the ectoderm during larval fixation, preceding the first skeletal accretion, and is
considered to be involved in some way in the calcification process. The degree of physical
closeness of the calicoblastic ectoderm with the underlying skeleton is considered an
indication of its level of involvement in skeletogenesis. A scenario in which calcification is
most rapid where the tissue lies flush with the skeletal surface may indicate that crystal
nucleation and growth is initiated, controlled and inhibited by tissue (Johnston 1980). On
the other hand, a model which predicts rapid calcification within pockets created where the
calicoblastic ectoderm is lifted away from the skeletal surface implies that the coral tissue
plays a less direct role in crystal growth (Barnes 1970, 1972).
While the nature of the relationship between the calicoblastic ectodermal cells and
the skeleton is at this point largely unknown, there is general agreement—amidst a
confusing nomenclature—about the ultrastructural characteristics of the scleractinian
skeleton. These are the basic morphological criteria upon which the scleractinian
taxonomy is based. A coral colony is essentially a collection of the individual skeletons,
or corallites, of its resident polyps. The corallite can be thought of as a tube, the theca,
intercepted by radiating vertical partitions called septa and their attendant structures (Fig.
1). The base of the polyp sits on a thin horizontal sheet, the dissepiment. The surface of
the corallite extends as the polyp pulls itself up the walls of its corallite tube, leaving the
old dissepiment behind. Formation of a new dissepiment several millimeters higher up
the tube essentially seals the living tissue from the now unoccupied skeleton below.
Hence, only the top few millimeters of the skeleton of any massive coral colony is
occupied by living tissue and only in the tissue layer does biomineralization take place.
The skeleton beneath the tissue layer, which in massive colonies represents by far the
greatest proportion of the skeletal mass, continues to be bathed in seawater and aragonite
crystals continue to grow, albeit very slowly, within the porous spaces once occupied by
gastrovascular canals and tissue. These abiotic crystals are distinguished from crystals
grown in the presence of tissue by their morphology, growth rate and chemical
composition (Enmar et al. 2000). This distinction indicates that biological and/or
physiological factors are either directly (e.g., organic-matrix mediated) or indirectly (e.g.,
through modulation of calcifying fluid chemistry) involved in the calcification of coral
skeletons.
The sclerodermites
The basic building blocks of all parts of all coral skeletons are the sclerodermites,
consisting of fine aragonite crystals or fibers arranged in three dimensional fans about a
calcification center (Fig. 2). The aragonite fibers, ~0.05−4 µm in diameter, are
preferentially elongated in the c-axis direction. They grow as spherulites, grouped into
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Figure 2. Detail of the scleractinian septal
structure (s in Fig. 1). At right, aragonite fiber
bundles (f) emerge from centers of calcifciation
(c) and grouped into sclerodermites (s). Groups
of sclerodermites growing upward together
form the trabecula (t). This septum of Galaxea
sp. is a palisade of trabeculae, shown at left.
From Wells (1956).

fishscale-shaped bundles termed fascicles (Ogilvie 1896) or fasciculi (Constantz 1989).
The diameters and morphologies of individual aragonite fibers are taxonomically distinct.
A number of sclerodermites growing upwards together in the plane of the upfolded tissue
develop into a vertical spine called a trabecula. Groups of trabeculae, united with or
without intervening spaces (or pores) form the septa, the primary structures of the coral
skeleton. Each trabecula depicted in Figure 2 terminates in a dentation at the growing tip of
the septum. The dentation is made up of a delicate array of fine spikes splayed like fingers
on a hand (Fig. 3). At the center of each spike is a vertical line of calcification centers (Fig.
4). Aragonite fibers in fasciculi grow out at low angles from each calcification center until
they meet crystals growing out from the calcification centers of adjacent fingers, at which
point mutual interference prevents further growth. Addition of material at the tip of each
dentation lengthens the fingers and thus the trabecula. This is how the skeleton extends.
Growth of aragonite fibers fills in spaces between the fingers which consolidate basally to
form the hand and eventually the spine shown in Figure 2. The spine will continue to
thicken for as long as the aragonite fibers are in contact with tissue (Barnes and Lough
1983). In porous skeletons such as Porites, fingers from adjacent dentations link laterally at
regular intervals to form horizontal supporting rungs called synapticulae (Fig. 3).
Centers of calcification
Examination of thin-sections of coral skeleton in transmitted light indicates that the
fasciculi emerge from dark “blobs” first recognized as calcification centers by Ogilvie
(1896) (Fig. 4). Vertical lines of calcification centers in trabeculae form either discrete
spots (e.g., Porites spp.), continuous lines (as in Lophelia spp.) or some combination
thereof that defines the arrangement of the trabecular axes and thus, the septal structures
upon which the classification of the Scleractinian suborders are broadly based (Wells
1956). Apart from their taxonomic usefulness, calcification centers are fundamental to
any model for coral mineralization because they are traditionally considered to be
nucleation sites for growth of the aragonite fibers (Bryan and Hill 1941; Gladfelter 1983;
Constantz 1986, 1989; Constantz and Meike 1989; Le Tissier 1988; Cohen et al. 2001).
Within the calcification centers are submicron-sized granular crystals (Constantz 1986,
1989; Cohen et al. 2001) (Fig. 5) bundled into discrete “nuclear packets” each 2−4 µm
across. Examination of coral skeleton both in transmitted light and with SEM reveals the
intimate relationship between centers of calcification and the fasciculi, the simplest
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Figure 3. The tip of a growing septum is covered in dentations, each consisting of an array of fine
spikes emerging like fingers from a hand (inset). Spikes from adjacent hands periodically link laterally
to form synapticulae. Images courtesy of Dr. David J. Barnes (Australian Institute for Marine Science,
pers. comm.)

Figure 4. Petrographic thin-section of Porites
lutea skeleton showing the vertical line of discrete
centers of calcification and emergent bundles of
aragonite fibers. In this specimen, the
calcification centers are daily accretions. Note the
fine growth bands within and perpendicular to the
growth direction of the fiber bundles. During the
day, osmotic pressure builds up between the
skeleton and the calicoblastic ectoderm creating a
space into which the crystals extend. The width of
each band (2−3 µm) probably represents this daily
daytime extension and is indicative of the size of
the calcifying space. At night, the tissue lies flat
against the skeletal surface inhibiting further
growth hence the appearance of growth bands.
Photo by Anne Cohen.

interpretation being that each granular “seed” crystal produces a spherulite of aragonite
fibers and each center of calcification produces numerous fasciculi.
Recently, Cuif and Dauphin (1998) challenged the traditional interpretation of the
sclerodermite. They propose that the calcification centers and the fasciculi are separate
skeletal entities and the aragonite fibers nucleate on organic matrix sheets. Although it is
difficult to reconcile the spherulitic growth morphology of the aragonite fibers with a
polycyclic model of crystal growth, the test of this hypothesis lies in a better
understanding of the nature and function (if any) of organic material within the skeleton.
An alternative role for the organic matrix sheets is proposed later in this chapter.
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Figure 5. SEM of centers of calcification (regions
of diverging fasciculate bundles) in Porites lutea
reveal sub-micron size granular shaped crystals.
Scale bar = 1 µm. Image by Anne Cohen.

The formation of submicron-sized granular shaped crystals and their aggregation
into nuclear packets within centers of calcification is a subject that begs further
investigation. The small grain size of the crystals may indicate intracellular
mineralization, a process adopted by many unicellular mineralizing organisms (Constantz
1989; Lowenstam and Weiner 1989; Mann 2001). Densely packed vesicles in the apical
membrane of the calicoblastic epithelium were first reported by Johnston (1980) and later
confirmed by several workers (Isa and Yamazato 1981; Isa 1986, 1989; Le Tissier 1988,
1991; Clode and Marshall 2002). Johnston described movement of the vesicles across the
apical membrane into the calcifying space, and proposed this as the mechanism whereby
calcium ions and organic precursors were transported to the calcification site. This
interpretation is not supported by the recent work of Clode and Marshall (2002) who
observed large and small, oval-shaped, membrane-bound vesicles within the calicoblastic
ectodermal cells but no evidence of vesicle transport across the apical membrane. They
attribute Johnston’s observations of vesicles entering the subectodermal space to artifacts
of the preparation process rather than true structural features.
Nevertheless, it is probable that the contents of intracellular vesicles are transported
across the apical membrane and exocytosed into the calcifying space. Indeed, this is a
likely route for seawater entry. No mineralized structures have been detected within the
vesicles. Therefore, it is unlikely that calcification or mineralization of the granular seed
crystals occurs intracellularly, as suggested by Hayes and Goreau (1977). However, high
Ca2+ concentrations and the presence of organic material within the vesicles is intriguing
(Marshall and Wright 1993; Clode and Marshall 2002). Amorphous CaCO3 (ACC) is one
of several types of unstable, non-crystalline precursors prevalent in the early stages of
many biomineralization systems, including plants and sea urchins (e.g., Beniash et al.
1997; see discussion of ACC in Weiner and Dove 2003). The amorphous CaCO3 is
enclosed in an impermeable organic sheath for stabilization during biomineralization. In
the case of larval sea urchins, the organic sheath is a protein (Raz et al. 2000). It is
feasible therefore, that the intracellular vesicles in the apical membrane of the
calicoblastic ectoderm, with their organic contents, are sites of production and
stabilization of amorphous CaCO3, precursors of the granular seed crystals that occupy
centers of calcification. The geometry of the nuclear packets indicates that they are
incorporated into the skeleton in a non-rigid state (Constantz 1989). Cohen et al (2001)
showed that each discrete 30-µm long calcification center in a skeletal spine of Porites
lutea is accreted within a day. Indeed, daily growth bands in the vertical line of
successive centers are visible in thin-sections of skeleton viewed in transmitted light.
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Their evidence indicates that each group of nuclear packets making up the calcification
center is added to the growing tip of the skeleton within 24 hours. However, whether
entire packets of crystalline aggregates are precipitated at once or whether individual
amorphous granules are exocytosed into the subskeletal space, transported within their
protein sheaths to the site of calcification and added one by one to a growing nuclear
packet remains an open question. It is tempting to consider that the high concentrations of
organic material detected in centers of calcification (Cuif et al. 2003) may be remnants of
the organic wrappings of thousands of tiny granular crystals (see discussion of granular
crystals in foraminifera in Erez 2003).
In considering the possibility of an amorphous CaCO3 precursor of the granular seed
nuclei, identification of calcite in centers of calcification of Mussa angulosa by Constantz
and Meike (1989) may have relevance because phase transformation would favor the
lowest energy state, calcite, over aragonite. While the latter study did not replicate the
finding of Houck et al. (1975) who reported up to 46% calcite in two Porites skeletons, it is
not inconsistent with the report of Vandermeulen and Watabe (1973) of trace amounts of
calcite in the larval plate of Pocillopora damicornis. However, the problem with having
calcite granules at centers of calcification is the unlikelihood of them being seed nuclei for
the growth of aragonite fibers. Furthermore, the combined results of recent independent
investigations of the mineralogy and chemistry of centers of calcification in a range of
Scleractinian species do not support this proposition. Cuif and Dauphin (1998), using
Raman spectroscopy, found no evidence of calcite in either the calcification centers or the
fibers of any of fifteen Scleractinian species, including Mussa angulosa (Fig. 6). They did
find that calcification centers are preferentially invaded by endolithic algae which might
explain observations of calcite in centers of calcification of M. angulosa. Bacterial
membrane encrustation might have been the source of calcite in the larval plate, i.e.,
bacteria located on the substrate before larval fixation and metamorphosis (Jean-Pierre
Cuif, personal communication 2003).
Sr/Ca geochemistry
Geochemical measurements also indicate that crystals in calcification centers are
aragonitic (Cohen et al. 2001, 2004). Strontium, with an ionic radius 28% larger than that
of Ca2+ prefers the open crystal structure of the orthorhombic aragonite to the hexagonal
structure of calcite. The experimentally determined exchange co-efficient for Sr/Ca (Kd)
in aragonite determined by Kinsman and Holland (1969) is >1 while that for calcite is
~0.08 (Lorens 1981; Tesoriero and Pankow 1996; Huang and Fairchild 2001). Therefore,
the Sr/Ca ratio of a CaCO3 crystal is a good indication of its mineralogy. Crystals within
calcification centers of Diploria labyrinthiformis measured selectively by SIMS ion
microprobe have Sr/Ca ratios as high as 9.7 mmol/mol Sr/Ca (Cohen et al. 2004) (Fig. 7).
Given an average seawater Sr/Ca value of 8.56 mmol/mol (de Villiers et al. 1994), the
exchange coefficient for Sr/Ca in crystals within centers of calcification (Kd = 1.10) is
close to that for Sr/Ca in aragonite precipitated experimentally at 25ºC (Kd = 1.13)
(Kinsman and Holland 1969). These data support independent evidence for the aragonitic
mineralogy of the calcification centers.
The Sr/Ca ratio of crystals in the calcification centers also provide information about
the calcification process. The similarity amongst Sr/Ca ratios in inorganic aragonite
crystals precipitated from seawater (Sr/Ca = 9.7 mmol/mol at 25ºC; Kinsman and
Holland 1969), aragonite precipitated abiotically within skeletal pore spaces evacuated by
coral tissue (Sr/Ca = ~10 mmol/mol; Enmar et al. 2000) and the Sr/Ca ratio of crystals
within the calcification centers indicates that crystals at centers of calcification are
precipitated from a solution with a Sr/Ca ratio close to that of seawater.
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Figure 6. Raman spectrum of the calcification center of M. angulosa shows no evidence of calcite. The
282 cm−1 band is prominent in calcite. The 206 cm−1 band is specific for aragonite. The 154 cm−1 band
is stronger than the 282 cm−1 band in Raman spectra of aragonite standards. Data from Cuif and
Dauphin (1998) and reproduced with permission of E. Schweizerbart’sche Verlagsbuchhandlung
(http://www.schweizerbart.de).

Figure 7. Ion microprobe analyses of Sr/Ca following the growth of a sclerodermite in the brain coral
Diploria labyrinthiformis (solid circles). Sr/Ca ratio in the calcification center (at x = 0 microns) is
close to Sr/Ca ratios of inorganic aragonite precipitated experimentally (triangle) and secondary
aragonite infilling in evacuated skeleton (open square). Sr/Ca is depleted in the aragonite fibers and
shows a progressive decline along the length of the fasciculus. This pattern is caused by changes in the
Sr/Ca ratio of the calcifying solution. (Data from Cohen et al. 2004)

Strontium and calcium ions enter the coral’s calcifying space by both passive and
active transport (Ip and Krishnaveni 1991; Ferrier-Pages 2002). Passive entry occurs by
way of seawater transported via invaginated vacuoles (see also Erez 2003), leaking or
diffusing into the calcifying space (Kinsman 1969; Ip and Krishnaveni 1991). Active
transcellular transport of both ions occurs enzymatically, via the Ca2+-ATPase “pump.”
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The enzyme has a higher affinity for Ca2+ than for Sr2+ (Yu and Inesi 1995), fractionating
the Sr/Ca ratio between fluid in the calicoblastic cells and fluid in the calcifying space.
Because the pump is activated by exposure of the polyp to light (Al-Horani et al. 2003),
active transport is likely the dominant pathway for Sr2+ and Ca2+ entry during daytime.
Thus, skeleton accreted during the daytime is likely to be Sr-depleted. On the contrary,
passive transport is likely to dominate at night (or in darkness) when the Ca2+-ATPase
pump is slow or inactive. At night, the Sr/Ca ratio of the calcifying fluid should be close
to that of seawater and skeleton accreted at night will have a Sr/Ca ratio equivalent to an
inorganic aragonite precipitated from seawater.
Figure 7 shows how the diurnal shift between passive transport-dominated and active
transport-dominated results in an ontogenetic change in Sr/Ca ratio of the sclerodermite
as it grows out from the nucleation site to fill the calcifying space. The Sr/Ca analyses
made by SIMS ion microprobe start at the calcification center and follow the growth axis
of the fasciculus up to the edge of the skeletal spine. The Sr/Ca content of the crystals is
high in the calcification centers but low in the aragonite fibers. Along the length of the
fibers, Sr/Ca shows a progressive decline as the crystals elongate away from the
calcification center. The average Sr/Ca ratio of this aragonite fiber bundle, accreted
during the summertime, is ~8.6 mmol/mol and comparable with values obtained from
bulk coral skeletal samples analyzed by thermal ionization mass spectrometry (TIMS)
(Alibert and McCulloch 1997). Because the aragonite fibers bundles contribute 99% of
the skeletal mass of all corals, Sr/Ca ratios in bulk skeletal samples are depleted relative
to inorganic aragonite precipitates (Weber 1973, Smith et al. 1979). Although kinetic
effects are considered responsible for this depletion (de Villiers et al. 1995), the observed
drop-off in Sr/Ca content of the fasciculus is unlikely to be the result of solution
boundary layer-related processes (Rimstidt et al. 1998). The reason is that once Sr2+ and
Ca2+ traverse the calicoblastic ectoderm and enter the micron-sized calcifying space, their
rate of diffusion to the crystal growth surface through a solution with the viscosity of
seawater must be extremely rapid. Therefore, a depletion of either ion at the solutionmineral interface relative to the bulk calcifying solution is unlikely and is not the cause of
Sr depletion in the crystal.
A more probable scenario is that changes in the Sr/Ca ratio of the bulk calcifying
solution, modulated by the daytime activity of the transport enzyme Ca2+-ATPase, are
responsible for the low (and declining) Sr/Ca content of the aragonite fiber bundles.
When the pump is active, the proportion of Ca2+ entering the calcifying space is large
compared with Sr2+, causing a corresponding decline in the Sr/Ca ratio of both the
calcifying fluid (Ferrier-Pages et al. 2003) and of course, the crystals growing into it.
According to this model, diurnal, seasonal and interannual changes in the activity of the
pump—which is linked to zooxanthellate photosynthesis and is sensitive to various
factors including temperature, nutrient availability, cloudiness—will cause corresponding
changes in both skeletal calcification rate and the Sr/Ca content of the aragonite crystals.
The model predicts that, amongst corals in general, the skeletal Sr/Ca of rapid calcifiers
will be lower than that of slow calcifiers, consistent with the observations of Weber
(1973), de Villiers et al (1995), Cohen et al. (2002a) and others.
Cohen et al. (2002a) found that symbiotic colonies of Astrangia poculata incorporate
progressively less Sr as they grow, especially during the summertime (Fig. 8a). In
contrast, non-photosynthetic Astrangia colonies experiencing the same environmental
conditions did not exhibit such a progressive downward drift in skeletal Sr/Ca, and their
Sr/Ca ratios exhibited about the same temperature sensitivity as inorganically precipitated
aragonite (Fig. 8b). Non-symbiotic Astrangia thus resembled the nighttime skeletal
crystals from symbiotic colonies of Porites in this regard (Cohen et al. 2001).
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Figure 8. (a) Seasonally resolved Sr/Ca profiles from symbiotic (open circles) and asymbiotic (solid
circles) skeleton of Astrangia poculata colonies over a four year period. Skeletal Sr/Ca in the first year of
life is the same in both samples but the similarities decrease as the corallites mature. The divergence of
Sr/Ca ratios is caused by extremely low Sr/Ca ratios in the symbiotic colony during the summer. This
indicates that the underlying mechanism is operative in summer. The corals are exposed to identical
environmental conditions and temperatures. Therefore this difference reflects the impact of the light-driven
Ca2+-ATPase pump, the activity of which is ramped up by the presence of symbionts the symbiotic coral
skeleton. (b) The Sr/Ca-SST relationship in asymbiotic Astrangia skeleton ( = −0.036x + 10.065) is
compared with nighttime skeleton of the tropical reef coral Porites ( = −0.038x + 9.9806) and inorganic
aragonite precipitated at equilibrium (S = −0.039x + 10.66). The slope of the regression equations,
indicative of the temperature sensitivity of Sr/Ca uptake into the coral skeleton, are similar for all three
precipitates (−0.036, −0.038 and −0.039 respectively). This agreement establishes temperature as the
primary control of Sr/Ca in the asymbiotic and nighttime crystals (from Cohen et al. 2002).
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Photosynthesis, or perhaps the rapid rate of calcification that often accompanies
photosynthesis, can therefore have strong effects on skeletal Sr/Ca ratios. The high
calcification rates of symbiotic Astrangia are reflected in the density of the skeleton
which increases progressively as they grow (Cohen et al. 2002b). Assuming the
temperature sensitivity of inorganic aragonite applies to all coral skeletons, temperature
accounted for as little as 35% of the total Sr/Ca variation observed in symbiotic
Astrangia. Such observations have obvious implications for the coral Sr/Ca thermometer,
which is extensively used to estimate the temperature variability of ancient seas (e.g.,
Guilderson et al. 1994; McCulloch et al. 1994). The coral Sr/Ca thermometer is usually
assumed to have the same temperature sensitivity in ancient corals as in modern analogs.
Temperature can often be deduced with impressive precision from the Sr/Ca ratios of
individually calibrated modern corals, but different corals nevertheless produce different
temperature calibrations, especially when collected at different sites with different
temperature regimes (citation). This introduces an uncertainty into ancient temperature
reconstructions that is larger than the uncertainties deduced from individual coral
calibrations. The Astrangia example also sheds doubt on the common assumption that
“vital effects” remain constant within individual corals. Basic research into the behavior
of geochemical proxies for sea surface temperature therefore seems necessary (Weiner
and Dove 2003).
Diurnal cycle of calcification
The similarity between the Sr/Ca content and temperature-dependence of crystals
within calcification centers, non-photosynthetic corals and inorganic aragonite
precipitates indicates that accretion of calcification centers in symbiotic corals occurs in
the absence of algal photosynthesis. Cohen et al (2001, 2002) proposed that these crystals
are accreted at night when photosynthesis and the Ca2+-ATPase pump are inactive,
strontium enters the calcifying space largely by diffusion and as a result, the Sr/Ca ratio
of the nighttime calcifying fluid is close to that of seawater.
There is substantial evidence for a diurnal cycle in the coral calcification and
skeleton-building process during which the types of crystals deposited, their distribution
about the skeletal surface and the overall rate of calcification changes between day and
night (Chalker 1976; Barnes 1970; Barnes and Crossland 1980; Gladfelter 1983a;
Constantz 1986; Le Tissier 1988; Marshall and Wright 1998). First, there is a distinct
diurnal cycle in coral calcification rate, with rates 3−5 times higher recorded in daylight,
correlated with a similar rhythm in the photosynthetic capacity of algal symbionts
(Chalker 1976). Second, there are two different processes involved in skeletal accretion
that are decoupled over the diurnal cycle: calcification which is most rapid in daylight
and skeletal extension or actual upward growth which is most rapid at night (Barnes and
Crossland 1980; Vago et al. 1997). The processes responsible for this apparent paradox
were revealed by Gladfelter (1982, 1983a) who showed that the types of crystals
accreted, their arrangement and their function in the skeleton-building process also
follows a diurnal cycle. She used SEM to examine the growing tips of the skeleton of
Acropora cervicornis collected at four intervals over the diel cycle. She observed that
nighttime calcification by A. cervicornis resulted in the accretion of randomly-oriented
fusiform-shaped crystals, several microns across, which formed an extensive yet flimsy
skeletal framework. The framework was filled in by the rapid growth of needlelike
crystals during the day. Gladfelters’ model of a nighttime framework that causes the
skeleton to extend and daytime infilling that causes the skeleton to bulk up and thicken
has been substantiated by observations of diurnal growth of Porites skeletons (Barnes
personal communication; Fig. 9). Gladfelter’s interpretation implies that large fusiformshaped crystals occupy the calcification centers of A. cervicornis and are the nucleation
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Figure 9. SEM of the tips of growing
septa of Porites lutea over the diurnal
cycle. Extension occurs by growth of fine
spikes like fingers on a hand (a). At night,
calcification results in elongation of the
fingers by accretion of new calcification
centers at the growing tips. Thus the septal
surface appears spiky (c). During the day,
the spaces between adjacent fingers is
filled in by outward growth of aragonite
fiber bundles. By the end of the day the
surface of the septum has a smooth
appearance. (b). Images courtesy of Dr
David J. Barnes (Australian Institute for
Marine Science, pers. comm)

sites for growth of the fasciculi. However, fusiform crystals have not been identified in
any other scleractinian species examined thus far. Throughout the Scleractinia, the
trabecula axes originally described by Ogilvie (1896) are occupied by submicron-sized
granular shaped crystals (Constantz 1986; Cuif and Dauphin 1998; Cohen et al. 2001).
Indeed, the distribution, origin and function of the fusiform crystals described by
Gladfelter are intriguing and should be investigated further.
Constantz (1989) suggested that Gladfelters fusiform crystals are inorganically
precipitated marine cements that nucleate at random on non-zooxanthellate portions of
the corallum and are thus “non-biogenic” crystals precipitated at night in the absence of
zooxanthellate activity. Indeed, the fusiform crystals in A. cervicornis bear a remarkable
resemblance to inorganically-precipitated crystals in high magnesium calcite cements
(Given and Wilkinson 1985). However, it is difficult to see how random precipitation
would produce the organized framework of fusiform crystals that Gladfelter describes.
Their architectural arrangement, albeit flimsy, indicates a process over which the coral
exerts some degree of control.
Models of skeletogenesis: physicochemical
The morphology and arrangement of the aragonite fibers in the sclerodermites bear a
remarkable resemblance to spherulitic crystal morphologies common to all inorganic
crystalline systems (Fig. 10). The analogy between spherulites in rocks and the
spherulitic morphology of coral crystals first discussed by Bryan and Hill (1941) is the
basis of a physicochemical model of coral calcification that has dominated thinking about
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Figure 10. (a) The fine, closed, fan spherulite morphology are the characteristic crystal arrangements in
coral skeletons and are evident in the dissepiments of Porites lutea (Image by Anne Cohen). (b)
Increasingly complex crystal forms identified in inorganic minerals represent increasingly large
departures from equilibrium crystal growth. Crystal morphology changes systematically from (i) equant
to (ii) tabular to (iii) dendritic to open (iv) coarse spherulitic to (v) closed fine spherulitic with
increasing crystal growth rates.

coral calcification for several decades. Spherulites were first described in inorganic
minerals as a radially disposed array of acicular (needle shaped) crystals in either a
spherical or irregular, bow-tie or fan-shaped body (Cross 1891; Iddings 1891). The
spherulitic morphology lies at the extreme end of a systematic progression of crystal
shapes, from equant shaped to tabular to dendritic and finally spherulitic, that reveals
information about their growth histories (Lofgren 1974, 1980; see Given and Wilkenson
1985 for treatment of inorganic marine calcite morphologies) (Fig. 10b).
Equant-shaped crystals in rock and mineral systems are considered to be formed
under conditions close to equilibrium and thus characterize low rates of crystal growth.
By contrast, spherulitic morphologies result when crystal growth is extremely rapid and
growth is faster at the tips of the crystals than at their sides (Keith and Padden 1963).
This model of spherulitic growth is based on systems in which crystal growth is driven by
rapid and large changes in temperature. The coral system is essentially isothermal and the
spherulitic morphology of coral crystals indicates that a rapid increase in the aragonite
saturation state of the calcifying fluid must occur. How corals achieve extraordinarily
high levels of aragonitic supersaturation is discussed later in this paper. Spherulitic
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crystal morphologies are found in other biogenic mineralized systems, including egg
shells, and generally considered characteristic of precipitates from highly supersaturated
solutions that form very rapidly (Lowenstam and Weiner 1989). The assertion by Adkins
et al. (2003) that the spherulitic aragonite “bouquets” in the skeleton of a deep sea coral
are characteristic of slow growth is therefore somewhat puzzling.
Despite the resemblance between crystals in corals and crystals in inorganic
minerals, Bryan and Hill (1941) were hesitant to explain the fasciculate organization of
the aragonite fibers as a purely physical system, a reluctance rooted in the observation
that coral skeletons are highly intricate and complex structures at both microscopic and
macroscopic scales. Thus, Bryan and Hill proposed the existence of an organic “gel”
enveloping each fiber and penetrating deeply within the fibers to guide crystal growth.
Several years later, a model proposed by Barnes (1970) showed that the morphology of
the aragonite fibers and their organization into bundles are explicable entirely in terms of
factors controlling abiotic crystal growth. Fundamental to this model is the idea that
calcification occurs most rapidly in micron-sized spaces formed where the calicoblastic
ectoderm lifts away from the skeletal surface. Barnes proposed that, given this limited
space in which to grow, fast-growing crystals precipitated from a supersaturated solution
will compete with each other. Crystals that happen to be oriented perpendicular to the
calicoblastic ectoderm will extend most rapidly and occlude those growing horizontally
or at low angles. The tendency for these crystals to diverge from the optimum axis of
growth gives rise to three-dimensional fans (Fig. 10a). In this way, the fine aragonite
needles grow as fan systems all over the basal plate, large fans outcompeting small ones
for space until stable fan systems develop. These are the sclerodermites that grow
upwards together to form the trabeculae.
Further compelling evidence for the predominance of physicochemical factors in
the growth of aragonite fibers in coral skeletons is the correlation between fiber
morphology and coral growth rate. Constantz (1986) observed very distinct and
consistent differences in aragonite fiber morphology amongst the scleractinian taxa. In
general, the narrowest fibers (~0.1 µm) are characteristic of the fastest growing genera,
the Acroporidae. By contrast, the slow growing genera including the Favids have the
widest fibers. Variations within the range of naturally-occurring spherulite
morphologies in rocks and minerals can also be related to growth rate as the crystals of
the spherulite become progressively finer and more tightly bunched together as growth
rate increases (Lofgren 1974). Slower-growing fibers are larger and more widely
spaced. Interestingly, the secondary aragonite crystals that grow within pore spaces of
skeleton evacuated by coral tissue have the coarse, open morphology characteristic of
slower-growing spherulites in rocks (Fig. 10b). Thus, the range of aragonite fiber
morphologies found amongst the scleractinian taxa could be explained by basic theories
of crystal growth in inorganic systems without the need for mediation by an organic
macromolecular framework or matrix. These ideas form the basis for the
physicochemical model of coral calcification.
Combining observations of diurnal changes in coral calcification, skeletal extension,
crystal morphology and Sr/Ca ratio of the skeleton, we propose a model in which these
aspects of coral mineralization can be explained in terms of the light-sensitive action of
the Ca2+-ATPase pump. The model is summarized in Figure 11(a-d) and shows how
changes in the chemistry and pH of the calcifying fluid between night and day (Fig.
11a,c), and associated changes in the relationship between tissue ectoderm and skeletal
surface (Fig. 11b,d) result in the observed cycle of calcification and extension rate,
crystal morphology and chemistry. The dual role of the Ca2+-ATPase enzyme in
transporting cations into the calcifying space while removing protons, and the
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consequences for pH and aragonite saturation state is discussed in detail in the section on
Calcification Mechanism (below).
Organic matrix models
Despite the remarkable similarities between the spherulitic structures found in rocks
and those characteristic of coral skeleton, the role of organic material in coral
skeletogenesis—either as an organic matrix framework or a seed for nucleation—remains
a topic of debate, central to which is the fact that in almost all instances of biological
mineralization, the mineral is associated with organic material (Watabe 1981). Indeed,
some consider the presence of an organic matrix to be a prerequisite step for the
formation and growth of most biominerals. While few would argue against some level of
involvement of organic material in some part of the coral calcification process, it is both
the level of control exerted over skeletogenesis and the type of control (promotional
versus inhibitory) that is central to the debate. The classic organic matrix not only
facilitates nucleation but also controls crystal mineralogy, orientation and growth. In
these systems, oriented nucleation is considered to arise from specific molecular
mechanisms that lower the activation energy of nucleation along a particular
crystallographic direction (Mann 2001). Formation of mollusk shell nacre is a good
example. In this case, the nuclei are crystallographically aligned with regard to the
underlying organic matrix sheet. As a result, the plate-like aragonite crystals grow with
their c-axes perpendicular to the organic surface. However, while the composition (proteins
rich in aspartic and glutamic acids, acidic and sulfated polysaccharides—Crenshaw 1990;
Figure 11 (on facing page). Changes in crystal morphology, calcification rate, skeletal extension and
Sr/Ca ratio of a Porites coral between night (a,b) and day (c,d) are explicable in terms of the lightsensitive action of the Ca2+-ATPase pump. The skeletal surface depicted in (a) and (c) are three
“fingers” shown in Figure 3. In (a) the Ca2+-ATPase pump is turned off at night. As a result, pH within
the calcifying space (CS) is ~8 (Al-Horani et al. 2003) and the aragonite saturation state is low (<10)
(see Figs. 13 and 14). Low calcification and crystal growth rates cause low density aggregates of
granular shaped, submicron aragonite crystals (CG) to precipitate on the old skeletal surface (SS). The
main pathway for entry of strontium and calcium into the CS at night is in seawater transported via
pericellular pathways (PC) and vacuoles (V) that form by invagination (IV) of the basal membrane
(BM). The contents of the vacuoles are exocytosed (EX) through the apical membrane (AM) and into
the CS (Clode and Marshall 2002). The Sr/Ca ratio of the calcifying fluid = seawater Sr/Ca (~8.6
mmol/mol)(de Villiers et al. 1994) and the Sr/Ca ratio of the precipitating crystals is the same as
inorganic aragonite (~9−10 mmol/mol)(Kinsman and Holland 1969, Enmar et al. 2002). In (b)
nighttime skeletal growth occurs mainly at the tips of the fingers (Barnes and Crossland 1980, Vago et
al. 1997). The calicoblastic ectoderm is tight (TE) against the skeletal surface (SS) except at the tips
where the tissue lifts away from the skeleton forming a small pocket (PO). The granular crystals are
precipitated in bundles to form a new center of calcification (COC). Growth of aragonite fibers is
inhibited at point of contact between tissue and skeleton forming a daily growth band (GB). In (c), The
Ca2+-ATPase pump is turned on in daylight. pH within the CS increases to ~9 (Al-Horani et al. 2003)
and the aragonite saturation state increases (>100) (see Figs. 13 and 14). High calcification and crystal
growth rates causes high densities of spherulites to grow from the granular surfaces of the new COC.
Epitaxial crystal growth also continues along the entire skeletal surface lengthening the existing
fasciculi until adjacent bundles meet and growth stops. The main pathway for entry of calcium into the
CS is via the Ca2+-ATPase pump, which may concentrate Ca2+ ions within the vacuoles (Marshall and
Wright 1993) and/or transport Ca2+ ions directly across the apical membrane (AM). The relative
transport of Sr2+ ions is low and the Sr/Ca ratio in the CS decreases relative to seawater (~7.9
mmol/mol). Assuming a constant Kd of 1.1, the Sr/Ca ratio of crystals precipitating from this fluid will
drop to ~8.6 mmol/mol. In (d) daytime skeletal growth occurs mainly at the sides of the fingers which
thicken and eventually consolidate to form a solid spine (Barnes 1970). Increased osmotic pressure in
the CS pushed the ectoderm up off the skeletal surface creating a space (PO) into which the aragonite
fibers grow. Growth continues until nighttime when the osmotic pressure within the CS decreases
causing the tissue to sink back down onto the skeletal surface. MG = mesoglea, CE = calicoblastric
epithelium, CS = calcifying space, CG = new crystal growth, SS = old skeletal surface.
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Marxen et al. 1998) and role (Addadi and Weiner 1985; Weiner and Addadi 1991) of
organic matrix in the formation of mollusk shells is relatively well characterized, no such
well-defined organic structure has yet been isolated from coral skeleton. One argument is
that the organic matrix is chemically unstable to preparative procedures for electron
microscopy and is lost or displaced after decalcification (Vandermeulen 1975; Muscatine
et al. 1997; Goldberg 2001). Another difficulty lies in identifying the origin of organic
material extracted from coral skeleton because tissue, endolithic algae and skeleton are
closely associated and difficult to separate. Organic material remaining after
decalcification may be derived from the organism, dissolved organic substances leaked
from cells or the remains of desmoid processes that anchor the tissue to the skeleton
(Barnes and Chalker 1990). Sheets of tissue, compressed between indentations of the
fasciculi in the undersurface of the calicoblastic epithelium may become trapped between
growing crystals and incorporated into the skeleton (Barnes 1970) (Fig. 12a).
Nevertheless, compounds that in other biomineralizing systems constitute the
primary components of organic matrices, that is, insoluble framework macromolecules
and soluble acidic macromolecules, have been isolated from decalcified coral skeleton

Figure 12. (A) Organic sheets trapped within aragonite fibers, F, in the septotheca of Diploria
labyrinthiformis demarcate daily growth intervals (arrows) within the fasciculi but occur sporadically
throughout sections of skeleton. A boundary line, B, forms where adjacent fasciculi meet and fiber growth
stops. Scale Bar = 10 µm. From Cohen et al. (2004). (B) Schematic diagram of the structural relationships
of cellular and skeletal components at the calcifying interface of Galaxea fascicularis as proposed by Clode
and Marshall (2002). The likely role of the matrix sheath, MS, is to inhibit fiber growth. Organic sheets
seen in (A) may be remnants of the matrix sheath. M = mesoglea, CE = calicoblastic epithelium, S =
skeleton, MF = matrix fibrils. Figure adapted from Clode and Marshall (2002).
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and interpreted as evidence of the existence of an organic matrix (Goreau 1959;
Wainwright 1963; Young 1971; Mitterer 1978; Johnston 1980; Constantz and Weiner
1988; Allemand et al. 1998; Cuif et al. 1999; Dauphin 2001). The polysaccharide chitin,
often a major component of the matrix framework in invertebrate skeletons, was
identified in the skeleton of Pocillopora damicornis by Wainwright (1963).
Glycoproteins, consisting of an acidic protein core with covalently linked polysaccharide
side chains that often contain sulfate, have also been extracted from decalcified coral
skeleton and thought to be intimately associated with, possibly occluded within, the
mineral phase (Constantz and Weiner 1988). Although the precise role of acidic
macromolecules in the mineralization process is not clear, the polysaccharide side chain
identified as chondroitin sulfate (C-SO4, also the main glycosaminoglycan in articular
cartilage) is highly anionic and able to bind large numbers of Ca2+ ions (Constantz and
Weiner 1988, Cuif and Dauphin 1998, Dauphin 2001).
The first organic matrix model, proposed by Goreau (1959) was of a
muccopolysaccharide sheath as a template for crystallization. Johnston (1980) proposed a
far more intricate meshwork of glycoproteins which envelopes each growing aragonite
crystal. A recent model proposed by Cuif et al. (2003) supports the intimate involvement
of sulfated organic compounds with both nucleation and growth of the aragonite fibers.
XANES (X-ray absorption near edge structure spectroscopy) fluorescence revealed high
concentrations of SO4 within centers of calcification leading Cuif et al. (2003) to suggest
that the aragonite fibers do not nucleate on crystals at centers of calcification but rather
on sulfate-bearing organic compounds within them. Sulfate in the fibers was detected in
lower concentrations than in calcification centers, in a banded pattern that corresponds
with 2−4 µm wide growth bands that intercept the fasciculi in lines perpendicular to their
growth direction (also discussed in Risk and Pearce 1992, Constantz 1989, Cohen et al.
2004). Based on these observations, Cuif et al. (2003) propose a polycyclic (as opposed
to monocrystalline) model of crystal growth, involving step-by-step growth of aragonite
fibers, each step initiated and guided by a sulfated organic matrix sheet. This model is not
inconsistent with the suggestion by Constantz (1989) of a diurnal cycle in crystal growth
within fasciculi of Acropora cervicornis, a new tuft of aragonite fibers emerging along
the length of the fasciculus each day.
Alternatively, sheets of sulfated organic material at daily growth boundaries within
the fasciculi could be inhibitory rather than promotional features, a way for the coral to
prevent “runaway” crystal growth. Indeed, rapid crystal growth is relatively easily
achieved once high levels of aragonite supersaturation are reached within the calcifying
space. Slowing or stopping crystal growth to prevent impaling the overlying tissue might
be a more difficult proposition. In this case, the Ca2+ binding properties of the organic
material would be best served to reduce the activity of the cation and thus slow crystal
growth at the edges of the fasciculi.
Although the origin, physical structure and function of the putative organic matrix in
coral skeletons remains elusive, what is certain is that part of the ectoderm that lies
apposed to the skeleton is an histologically distinct region. It is most likely to be
associated with the calcification process, whether it be in a promotional or inhibitory
way. An outstanding question is whether calcification occurs most rapidly within subepithelial spaces where the calicoblastic layer is lifted away from the skeleton (Wells
1969; Barnes 1970, 1972) or whether the calicoblastic layer remains closely applied to
the skeleton and thus intimately involved with skeletal growth (Johnston 1980). If
calcification occurs in a fluid-filled space beneath the uplifted tissue it is difficult to see
how that tissue could physically initiate and modulate crystal growth. The role of the
calicoblastic ectoderm in this instance would be to provide a compartment in which ions
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required for calcification could be concentrated, to prevent the ions from diffusing
outward and to inhibit further crystal growth once the requisite length is obtained.
Evidence is accumulating in support of the latter model. Clode and Marshall’s (2002)
recent work shows that calcification occurs in semi-isolated pockets between the skeleton
and the calicoblastic ectoderm, possibly mediated in some way by a meshwork of organic
fibrils observed therein. Their revised model of the calcifying interface shows the
calicoblastic epithelium is tightly associated with the skeletal surface except where these
small pockets form (Fig. 12b). The organic fibrils appear to entwine and penetrate the
CaCO3 crystals at the skeletal surface. The fibrils, also identified in fixed material of the
deepwater coral Mycetophyllia reesi (Goldberg 2001), occur exclusively within these
pockets although their function is undetermined.
The existence of a thin organic sheath adjacent to the apical border of the
calicoblastic cells is intriguing. Its distribution, and in particular, its absence from sites
where the fibrillar material is prevalent, may indicate that the role of the sheath is to
control and restrict crystal growth thus preventing crystals from impaling the overlying
cells (Clode and Marshall 2002). Marin et al. (1996) likewise reported that coral mucus
and skeletal organic extracts inhibited CaCO3 precipitation in vitro. Thus, such organic
components may play critical roles in the coral calcification, but they may be analogous
to the brakes on a car—essential for safe operation, but not responsible for movement.
CALCIFICATION MECHANISM
Calcium ATPase and CO2 based calcification
Inorganic calcification from seawater provides a good reference point for viewing
biological calcification. Aragonite can spontaneously precipitate from seawater when the
[Ca2+][CO32−] ion product exceeds the aragonite saturation product KAR. This is equivalent
to saying that the aragonite saturation state Ω = [Ca2+][CO32−]/KAR is greater than 1, or that
the aragonite supersaturation (Ω − 1) > 0. Inorganic precipitation rates are usually related to
Ω − 1, for which Burton and Walter (1987) obtained a rate expression equivalent to R =
12.1(Ω − 1)1.7 microns/year at 25°C. An aragonite crystal might then grow 50 microns per
year at a typical seawater pH of 8. Corals often precipitate aragonite a hundred times faster,
implying that Ω reaches values of several hundred. This could theoretically be achieved by
multiplying either the Ca2+ or CO32− concentration by a similar factor.
Al-Horani et al. (2003) used micro-electrodes to measure Ca2+ and H+ ion activities
at various positions around the symbiotic coral Galaxea (Fig. 13). Beneath the calcifying
epithelium, they observed small elevations of Ca2+ concentration which decreased in the
dark and when the enzyme Ca2+ ATPase was inhibited. These results seem to confirm the
long-standing inference that the coral pumps Ca2+ into the calcifying space using the
enzyme Ca2+ ATPase (e.g., Kingsley and Watabe 1985). The elevations of Ca2+
concentration above seawater values were however far too small to significantly
accelerate calcification.
Simultaneous with the Ca2+ increases, Al-Horani also observed pH increases, similar
in character but less extreme than the synchronous pH and Ca2+ increases observed in
calcareous algae by McConnaughey and Falk (1991). This alkalinization probably results
from the “ping pong” catalytic cycle of Ca2+ ATPase, which expels Ca2+ from a cell, and
then imports 2 protons (Niggli et al. 1982; Dixon and Haynes 1989) (Fig. 14). This
proton removal from the calcification site converts HCO3− → CO32− and thereby
increases the aragonite saturation state Ω. By lowering the partial pressure of CO2 in the
calcifying space, proton removal also initiates a net CO2 diffusion across the boundary
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Figure 13. Ca2+ and pH in waters around the coral Galaxea, by Al-Horani et al. 2003. Composite
drawing shows measurements over ~½ hr above the skeleton, in the coelenteron, and near the coral’s
outer surface.

Figure 14. Physiological model for coral calcification. Ca2+-ATPase adds Ca2+ and removes protons
from calcifying fluid, raising its pH. CO2 diffuses in and reacts with H2O and OH− to produce CO32−.
Much of this ion transport may actually take place across the membranes of vacuoles (vac) that transfer
seawater through the cells of the basal epithelium. Seawater may also reach the calcifying space by
diffusion through the porous skeleton and pericellular channels (PC) between the epithelial cells.
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membrane, into the calcification space. This CO2 reacts with H2O and OH− to produce
more HCO3− and CO32−. CO32− theoretically accumulates until PCO2 equilibrium across
the membrane is re-established, at which time the concentrations of CO32− on each side of
the membrane are given by [CO32−] = [CO2]K1K2/{H+}2, where K1 and K2 are the first
and second ionization constants of carbonic acid. Because {H+} is far less on the alkaline,
calcifying side of the membrane however, CO32− becomes concentrated on the calcifying
side to the extent of [CO32−]B/[CO32−]A = 102(pHB−pHA), where A and B refer to the acidic
and basic sides of the membrane. A proton gradient of 1 pH unit can concentrate CO32−
100-fold on a membrane’s alkaline side, the calcifying side.
This calcification mechanism can produce very high aragonite supersaturations (Fig.
15a). A base case scenario (1×) assumes that the calcifying solution maintains CO2

Figure 15. Chemistry of the calcification site. (a) Ca2+ and CO32− ion concentrations, and aragonite
saturation state Ω. (b) Fraction of skeletal carbon derived from CO2. (c) Fraction of enzymatically added
Ca. Calculations assume that the calcification site initially contains seawater at pH 8, with
Ca2+ = 10.3 mMol/kg, PCO2 = 360 ppm, total borate = 0.42 mMol/kg, and total alkalinity = 1.92 mEq/kg,
where Alk = OH− − H+ + HCO3− + 2CO32− + B(OH)4−. Ca2+/2H+ exchange adds 1 Ca2+ for each 2 units of
alkalinity. The 1× scenario assumes that DIC in the calcification site maintains PCO2 equilibrium with the
environment at 360 ppm. The 0.1× (and other) scenarios assume proportionately lower DIC concentrations
at the calcification site. Parts (b) and (c) subtract the initial DIC and Ca2+ content of seawater from the
totals calculated for a particular pH to give the CO2contribution and pumped Ca2+ contributions to the
skeleton. Calculations use CO2system equilibrium constants of Prieto and Millero (2002).
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system equilibrium with an ambient PCO2 of 360 ppm, and Ω reaches 300 by pH 9. The
0.1× scenario assumes only a tenth as much DIC, perhaps because coral photosynthesis
reduces PCO2, or because CO2 → HCO3− reactions can’t keep up with CaCO3
precipitation. After all, the calcifying space is only about a micron thick, and its small
fluid volume contains just a small amount of CO2. Nevertheless, Ω still reaches 30 by pH
9. CaCO3 supersaturation results mainly from CO2 absorption by the alkaline fluid, not
from Ca2+ accumulation. Ironically, the Ca2+ pump causes calcification not so much by
pumping Ca2+ to the skeleton, but by pumping protons away. That indirectly concentrates
CO32− at the calcification site.
The calcifying membrane does not transport HCO3− or CO32− in this scheme, and
HCO3− or CO32− transporters would actually allow these ions to leak out from the
calcification site, where they are most concentrated. HCO3− transport has nevertheless
been suggested, mainly because inhibitors of membrane anion exchange like DIDS and
SITS slow coral calcification (Tambutté et al. 1996; Lucas and Knapp 1997). DIDS and
SITS cause collateral damage to many enzymes including Ca2+-ATPase however (Niggli
et al. 1982), and that may account for the reduced calcification.
HCO3− transport to the skeleton has also been inferred from the importance of the
enzyme carbonic anhydrase (CA) to calcification. Goreau’s (1963) original idea was that
CA might speed the reaction 2HCO3− → CO2 + H2O + CO32− within the calcifying space.
The CO32− would then precipitate, and CO2 would diffuse back into the cells, taking the
proton equivalents from calcification with it. Within the context of the CO2 based
calcification model however, CA facilitates CO2 diffusion from the coelenteron, through
the basal epithelium, and to the calcification site. In particular, CA counteracts CO2
depletion at the membrane bounding the calcification site, ensuring an abundant supply
of CO2 for calcification.
Figure 15b estimates how much of skeletal carbon might derive from molecular CO2.
In the 1× scenario, CO2 contributes more than half of skeletal carbon at pH>8.3, and
about 95% of skeletal carbon at pH 9. Even when DIC levels are only a tenth of PCO2
equilibrium, CO2 still provides most of the skeletal carbon when alkalinization exceeds
0.5 pH units. Figure 14c suggests that most of the calcium could reach the skeleton by
fluid routes, without enzymatic pumping. Thus Ca2+ and C apparently take different
routes to the skeleton.
CO2 BASED CALCIFICATION AND STABLE ISOTOPES
The kinetic model
The CO2 based calcification model was originally formulated to explain why coral
skeletons generally contain several ‰ less 18O than “equilibrium” aragonite precipitated
slowly from solution (Fig. 16). The reasoning was as follows (McConnaughey 1989b): The
coral skeleton fails to equilibrate oxygen isotopes with water because rapid calcification
buries CO32− units within the crystal lattice before they can fully exchange oxygen isotopes
with H2O. Isotope exchange occurs by CO32− escape from the crystal surface, oxygen
isotope exchange between HCO3− and H2O in solution, and CO32− re-attachment to the
crystal. The crucial 18O exchange between HCO3− and H2O appears to be the slowest step
during crystal-solution isotopic equilibration, and can take hours at high pH. When CaCO3
fails to isotopically equilibrate with H2O, it follows that HCO3− also fails to isotopically
equilibrate with H2O. This implies that HCO3− doesn’t come from seawater, where HCO3−
has a long enough residence time for isotopic equilibration. So HCO3− in the calcification
site probably derives instead from CO2, which diffuses across the basal membrane. This
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Figure 16. Sub-equilibrium 18O and 13C
levels in photosynthetic and nonphotosynthetic corals.

HCO3− must precipitate fairly rapidly to prevent oxygen isotopic equilibration with water,
implying that CO2 → HCO3− reactions have somewhat one-way character with respect to
the slow process of isotopic equilibration. Kinetic rather than equilibrium isotope
fractionations on CO2 → HCO3− reactions therefore dominate.
CO2 → HCO3− reactions produce DIC with low 18O content partly because the H2O and
especially the OH− with which the CO2 reacts contain relatively little 18O (Fig. 17). Kinetic
discrimination against 18O will further reduce the 18O content on product HCO3−. Without
complete isotopic equilibration, the skeleton will inherit some of this 18O-depletion.
“Carbonate” scenarios
Spero et al. (1997) and Bijma et al. (1999) recently suggested that foraminiferal 18O
levels depend on the abundance of the isotopically light CO32− ion in solution, as if
foraminifera essentially precipitate ambient dissolved inorganic carbonates (DIC) (Fig.
18a). This casts doubt on both the “kinetic” isotope model and CO2 based calcification,
although the contradiction is less severe than it might seem. Spero’s forams contained
slightly less 18O than ambient DIC, as if DIC isotopically equilibrated with water at a pH
somewhat above ambient, or CO2 contributed somewhat to the skeleton, as would be
appropriate for mild alkalinization of the calcification site according to Figure 15b. A
more serious problem for the “carbonate” explanation is that skeletal δ13C varied even
more than δ18O (Fig. 18b), while the δ13C ambient DIC remained constant. Hence some
process within the forams caused their δ13C variations. This same internal process
probably controlled their δ18O, judging from the correlations between δ13C and δ18O.
Qualitatively similar but even more extreme isotopic patterns also showed up in corals
that had probably never experienced much variation in ambient pH. For such reasons,
corals and forams probably acquire their δ18O ranges from internal processes, not by
precipitating isotopically equilibrated ambient DIC.
Adkins et al. (2003) and Rollion-Bard et al. (2003) suggested that the low 18O
content of corals might result from 18O equilibration between DIC and H2O at the
alkaline calcification site. Rollion-Bard also calculated pH at the calcification site from
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Figure 17. Calculated δ18O of DIC produced by CO2 reactions with H2O and OH− (at 25°C). Also shown
are equilibrium aragonite, corals, “bubbler” simulation at pH < 8.5 by McConnaughey (1989b), and the
equilibrium δ18O of HCO3− (B) and CO32− (C) at 25°C, based on analyses by McCrea (1950; triangles) and
Usdowski and Hoefs (1993; dots). These δ18O values apply to the named chemical species, not to CO2
derived from that species for mass spectrometric analysis. Inset: Relative rates of CO2 reactions with H2O
and OH− in seawater at 25°C.

Figure 18. Isotopic composition of forams from pH experiments by Spero et al. 1997. (A) Foram δ18O
compared to DIC in equilibrium with water. (DIC equilibrium as modeled by McCrea 1950 and Usdowski
and Hoefs 1993, as modified by Zeebe 1999). (B) δ18O vs. δ13C for Spero’s forams, compared with a nonphotosynthetic coral from Galapagos that presumably experienced only a limited pH range.
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skeletal boron isotopic composition and obtained values from about 7.1 to 9.0 (Fig. 19).
She considers the lower part of this range unlikely, and notes that an alternative δ11B-pH
calibration yields the more realistic pH range of 8.2−9.15. This higher pH range would
also lower the projected δ18O of DIC formed at the calcification site, due to increased
importance of CO2 hydroxylation, and extend the equilibration times needed for oxygen
isotope exchange between DIC and H2O.
These “carbonate” scenarios contain several weaknesses. DIC requires hours to
equilibrate oxygen isotopes with H2O at high pH, as shown in Figure 19, while DIC
would probably not linger very long in the calcification site. Kinetic discrimination
against the heavy isotopes during CO2 → HCO3− reactions should also be considered. But
most importantly, 18O exchange between DIC and H2O takes place through reactions that
involve a CO2 intermediate, i.e., HCO3− → CO2 + OH- → HCO3−. This CO2 intermediate
will quickly diffuse across the boundary membrane and escape from the calcification
space, and not therefore equilibrate oxygen isotopes with H2O at the elevated pH of the
calcification site.
The exploration of “carbonate” effects has focused attention on the many remaining
uncertainties about calcification physiology and isotopic geochemistry, and particularly
on the role of pH. The scenarios of Adkins and Rollion-Bard are compatible with a Ca2+ATPase, CO2 based calcification mechanism. Spero’s forams probably lost 18O as
ambient pH increased partly because they kept their calcification sites slightly more
alkaline than ambient waters, and as ambient pH increased, so did calcification site pH
and the ratio of CO2 hydroxylation to CO2 hydration. Isotopic equilibration also slowed
down. The skeleton therefore became isotopically lighter.

Figure 19. δ18O and δ11B in Porites skeleton. pH scale at top is calculated from δ11B. Coral data is
compared with a model for the δ18O of DIC, whose initial composition is set by CO2 reactions with H2O
and OH−, but subsequently equilibrates with H2O over several hours. (Rollion-Bard et al. 2003)
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Respired CO2 in the skeleton
Respired CO2 is often considered a major source of skeletal carbon, based largely on
a double isotope labeling technique pioneered by Goreau (1963). Using this technique,
Goreau, Erez (1978) and Furla et al. (2000) suggested that corals build their skeletons
mainly out of respired CO2. Other observations minimize the skeletal contributions of
respired CO2 however. Spero and Lea (1986) fed 13C labeled foods to forams and
detected little in the skeletons. Griffin et al. (1989) and Adkins et al. (2003) showed that
CO2 probably contributed 5−10% of skeletal carbon in deep-sea corals (Fig. 20a).
McConnaughey et al. (1997) compared the amount of CO2 produced through respiration
with the amount of environmental CO2 flushed through an animal’s body during the
course of gas exchange with the environment, to obtain O2. He concluded that aquatic
invertebrates flush 10 times more CO2 through their bodies than they produce by
respiration, and therefore incorporate only about 10% respired CO2 into their skeletons
(Fig. 20b). Air breathers, on the other hand, dilute their respired CO2 much less, because
air contains 30 times less CO2 relative to O2.
13

C deficiencies, and δ18O - δ13C correlations in corals

CO2 contains about 8‰ less 13C than HCO3−, and CO2 reactions with H2O and OH−
discriminate against 13C by about 7‰ and 27‰ respectively (Marlier and O’Leary 1984;
Siegenthaler and Münnich 1981). DIC produced in the calcification site from CO2
reactions can therefore be quite depleted in 13C. These factors apparently cause most
coral skeletons to contain less 13C than aragonite precipitated in 13C equilibrium with
seawater DIC (Fig. 16). CO2 exchange across the basal epithelium erodes this 13C
deficiency, bringing DIC in the calcification space back toward seawater δ13C values.
This CO2 exchange carries C and O atoms together, causing simultaneous equilibration of
both isotopes. Seawater input to the calcification site also adds DIC that is isotopically
equilibrated with respect to both C and O isotopes. Non-photosynthetic corals therefore
tend to display linear correlations between 18O and 13C, extending upward toward
isotopic equilibrium for both isotopes.
Photosynthetic corals often contain about 10‰ more 13C than non-photosynthetic
corals, when one compares rapidly growing skeletal parts of the reef coral with materials
from the non-photosynthetic coral showing similar degrees of 18O disequilibrium

Figure 20. Skeletal incorporation respired CO2. (a) Deep-sea corals of Griffin et al. (1989) and Adkins
et al. (2003) illustrate how skeletal CaCO3 resembles ambient DIC, not coral foods or tissues, in 14C
content. (b) McConnaughey et al.’s (1997) model for internal dilution of respired CO2 by ambient CO2,
absorbed in the course of gas exchange with the environment.
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(McConnaughey 1989a) (Fig. 16). This relatively strong photosynthetic 13C enrichment
probably occurs because reef corals calcify mainly in the light, so their skeletal isotopic
compositions reflect conditions of maximal photosynthesis. Daytime photosynthesis is
often several times faster than respiration, and corals also tend to close their mouths
during the day, reducing DIC exchange with the environment and inviting strong 13C
enrichment of the internal carbon pool.
WHY DO REEF CORALS CALCIFY SO FAST?
Coral calcification clearly doesn’t depend on photosynthesis, as reef corals calcify
both day and night, as do non-photosynthetic corals. Reef corals calcify from tissues that
don’t contain symbionts, and the zooxanthellae live in tissues that don’t calcify (Fig. 21a).
Branching and foliose corals such as Acropora and Agaricia also calcify fastest at their
branch tips, which contain lots of ATP but few symbiotic algae (Fang et al. 1983) (Fig.

Figure 21. Proton Hypothesis. (a) Calcification mechanism and its connection to photosynthesis and
nutrient uptake. (Abbr: Coelenteron, Skeleton, Zooxanthellae, OE, BE: oral & basal epithelia) (b) CO2
dependence of photosynthesis. (c) Circulation in staghorn coral.
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21c). Nevertheless, reef corals usually calcify fastest in the light (Kawaguti and Sakumoto
1948), accelerating calcification by a factor of 3 on average (Gattuso et al. 1999). The
reasons for this “light-enhanced calcification” remain controversial despite a half century
of intensive research. Does photosynthesis stimulate calcification by raising pH and
increasing the CaCO3 saturation state Ω? Do corals up-regulate calcification when the
resulting proton flux would benefit their symbionts? We will examine these possibilities.
Photosynthesis does not cause rapid calcification
Photosynthesis increases CO32− levels as suggested by the reaction 2HCO3− → CH2O
+ O2 + CO32−. This increases the aragonite saturation state Ω, and could stimulate
calcification. But is this important? Gattuso et al. (1999) estimated the average ratio of
calcification to net photosynthesis (G/Pn) in reef corals is about 1.3. G/Pn ratios above 0.8
actually decrease Ω in seawater, so photosynthetic alkalinization of the water cannot
produce G/Pn ratios of 1.3. Photosynthesis also drives down CO2 concentrations, inhibiting
itself and its ability to increase Ω. Healthy reefs seldom push CO2 levels below 2 µM, or
pH higher than 8.5 (Smith 1973; Frankignoulle et al. 1996), and Ω seldom exceeds 6. This
pales by comparison to the high Ω values calculated earlier for the calcifying compartment
(Fig. 15). Non-calcareous plants with high rates of photosynthesis can furthermore grow
side by side with calcareous plants. Finally, increasing Ω by adding Ca2+ to seawater
(beyond the 10 mM normally present) has little effect on coral calcification rates (Gattuso
et al. 1998). All these examples point toward the conclusion that photosynthesis generally
doesn’t cause much calcification by elevating Ω.
Photosynthesis may however stimulate calcification by supplying food (Muscatine
1990) and oxygen (Rinkevich and Loya 1984) to the corals. Corals may also regulate
calcification based partly on how efficiently the protons from calcification convert HCO3−
to CO2 (Fig. 21a). A model based on this idea produces Gattuso’s average value for G/Pn =
1.3 at a typical reef pH value of 8 (McConnaughey et al. 2000). Below pH 8.5, G/Pn
appeared to be relatively insensitive to pH and PCO2, which could influence how reefs
respond to glacial-interglacial and modern industrial CO2 changes. This is a controversial
topic, but the global CO2 increases of recent decades often seem to have had little effect on
coral skeletal growth (Lough and Barnes 1997; Bessat and Buiges 2001).
Calcification relieves CO2 stress
High G/Pn ratios like Gatusso’s average of 1.3 prevent most of the depletion of
dissolved molecular CO2 that would otherwise accompany photosynthesis. The
photosynthetic kinetics shown in Figure 21b suggest that this could significantly
stimulate coral photosynthesis. (The half saturation constant KM for zooxanthellate
photosynthesis appears to lie between about 6 and 60 µM CO2; Legatt et al. 1999, 2002.)
If zooxanthellae can fix more carbon when the coral calcifies rapidly, the coral has good
reason to ramp up calcification during the day. The coral discharges the protons from
calcification into its internal coelenteron cavity. Symbiotic zooxanthellae facing the
coelenteron are well positioned to benefit from this proton flux (Fig. 21b). Al-Horani et
al. (2003) observed only minor alkalinization and sometimes mild acidification of the
coelenteron, even in illuminated corals (Fig. 13). This supports the idea that the protons
from calcification keep coelenteron pH down and CO2 levels up. Proton discharge into
the coelenteron might also explain why branching and foliose corals such as Acropora
(Fig. 21c) calcify fastest at their non-photosynthetic apical polyps, where Gladfelter
(1983b) observed inward ciliary currents. Such currents could deliver acidified, CO2 rich
water from the branch tips to the highly photosynthetic tissues further down the branch.
McConnaughey and Whelan (1997) and McConnaughey et al. (2000) summarized
evidence that calcification might stimulate photosynthesis. In contrast, Gattuso et al.
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(2000) reported that coral photosynthesis continued unabated when ambient Ca2+ levels
were reduced from >11 to <3 mM, and net calcification ceased. This disparity might have
various explanations. For example, Gattuso’s corals may have continued to pump protons
from the skeleton to the coelenteron for the duration of the experiment, accumulating
CO32− and OH− in the skeletal compartment. Or the corals may have exchanged
coelenteron fluids with the ambient environment fast enough to avoid CO2 depletion. But
given the CO2 dependence of photosynthesis and the ability of calcification to counteract
CO2 depletion, it is hard to see why calcification would not stimulate photosynthesis.
Calcification may stimulate nutrient uptake
Proton secretion by corals may also stimulate nutrient uptake, although some the best
evidence comes unfortunately from land plants, where physiologists have done many of
the crucial experiments. Land plants characteristically secrete protons from their roots
when stressed for nutrients (Kochian 1991). Proton secretion usually concentrates
somewhat above the root tips, where absorptive root hairs are often abundant. Where do
the protons come from? Many plants precipitate large amounts of calcium oxalate
(CaC2O4), and many also develop symbioses with soil fungi that precipitate calcium
oxalate, especially under conditions of nutrient shortage. Calcium oxalate precipitation,
like calcium carbonate precipitation, generates protons: Ca2+ + H2C2O4 → CaC2O4 +
2H+. Plants growing in alkaline soils sometime precipitate calcite too, often filling the
large central vacuoles of root cortical cells (Jaillard et al. 1991). This calcite precipitation
occurs near the root hairs, where the root secretes protons and absorbs nutrients. Such
calcification (both carbonates and oxalates) probably enables the plant to secrete more
protons and obtain more nutrients.
Intensive research on land plants has shown that acid secretion leaches phosphate,
iron, and ammonium from soil minerals and clays, and more interestingly, stimulates
nutrient uptake. Proton secretion causes most of the membrane electrical potential (Kitsato
1968), which attracts cations like NH4+ and Fe2+ into the cell. Anions like NO3− and PO43−
are taken up in combination with various numbers of protons (Wollenweber 1997; Sakano
1990; Schachtman et al. 1998). McConnaughey et al. (2000) calculated that lowering pH at
the cell surface by 1 pH unit (below what would prevail in the absence of calcification)
theoretically improves nitrate uptake at least 10-fold and phosphate uptake even more,
depending on the number of protons imported with each nutrient anion.
If corals calcify largely to help the zooxanthellae obtain nutrients, one might expect
corals to calcify more (despite the metabolic expense) when the zooxanthellae need more
nutrients. Experimental evidence to this effect surfaced a quarter of a century ago (Kinsey
and Davies 1979), and subsequent experiments confirm that corals calcify more even
though they photosynthesize less when phosphate, nitrate, ammonium, and iron are
scarce (Marubini and Davies 1996; Marubini and Thake 1999; Ferrier-Pages et al. 2000,
2001) (Fig. 22).
The hypothesized connection between calcification and nutrient uptake may help to
answer some the great conundrums of reef biology and geology: How do reefs flourish
in some of the most nutrient deficient regions of the planet? Most corals feed on
plankton, providing a source of nutrients beyond the reach of most plants. Corals also
place their algae in a fixed location, often of high turbulence, enhancing their access to
nutrients advected by in the ocean. But perhaps more importantly, corals generate protons
through prolific calcification. The need for protons remains as long as the algae need
nutrients. Corals therefore calcify year after year, long after they have built satisfactory
skeletons. The same applies to calcareous algae. Over geologic time, this produces
immense accumulations of limestone known as coral reefs. Coral reefs may occur in the
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Figure 22. Nutrient scarcity reduces coral photosynthesis but stimulates calcification. (a) Nitrate
(Marubini and Davies 1996) (b) Phosphate and ammonium (Ferrier-Pages et al. 2000)

tropics not so much because of high temperatures, but rather because of low nutrient
levels and the greater need for calcification.
Industrial nitrogen fixation now rivals the natural process, and humans have
enormously increased the rates of nutrient addition to coastal waters. “Nutrification” of
the oceans opens up vast possibilities for plants that are less adept at scrounging the last
remaining nutrients from oligotrophic waters. As a result, fleshy algae are increasingly
invading coral reefs, often crowding out the calcareous algae and corals, and encouraging
the proliferation of generalist consumers that sometimes eat the corals. The marked
deterioration of coral reefs over the past few decades (e.g., Gardner et al. 2003) partially
represents a phase shift from nutrient starvation to abundance.
Coral bleaching (i.e., temporary or permanent loss of zooxanthellae—the latter
results in coral death) resembles a nutrient deficiency condition, particularly a condition
called chlorosis in land plants. Bleaching tends to occur when the sea surface is
particularly warm and highly stratified, and therefore receiving fewer nutrients from
below the thermocline. Human activities especially fertilize the oceans with nitrogen, and
the consequent proliferation of fleshy algae may further stress the iron or possibly the
phosphate supply. The physiological sequence leading to bleaching remains to be
positively identified, and could for example involve light-activated production of free
radicals or increased metabolic expenses by the coral related to faster calcification. It is
also possible that the dinoflagellate symbionts become annoying to the coral under
conditions of nutrient stress. Phosphate deficiency induces greater saxitoxin production
by some free-living dinoflagellates (Taroncher-Oldenburg et al. 1999), and if
zooxanthellae also secrete more toxins in response to nutrient stress (perhaps to stimulate
the coral to calcify faster), the coral might eventually tire of its demanding symbionts and
toss them out.
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