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Modeled estimates of global reef habitat and carbonate
production since the last glacial maximum

J. A. Kleypas

National Center for Atmospheric Research, Boulder, Colorado.

Abstract. Estimated changes in reef area and CaCO3 production since the last glacial maximum (LGM) are
presented for the first time, based on a model (ReefHab) which uses measured environmental data to predict
global distribution of reef habitat. Suitable reef habitat is defined by temperature, salinity, nutrients, and the
depth-attenuated level of photosynthetically available radiation (PAR). CaCO;s production is calculated as a
function of PAR. When minimum PAR levels were chosen to restrict reef growth to 30 m depth and less, modern
reef area totaled 584-746 x 10% km?. Global carbonate production, which takes into account topographic relief
as a control on carbonate accumulation, was 1.00 Gtyr~!. These values are close to the most widely accepted
estimates of reef area and carbonate production and demonstrate that basic environmental data can be used to
define reef habitat and calcification. To simulate reef habitat changes since the LGM, the model was run at 1-kyr
intervals, using appropriate sea level and temperature values. These runs show that at the LGM, reef area was
restricted to 20% of that today and carbonate production to 27%, due primarily to a reduction in available space
at the lower sea level and secondarily to lower sea surface temperatures. Nonetheless, these values suggest that
reef growth prior to shelf looding was more extensive than previously thought. A crude estimate of reef-released
CO2 to the atmosphere since the LGM is of the same order of magnitude as the atmospheric CO, change recorded
in the Vostok ice core, which emphasizes the role of neritic carbonates within the global carbon cycle. This model
currently addresses only the major physical and chemical controls on reef carbonate production, but it provides a
template for estimating shallow tropical carbonate production both in the present and in the past. As such, the
model highlights several long-standing issues regarding reef carbonates, particularly in terms of better defining
the roles of light, temperature, aragonite saturation state, and topography on reef calcification.

Introduction proximately 0.6 mol of CO; is released to the atmosphere
[Ware et al., 1992; Frankignoulle et al., 1994]. Although the
present COg2 increase due to reef calcification is only about
1% of that due to fossil fuel combustion [Ware et al., 1992],
neritic calcification is probably an important carbon cycle
process over geologic time periods.

This paper presents the results of a new model for cal-
culating CaCOg3 production in shallow tropical carbonate
environments. This model, known as ReefHab, predicts reef
habitat on the globe and accumulation of CaCOgs within
these habitats as a function of four major physical/chemical
factors: temperature, salinity, nutrients, and light [Kleypas,
1995]. The model is also used to estimate changes in reef

Neritic carbonates have been a major sink for calcium
carbonate and therefore are an important component of the
global carbon cycle [Milliman, [1993]; Milliman and Droz-
ler, 1996]). Carbonates produced in shallow tropical waters,
in particular, are often preserved not only because of the
high rates of deposition but also because a large portion is
deposited above the lysocline. The magnitude of this sink
has changed over time depending on factors such as temper-
ature, sea level, continental distribution, and the predomi-
nant reef-building organisms (e.g., bivalves, sponges, corals,
algae). Milliman [1993] estimated that roughly half of the

CaCOj; accumulated in the ocean basins today is stor‘ed 25 habitat area and CaCOj production since the LGM, based
coral reefs, banks, and other neritic carbonates, but this fig- on global changes in sea level and sea surface temperature

ure was probably reduced during the last glacial maximum (SST).
((LGM) 21-18 ka), when sea level was below that of the
continental shelves and reef growth was restricted to narrow
zones along the steeper continental slopes.

The increase in CaCOg3 production on continental shelves
relative to that in ocean basins during sea level rise is the
basis for the “coral reef hypothesis,” introduced by Berger
[1982] and revisited by Opdyke and Walker [1992]. This hy-
pothesis highlights coral reef carbonate production as one
mechanism forcing Quaternary climate fluctuations. For ev-
ery mole of marine CaCOg precipitated and preserved, ap-

Because ReefHab is designed for global studies, it is im-
portant to note two important features regarding its scale.
First, the model is based on corals as the main carbonate
producers within predicted reef habitats. Certainly, many
other organisms contribute to carbonate production within
a reef habitat. The most significant of these, the calcare-
ous algae, have calcification rates similar to those of corals
[Bak, 1976], and ReefHab does not distinguish their relative
CaCO3 production. Second, because of the coarse resolu-
tion of the model (~85 km?), “reef” predictions tend to
include two other tropical environments of carbonate depo-
sition: submerged carbonate banks and Halimeda bioherms.
Paper number 97PA01134. Although corals and other reef-building organisms occur
0883-8305/97/97PA-01134$12.00 over a wide range of environmental conditions, reefs de-
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velop only where calcium carbonate production exceeds its
loss. Environmental conditions therefore control reef devel-
opment in two ways: (1) directly, by limiting reef-building
organisms, and (2) indirectly, by affecting net production of
calcium carbonate.

In ReefHab, salinity, nutrients, and temperature all exert
direct environmental control on reef distribution but not on
reef calcification, while light is assumed to indirectly limit
reef distribution by controlling calcification rate. Salinities
which vary from 25 to 40 are reef-limiting [Coles and Jokiel,
1992], because unfavorable (usually lower) salinities directly
exclude reef-builders rather than interfere with CaCQOj3 pro-
duction. Similarly, nitrate and phosphate are thought to di-
rectly control reef occurrence where elevated concentrations
enhance the growth of noncalcareous algae, which compete
with corals for space and light.

How temperature affects reef occurrence is less certain,
even though it is an obvious environmental control on reef
distribution. Reefs generally do not develop where minimum
winter temperatures fall below 16°-18°C. However, the rel-
ative effects of direct (elimination of species) versus indirect
(reduction of calcification) temperature constraints on reef
development are not known. Defining how temperature af-
fects reef occurrence is complicated by the positive correla-
tion of temperature with daylight and with saturation state.
Aragonite saturation state has received little attention but
has recently been suggested as a potentially important factor
in both coral and coralline algal growth [Smith and Budd-
emeier, 1992] and in carbonate accumulation [Opdyke and
Wilkinson, 1993].

Finally, most reef-building organisms are light-limited,
and hence they are confined to shallow, transparent waters
which guarantee sufficient light penetration necessary for
photosynthesis. In this case, reef development appears to be
a function of photosynthetically available radiation ((PAR)
wavelengths 400-700 nm) and its attenuation with depth.
This is reflected in the general observation that coral ex-
tension rates decline logarithmically with depth (Figure 1).
Even though individual corals present a wide range of calci-
fication versus depth profiles, the most practical assumption
for an entire reef community is that calcification is a linear
function of photosynthesis. Bosscher and Schlager [1992]
used this assumption to model vertical reef accumulation as
a function of light and sea level change by replacing the pho-
tosynthesis versus irradiance (P-I) curve with a calcification
versus irradiance curve (Figure 2). The hyperbolic tangent
function used to calculate the curves in Figure 2 is most
commonly used to represent the P-I relationship, although
other equations have been derived to take into account pho-
toadaptation [Chalker and Marsh, 1992).

Currently, there are few estimates of present-day coral
reef area and no published estimates of reef area change since
the LGM. Modern-day reef area estimates vary considerably
(Table 1). The most often quoted and applied figure is 617
x 10% km? provided by Smith [1978], which he considered

conservative.

Methods

Determination of Reef Habitat

The diagnostic model ReefHab (Figure 3) was used to de-
termine potential habitats for reef growth based on global
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Figure 1. Plot of coral extension rates in millimeters per year versus
depth. Most data are from original compilation by Huston [1985b],
who grouped data into depth ranges 0-5 m, 6-15 m, 16-25 m, and >
25 m. Compilation is from a wide variety of sources and is displayed
here to illustrate reduction in growth with depth across a wide variety
of locations and species, and as originally stated by Huston [1985b,
p. 21], “any application of statistical tests is of dubious validity.”
Additional sources are from Hudson [1981], Wellington and Glynn
[1983], Hubbard and Scaturo [1985], Tomascik and Sander [1985],
and Guzmdn and Cortés [1989]. Outlier at 24 m depth is from Tun-
nicliffe [1983], recorded as average branch extension rate of three
Acropora individuals.

environmental data of salinity, sea surface temperature, nu-
trients, and light (as a function of solar irradiance incident
on the sea surface, water depth, and water clarity; Table
2) [Kleypas, 1995]. All of the limiting values used to define
reef habitat were initially determined from values quoted in
the literature, although exact values presented in this paper
were iteratively determined based on comparisons of model
predictions with known reef locations. ReefHab predicts reef
habitat at the same resolution as the topography data set
(5'x5') since water depth variations occur over small scales
and have a strong control over reef distribution. Spatial res-
olution of the other input variables is much coarser (e.g.,
1°%1° for salinity); however, these data do not vary consid-
erably within their respective resolutions.

Monthly salinity values for the global oceans were ob-
tained from Levitus [1994]. These were used to directly
limit reef habitat to regions where average monthly salin-
ity remains between 30 and 39.

Nutrient concentrations (nitrate and phosphate) were ob-
tained from Levitus et al. [1993]. In the absence of data on
nutrient levels acceptable to reef development, the known
global distribution of coral reefs was compared with the
distribution of both nitrate and phosphate concentrations
[Kleypas, 1995]. The best correlation of nutrient concen-
trations with reef distribution (as determined visually from
global charts) occurred when annual average concentrations
of surface nitrate remained below 2.0 pmol L™! and phos-
phate remained below 0.20 pmol L™*.

Sea surface temperature data were derived from 15 years
of weekly satellite data combined with in situ measurements
[Reynolds and Marsico, 1993]. Reefs were limited to where
weekly sea surface temperatures remained between 18.1 and
31.5°C, except for enclosed seas, where reef habitat was al-
lowed between 15.0° and 33.5°C.

Light was used to define reef habitat by first calculating
the maximum depth of “adequate” light penetration at a
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Figure 2. Calcification (expressed as vertical accumulation rate)
versus irradiance curves for a typical hermatypic coral. G = vertical
accumulation rate; I, = photosynthetically active radiation (PAR) at
depth z, in uE m™2 s'l; I, = PAR at the light compensation depth;
and Gmax = maximum possible vertical accumulation. Calcification
is assumed to be a linear function of photosynthesis.

particular point and then testing whether the topographic
point lies above or below that depth. The most comprehen-
sive ocean topography data set available is ETOPOS5 [Sloss,
1986], which has a spatial resolution of 5' latitude and a
depth resolution of 1 m. However, its accuracy is poor in
waters shallower than 200 m, evidenced by spikes (mostly at
10-m intervals) in the hypsometric curve (Figure 4). These
spikes are artifacts of how uncharted shelf waters were in-
terpolated from surrounding waters (P. Sloss, personal com-
munication, 1996). Errors in the ETOPO5 data set were
treated by randomly redistributing excess values within a
spike to within +10 m of the spike.

The maximum depth of reef growth (zmax) was deter-
mined according to the equation

z _ log(Imin/PAR)
max K490

where Imin = minimum light intensity necessary for reef
growth (uE (uEinsteins) m~2 s™!); PAR = average daily
PAR at sea surface (LE m"‘2s*1); and K499 = diffuse ex-
tinction coefficient of light of wavelength 490 nm (m™).
Estimated daily average PAR at the Earth’s surface was
obtained from Pinker and Laszlo [1992], who determined
PAR at 2.5° x2.5° resolution by combining a radiative trans-
fer model with cloud cover data from the International Satel-

lite Cloud Climatology Project (ISCCP). These PAR values
thus reflect not only orbital and atmospheric changes but
also cloud effects. The annual average PAR reaching the
Earth’s surface is fairly constant in the tropics but drops
off rapidly at higher latitudes (Figure 5). In ReefHab cal-
culations, average daily PAR was converted from W m™2 to
pEm~ 257! by multiplying by a factor of 4.6 [Kirk 1994, p.
5]. Average PAR at the sea surface was attenuated with
depth using the diffuse attenuation coefficient of light of
wavelength 490 nm (K4g0) derived from coastal zone color
scanner (CZCS) data. The following conditions were as-
sumed:

1. The K4go values were assumed to be valid in coastal
waters, where most coral reefs exist. On the basis of com-
parisons of CZCS-derived K490 values with secchi disk depth
data [Kleypas, 1995], this assumption is adequate for the
broad applications of ReefHab.

2. The attenuation of wavelength 490 nm was assumed
representative of that of the absorption spectra for zooxan-
thellae. Falkowski et al. [1990] report that zooxanthellae
absorption occurs in a broad peak at 400-550 nm and in a
narrower peak at 650-700 nm. Attenuation of wavelengths
650-700 nm (reds) is very high, but the average attenuation
of wavelengths 400-550 nm (blues) is closely approximated
by that of wavelength 490 nm. Since the 490-nm wavelength
is most often the least attenuated in seawater, it closely rep-
resents the PAR wavelength of maximum penetration and
hence the maximum depth at which zooxanthellae can pho-
tosynthesize.

Reef growth is obviously limited by some absolute light
level, which explains their restriction to relatively shallow
waters [Huston, 1985a]. Several researchers have subscribed
to a general reef-limiting level of “10% of surface light,” but
this definition is confusing because surface light varies geo-
graphically. In ReefHab, a value of 10% of average surface
PAR at the equator (50 pEm™2s™!) was first used as a
limiting light level. The sensitivity of the model to this pa-
rameter was then tested by applying Imin values of 10, 25,
100, 150, 200, 250 and 300 puEm~2s7!

Determination of Reef Carbonate Production

Vertical accumulation rate. Vertical accumulation
rate was calculated according to the equation of Bosscher
and Schlager [1992]:

G = Gmaxtanh—l—z-
Iy

Table 1. Estimates of Area Extent of Present-Day Coral Reefs

Estimate

Source 103 km? Notes

Smith [1978] 617 reef coverage to 30 m depth

De Vooys [1979] 100

Achituv and Dubinsky [1990] 2000

Crossland et al. [1991] 617 used Smith’s [1978] estimate to include photic zone
reefs, where sediments are 80% reefal

Copper [1994] 1500 added relict reefs, carbonate banks, and interreef
tract to Crossland et al. [1991] estimate

This study 584-3930 range of modeled results based on light-dependent

reef depth limit
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Figure 3. Generalized flow chart of ReefHab model inputs, calculations, and outputs. See text for details.

where
G vertical accumulation rate (mmyr™');
Gmax maximum vertical accumulation rate
(mmyr~);
I,  PAR at reef depth z (WEm™2s71)
(Iz = surfe_K‘wO.z);
I saturating light intensity necessary for

photosynthesis (uEm™2s71).

A maximum vertical accumulation rate (Gmax) of 10 mm
yr~! was input into the model and was derived from maxi-

mum vertical accumulation rates determined from reef cores

(11 mmyr~![Stearn et al., 1977); 12 mmyr~'[Davies and
Hopley, 1983]; 10 mm yr~*[Buddemeier and Hopley, 1988)).
However, in calculating average carbonate production for
an entire grid cell, vertical accumulation rates were scaled
down an order of magnitude. This is because a 5' x5’ grid
cell (Figure 6a) may include many reef environments: reef
front, reef crest, leeward reef, reef flats, and reef slopes, all
of which have measured differences in vertical accumulation
rates. A significant portion of most cells also consists of in-
terreef areas which still accumulate carbonate but at a much
lower rate than actively growing reefs. Average produc-
tion across all coral reef environments has been estimated

Table 2. Spatial and Temporal Scales of Environmental Data Used in ReefHab Model

Scale
Parameter and Source Spatial Temporal Limiting Criteria
Salinity 1 deg monthly minimum monthly > 30.0
Levitus [1994] maximum monthly < 39.0
Sea surface temperature, °C 1 deg weekly minimum weekly > 18.1°
Reynolds and Marsico [1993] maximum weekly < 31.5°
Nutrients, pmol L-1 1 deg monthly annual average NO; < 2.0 pmol Lt
Levitus et al. [1993] annual average POy < 0.2 pmol Lt
Water depth, m 5 min - where water depth < zmax
Sloss [1986] Zmax = depth of average PAR saturation
according to [log(Imin /PAR)]/ K490
where I, = 50 — 300 uE m~2s~
PAR, W m™2 2.5 deg monthly see above
Pinker and Laszlo [1992)
Water transparency, K499 18 km monthly see above

Arnone et al. [1992]

Abbreviations are PAR, photosynthetically available radiation; CZCS, coastal zone color scanner.
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Figure 4. Distribution of water depths between 0 and 200 m,
ETOPOS5 database, 35°N-35°S. Dashed line shows distribution of wa-
ter depths after excess values in spikes were randomly redistributed
about £10 m of the spike.

at 1200-1500 g CaCO3 m™2 yr~! [Milliman, 1993; Milli-
man and Drozler, 1996], which roughly equates to a vertical
accumulation rate of 0.8-1.1 mmyr~! (an order of magni-
tude lower than the maximum vertical accretion rates cited
above). To calculate CaCOj; production over an entire 5' x5’
grid cell, vertical accumulation rates (mmyr~!) were con-
verted to production (gigatons (Gt) yr~!) using a conversion
factor of 1.445 gcm™2 (this assumes a carbonate density of
2.89 g cm ™2 and an average porosity of 50% [Kinsey, 1981]).

Values for I;. I} varies greatly between coral species,
and I, for an entire reef is a function of the reef commu-
nity versus individual species. However, there are no estab-
lished values of I for whole reefs. In terms of reef carbon-
ate production rate, this value is more heavily weighted by
the contribution of fast-growing frame-building corals. For
example, vertical reef growth in the western Caribbean re-
sponded to sea level rise differently than that in the eastern
Caribbean because two different species of Acropora dom-
inate as frame-builders (A. cervicornis in the west and A.
palmata in the east [Macintyre, 1972; 1988]). The satu-
rating light intensity for A. palmata, an active framework
coral in depths less than 5 m, is apparently higher than
that of A. cervicornis, which builds framework down to 20
m depth. Bosscher and Schlager [1992] quoted Ii values
of 50-450 pEm~ 257! for a range of coral species and used
values between 200 and 450 puEm~™2s! in their light ver-
sus reef growth simulations without stipulating reasons for
choosing these values.

Different light saturation intensities (Ix) between 50 and
300 uEm™ 257! were used in separate model runs to calcu-
late carbonate production rates. In each run, I; was held
constant on the globe, although undoubtedly there is varia-
tion in [} across different coral communities. Calculated car-
bonate production for the southern Great Barrier Reef using
an I = 250 puEm~2s7! is shown in Figure 6b. It should be
noted here that the above equation allows CaCO3 produc-
tion to depths greater than 30 m. That is, even though total
reef area was restricted to depths 30 m and less, some verti-
cal accumulation (about 20% using the above equation) does
occur deeper than 30 m, and this is included in the estimates
of total CaCO3 production. This is evident in Figure 6 as
vertical accumulation adjacent to but not directly within the
confines of the well-defined reef.
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Adjustment to carbonate production based on to-
pography. A measure of topographic relief was devised to
account for greater reef growth along topographic breaks
and on topographic highs. The effects of topographic posi-
tion on reef growth are obvious at several scales: Reefs tend
to colonize topographic highs on otherwise flat shelves; reefs
attain highest density on the edges of continental shelves
and particularly on headlands; and reefs tend to grow faster
where hydrographic exposure is high. Bosence and Waltham
[1990] pointed to shelf architecture as a major control on
carbonate platform development, and similarly parameter-
ized shelf topography in their model, using distance from
shoreline to adjust carbonate accumulation.

In ReefHab, a two-step process was used to parameter-
ize topographic relief. First, topographic relief (o) at each
5'x5' cell was derived by summing the slopes of the lines
connecting a cell’s centerpoint to the centerpoints of the sur-
rounding eight cells, with downward slopes away from the
point designated as positive and upward slopes as negative.

3

o= 23: Z tan”ll)Zi,,- — Za2,2

i,i—2,2
i=1 j=1 7

where Z = grid cell depth (m); D = distance between grid
cell centers (m); and ¢,j = row and column numbers of cells.

Thus « is a measure of overall relief of that location rela-
tive to the surrounding locations. Inner continental shelves
tend to have little topographic relief (e.g., @ = 0.1); typi-
cal continental shelf breaks have moderate topographic relief
(e.g., @ = 1.7); while atolls which rise steeply from the ocean
floor have high topographic relief (o = 1.7-10.0; Figure 7).
Since there is no evidence that atolls or reef areas near very
steeply sloping continental shelves accumulate CaCO3 more
rapidly than shelf break reefs, values of o greater than 1.7
were reassigned to 1.7. Second, a topography factor (TF)
of 0.05-1.00 was empirically derived using dynamic simula-
tions of reef growth across a continental shelf in response to
sea level rise (J. Kleypas, manuscript in preparation, 1997).
These simulations were calibrated across several transects
of the Great Barrier Reef, where actual Holocene reef thick-
nesses are well documented [e.g., Hopley, 1982; Davies and
Hopley, 1983]. The following equation for TF yielded the
most realistic reef thicknesses in the simulations.

130 — 600
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Figure 5. Zonally averaged PAR on the globe in both W m~2 and
rE m™2 s"l; data provided by Pinker and Laszlo, [1992]. The sharp
dip in PAR at 5°N reflects increased cloudiness of the Intertropical
Convergence Zone.
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Figure 6. (a) 3°x3° section of the southern Great Barrier Reef, showing resolution of ETOPO5 5'x5’ topography.
Coastline and reef outlines are overlain for comparison. This particular area comprises the Pompey and Swain Reefs.
(b) Calculated vertical accumulation rates from ReefHab, using depths shown in Figure 6a, and average K49 values

from coastal zone color scanner. I = 250 pE m~2s71,

relief. Low values indicate very little relief from surrounding locations, and high values indicate high relief.

(c) Topography factor as parameterized from topographic

(d) Vertical

accumulation rates, adjusted with topographic factor. Values are obtained by multiplying vertical accumulation values

in Figure 6b by the topography factor in Figure 6c.

TF = In(a x 100)
5

The topography factor was used in the model to scale the
vertical accumulation rate derived from the P-I curve (Fig-
ures 6¢c and 6d). For example, if the vertical accumula-
tion rate at a particular location was determined to ‘be 10
mmyr~* and the topography factor was 0.9, then the ad-
justed vertical accumulation rate was 9 mmyr™?.

This factor provides a means of assessing the overall ef-
fects of topography on net accumulation, and factors affect-

ing net accumulation (accretion, import/export, and disso-
lution) were not considered separately. Reefs along outer
continental shelves and mid-ocean atolls have TF's near 1.0,
so that maximum accumulation rates are observed, while
topographically uniform inner continental shelves have TFs
near 0.05, consistent with minimum accumulation rates ob-
served for such regions.
Simulation of Changes in Reef Area and CaCO3;
Production Since the LGM

Changes in reef area cover and carbonate deposition since
the LGM were calculated using ReefHab at 1-kyr intervals,
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Figure 7. Relationship between a and topography factor. Typical
3x3 grids of water depth and resulting o values are illustrated for
atolls, shelf breaks and inner continental shelves. Central grid cell is
the value for which « is calculated, relative to the eight surrounding
water depths.

using modifications of both sea level and SST. Sea level was
adjusted according to the ice age paleotopography of Peltier
[1994], which has a 1°x1° resolution and is compiled at 1-
kyr intervals beginning with 21 ka.

The sensitivity of the model to temperature changes since
the LGM was tested using three different SST scenarios:
(1) assuming SSTs have been constant over the past 21
kyr (control); (2) using the.- CLIMAP Surface Configura-
tion Data Base for 18 ka [CLIMAP Project Members, 1997}
(CLIMAP); and (3) using two times the difference between
CLIMAP and present-day values (CLIMAP x2). In scenar-
ios 2 and 3, the 18-ka SST values were corrected to 21 ka
based on the U-Th calibration of Bard et al. [1990], and the
21- to 0-ka SST curve was the same as that used in pale-
oclimate models [Kutzbach and Ruddiman, 1993; Kutzbach
et al., 1993]: The 21-ka SSTs were retained for the interval
21-18 ka, SST was linearly increased to present-day values
between 18 and 6 ka, and present-day SSTs were used be-
tween 6 ka and the present. CLIMAP estimates of SSTs at

the LGM are resolved at 2°x2° resolution. Tropical SSTs
estimated in CLIMAP are considered conservative, on av-
erage being reported as only 1°-2°C cooler than those of
today, while recent data indicate that tropical SSTs were
around 3°~6°C cooler (see Broecker [1996] for a review and
also Bard et al. [1997], Beck et al. [1997], Curry and Oppo
[1997], and Webb et al. [1997]). True SSTs during the LGM
were thus probably closer to the CLIMAP X2 simulations.

Light, water transparency, salinity, and nutrient concen-
trations were left unchanged in the simulations. On the basis
of results of present-day model runs (Table 3), a minimum
light level (Imin) of 250 pEm™%s™! was used to determine
reef area coverage. Total carbonate production was calcu-
lated using I = 250 pEm™2s71,

Results
Estimates of Total Reef Area

ReefHab estimates of total reef area changed dramatically
with the chosen light limit (Figure 8). Maximum depth of
reef growth was reduced from 150 m to less than 30 m and
total reef area from 3930 x 10° km? to 584 x 10° km?,
when Inin was increased from 10 to 300 pE m~2s~! (Table
3). ETOPOS5 hypsometry (Table 4) shows that more than
30% of tropical continental shelf areas (approximately the
0 to 200-m contour) is less than 30 m deep, compared with
Smith’s [1978] assumption that the 0 to 30 m interval (his
depth limit for reefs) comprised only 15% of the 0 to 200-
m contour. Still, Smith’s reef area estimate of 617 x 10°
km? is close to the model estimates when Imin = 250-300
pE m~2s7! (746-584 x 10° km2). These Imin values restrict
reef growth in ReefHab to waters 30 m depth and less, but
the choice of Inin depends on the definition of a coral reef.
Lower values account for deeper-water reefs, which may be
significant as diverse ecological communities but which prob-
ably contribute little to the global CaCO3 budget,

The predicted distribution of reefs on the globe when I'nin
= 250-300 is similar to that of charted reef locations. Be-
cause not all coral reefs are charted on existing global maps,

Table 3. Reef Area Cover by Depth, Based on Different Reef-Limiting Light Levels

Imin, HE m~2s71
Depth Range, m 10 25 50 100 150 200 250 300
0-9 568 568 563 508 457 411 362 313
10-19 1179 1122 747 662 63 475 381 271
20-29 333 305 253 151 73 24 3 <1
30-39 302 266 206 77 16 1 <1
40-49 384 329 217 31 <1
50-59 428 330 131 2
60-69 242 165 43
70-79 181 91 5
80-89 126 52 <1
90-99 100 12
100-109 57 1
110-119 20 <1
120-129 9
130-139 2
140-149 <1
TOTAL 3930 3242 2166 1432 1109 911 746 584

Except where noted, all values are x 103 km?2.
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Figure 8. Predicted reef habitat as determined when reef-limiting PAR level is
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within the 1° cell which are suitable reef habitat.

type I errors of the model (failure to predict a known reef
location) are easier to verify than type II errors (false posi-
tive predictions). Type I errors are evident in the Arabian
Sea and around the Spratly Islands (southeast of the Philip-
pines), where the model fails to predict any reefs. Type II
errors are most evident off eastern South America and west-
ern Africa, where reefs are overpredicted. Most type II er-
rors can be traced to inaccuracies in the input data (e.g.,
annually averaged Ky4go values off South America do not
adequately represent seasonally high turbidity during Ama-
zon floods, and ETOPO5 topography of third world coun-
tries is often derived from poor-resolution charts). ReefHab
appears to overpredict more often than underpredict reef
habitat, but it apparently predicts locations of several pre-
viously uncharted submerged reefs in Indonesian waters (J.
McManus, ICLARM, personal communication, 1996).

Present-Day CaCO3; Deposition Rates

Present-day CaCO3 rates were calculated at each cell in
ReefHab and then summed to obtain a global figure. Three
major points can be drawn from Figure 9, which illustrates
calculated changes in carbonate production as a function of
depth and different light saturation intensities, and Table 5,
which shows total carbonate deposition in gigatons per year.
First, the topography parameter reduced light-dependent
carbonate production by a factor of 2.5-3.0. Second, to-

7% Reef Coverage

50 60 70 80 90 100

(a) 50 pEm~25~land  (b) 300

For clarity, 5’ resolution results have been averaged to 1°; shading indicates the percentage of 5' x5’ cells

tal calculated carbonate production nearly doubled as light
saturation intensity was reduced from 300 pEm~2s7?! to,
50 uEm~2s™!. Third, the topography-adjusted values were
reasonably close to Milliman’s [1993] figure of 0.9 Gtyr~?,

Table 4. Topographic Areas Within Depth Zones on the World’s
Continental Shelves Between 35°N and 35°S

Depth Total Cumulative Cumulative
Range, Area, Area, Percent of
m 103 km? 103 km? 0-200 m Area

0-9 1,057 1,057 8.2
10-19 2,143 3,200 24.9
20-29 1,667 4,867 37.9
30-39 860 5,727 44.6
40-49 872 6,599 51.4
50-59 1,155 7,754 60.4
60-69 1,087 8,841 68.8
70-79 673 9,614 74.1
80-89 540 10,054 78.3
90-99 422 10,476 81.6
100-109 550 11,025 85.8
110-119 413 11,438 89.1
120-129 248 11,686 91.0
130-139 215 11,901 92.7
140-149 194 12,095 94.2
150-159 212 12,307 95.8
160-169 154 12,461 97.0
170-179 131 12,592 98.1
180-189 120 12,713 99.0
190-199 130 12,843 100.0

Data based on ETOPOS5 world topography [Sloss, 1986], correctéd
to remove spikes.
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Figure 9. Carbonate production with depth, based on different light
saturation intensities (I ). Solid lines represent unadjusted carbon-
ate production with I values indicated. Dashed lines represent car-
bonate production using the same [} values but adjusted with the
topography factor.

while unadjusted values were at least twice as high, even
when Ij was as limiting as 300 pEm™?s7!.

Estimated Changes in Reef Area Cover and
CaCO3 Production Since the LGM

Modeled changes in reef area cover for the last 21 kyr, us-
ing an Imin = 250 uEm™2s™! (which restricted reef growth
to 30 m or less), showed that reef area increased rapidly as
sea level rose and flooded the continental shelves, until 6 ka,
after which reef area dropped slightly to present-day cover-
age (Figure 10a). Changes in reef CaCOj3 production rate
reflected changes in reef area (Figure 10b). CaCOg3 produc-
tion initially peaked at 11 ka, and then leveled out between 7
and 1 ka. Topographically adjusted production was less than
one third that of unadjusted values. CLIMAP simulations
reduced control values of reef area cover and CaCOg3 produc-
tion at the LGM to 8 and 6%, respectively, and CLIMAP x2
simulations reduced controls by 12 and 13%.

Calculated changes in CaCOj3 production were compared
to atmospheric CO; records since the LGM for evidence that
reef growth might be reflected in atmospheric CO2 changes.
CO> concentration since the LGM as recorded in the Vostok
ice core [Barnola et al., 1987; Barnola et al., 1991] increased
as reef area and carbonate production increased (Figure 10),
although the peak in atmospheric CO2 concentration ap-
pears to predate the peak in reef carbonate production by
about 2 kyr.

Atmospheric CO2 concentration is the product of a wide
variety of processes operating at different timescales [Siegen-
thaler and Sarmiento 1993]. Treatments of the effects of
shelf versus basin carbonate deposition on atmospheric CO2
are given by Opdyke and Walker [1992] and Archer and
Maier-Reimer [1994]. Total production of CO2 by ReefHab
reef growth was grossly calculated using relationships estab-
lished by previous researchers, with only broad consideration
of the redistribution of that COz once in the atmosphere.
The primary relationship is that at pCO2 = 350 patm, ¥ =
0.6 (¥ = moles CO; released : moles CaCOj precipitated)
[Ware et al., 1992], although Frankignoulle et al. [1994]
showed that ¥ has increased from around 0.55 at the LGM

to 0.67 today. Using ¥ = 0.6, for every gigaton of CaCO3;
precipitated (mol wt = 100), 0.072 Gt of C are available for
release to the atmosphere (mol wt = 12 x 0.6). As much
as a third of the CO; released may be taken up by organic
C production, which if stored, would reduce this value to
as low as 0.048 Gt of C [Ware et al., 1992]. Finally, each
gigaton of C added to the atmosphere as CO2 corresponds
to a CO2 change of 0.478 ppmv (parts per million by vol-
ume) [Houghton et al., 1994]. For example, the current rate
of reef CaCOg3 production quoted by Milliman and Drozler
[1996] of 0.9 Gt yr~! theoretically releases 0.043 Gt C to the
atmosphere each year, which corresponds to a 0.02 ppmv
yr~! change in atmospheric COa.

The reef contribution to atmospheric CO3 since the LGM
was thus calculated as a function of carbonate production
over each 1-kyr period and was determined for topographi-
cally adjusted carbonate production only (Figure 10c). This
crudely calculated flux of reef-produced CO; to the atmo-
spheric (295 ppmv since LGM) is more than 3 times that
reflected in the Vostok ice core (80 ppmv). As shown in Fig-
ure 10c, a two-thirds reduction of the calculated reef CO,
production provides an approximate match for the Vostok
COg3 increase.

Discussion
Assessment of ReefHab

The more conservative ReefHab estimates of both reef
area cover and CaCOg deposition are close to those obtained
by other researchers. These values can be and have been
calculated from existing knowledge of where and how deep
reefs actually occur. However, such knowledge is incom-
plete, particularly for marginal environments where CaCO3
is being deposited but which are not included in current esti-
mates of reef coverage, and also for previous time periods for
which reef area coverage is very poorly known. The values
of the modeling approach presented here are thus (1) it po-
tentially introduces less bias into estimates of reef coverage
and CaCOj3 deposition because carbonate environments are
assessed based on measured environmental factors and not
on previously charted reef locations and (2) it allows extrap-
olation of reef carbonate production to other time periods.

However, as with any modeled versus real data, one must
consider the model assumptions. The assumptions underly-
ing the estimates of reef carbonate production presented in
this paper are addressed below.

Table 5. Changes in Net Annual CaCOg Production Using Different
Light Saturation Intensities

Unadjusted CaCOg3 Adjusted CaCOg

Iy, Production, Production,
;I,Em"2 s—1 thr"1 thr"1

50 5.04 1.68

100 3.97 1.42

150 3.33 1.24

200 2.88 1.11

250 2.54 1.00

300 2.26 0.90

Adjusted CaCQOg production was derived for each cell by multiply-
ing unadjusted production by the topography factor.
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Figure 10. (a) Calculated changes in both total area between 0 and
200 m depth, and reef area, between LGM and present. Solid, dashed,
and dotted lines illustrate sensitivity of model to SST: solid, model
runs using CLIMAP SST values; dashed, runs using present day SST
values; and dotted, runs using CLIMAP X2 values. (b) Calculated
changes in total reef CaCOg production since LGM, using an I of
250 uE m~2s-1, Solid, dashed and dotted lines indicate same SST
conditions as in Figure 10a. (c) Comparison of reef-released CO3 to
the atmosphere with concentrations preserved in the Vostok ice core
[Barnola et al., 1987, 1991]. Shaded area represents atmospheric CO2
concentrations from the Vostok ice core; measurements are marked
by vertical lines. Dashed lines represent cumulative increase in reef-
released COg, calculated using adjusted reef carbonate production in
Figure 10b, and again using one third that value.

Input data are adequately resolved and accurate.
The major problems with ReefHab are the spatial resolution
of some input data and reduced accuracy of ETOPOS5 depths
shallower than 200 m. As environmental data become better
resolved, predictions of reef habitat and carbonate produc-
tion rates will improve.

Calcification is a linear function of light inten-
sity. Total calcification on a reef is the sum of calcifica-
tion by its individual species; therefore each reef community
should respond differently to the underwater light regime.
ReefHab assumes these differences are minor from reef to
reef. However, the different responses of eastern versus west-
ern Caribbean reefs to Holocene sea level change [Macin-
tyre, 1988] demonstrate the need to consider how calcifica-
tion versus irradiance varies between reef communities. An
ideal method would be to apply known P-I curves of all
constituent corals and other calcifying organisms on a given

reef, but this would require unattainably detailed knowledge
of the abundance, depth distribution, and calcification ver-
sus irradiance curves for all calcifying species of various reef
communities.

The effects of other environmental factors on reef calcifi-
cation (as opposed to reef distribution) are not yet consid-
ered in ReefHab. Temperature has often been suggested as a
control on coral growth rates [Gladfelter et al., 1978; Grigg,
1982, 1988; Tomascik and Logan, 1990], but this relationship
has not been quantified separately from the effects of light
or saturation state. Also at higher latitudes, seasonal dif-
ferences may exert a strong influence on both the maximum
depth of reef growth and on total calcification. In these re-
gions, where maximum depth of light penetration can vary
over several tens of meters, photosynthetically driven calci-
fication may be more heavily augmented by heterotrophic
feeding, in which case the assumption that calcification is
linearly related to photosynthesis would not be valid.

Finally, net calcification on a reef must take into account
not only precipitation of calcium carbonate but total loss
as well. If carbonate losses are constant, then extrapolating
reef accumulation from reef core data (as was done in deriv-
ing maximum accumulation rates) inherently includes these
values. Even if such losses are not constant, as indicated by
studies on bioerosion across different environments [Hutch-
ings, 1986; Hallock, 1988; Risk et al., 1995] and estimates of
carbonate transport off reefs [Hubbard et al., 1990], the fac-
tors controlling carbonate loss are still insufficiently defined
to be modeled at the global scale.

Topography affects reef carbonate deposition. The
topography factor was incorporated in the model in an at-
tempt to localize reef calcification on the most exposed por-
tions of continental shelves. Although there is no preexist-
ing measure of how topography affects carbonate deposition
rates, its parameterization in ReefHab appears to reflect ac-
tual deposition better than the assumption that topogra-
phy has no effect. Therefore calculations of CaCO3s produc-
tion which incorporate the topography factor are considered
more realistic.

Changes in Reef Area Cover and CaCO3;
Production Since the LGM

ReefHab calculations indicate that even if environments
favorable to reef growth existed during and since the LGM,
total area available was reduced to about 25-50% that of
the present until flooding of continental shelves at 8-10 ka.
Most of the reduction in reef growth was clearly due to
lack of available space. In the LGM simulation, lowered sea
level accounted for a reduction in reef area cover to 20% of
present-day values and CaCOgs production to 27%. By com-
parison, lower SSTs at the LGM, by reducing the latitudinal
extent of reefs (recall that temperature was used as a con-
trol on reef distribution but not calcification), reduced reef
area cover and CaCO3s production only to 80-90% of con-
trols. Only sea level and SST were changed in the ReefHab
determination of reef growth since the LGM; although these
are thought to be the most important factors limiting reef
growth during this period, changes in the other variables
surely imparted some effects on reef growth.

Two closely related variables that may have further re-
duced reef growth at times are turbidity and nutrients. For
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example, water clarity was thought to have been so re-
duced during flooding of the insular shelves in the Caribbean
that some reefs drowned when decreased light availability
resulted in significant reduction of their calcification rates
[Adey et al., 1977; Macintyre, 1988; Buddemeier and Hop-
ley, 1988]. In addition, growth of the Great Barrier Reef was
suppressed for 1200-2000 years after initial shelf flooding,
probably due to increased nutrient concentrations and/or
turbidity [Hopley, 1994}, while at the same time, Halimeda
bioherm development was enhanced. (Note that in this case,
because Halimeda calcification rates rival those of coral reefs
[Freile et al., 1995; Hillis, 1997], a reduction of coral CaCO3
production does not necessarily mean a drop in total CaCOg
production in reef habitats.)

Another variable thought to have affected reef growth is
sea level surges. Some reef drownings or hiatuses in reef
growth appear to have been caused by catastrophic surges
in sea level rise associated with ice sheet collapse [Chappell
and Polach, 1991; Edwards et al., 1993; Blanchon and Shaw,
1995; Larcombe et al., 1995; Bard et al., 1996]. This version
of ReefHab did not consider the rate of sea level rise to
be a factor in overall reef calcification and assumed that
whether as a constructional reef or as a thin veneer, reef
calcification continued throughout sea level change through
keep-up and catch-up strategies [Neumann and Macintyre,
1985] or backstepping [Hubbard, 1992].

ReefHab estimates of reef calcification since the LGM pro-
vide the basis for calculations of reef-contributed CO; flux
to the atmosphere. Comparison of Figures 10b and 10c sug-
gests that the sharp increase in atmospheric CO2 concen-
tration at 13 ka preceded the peak in CaCO3 production by
2 kyr. Indeed, ice core chronoiogy indicates that most of
the global warming and sea level rise since the LGM lagged
atmospheric CO3 increase by 2-3 kyr [Sowers and Bender,
1995]. It thus seems more logical that increased reef growth
is a consequence rather than a cause of the atmospheric
COg increase. However, in positive feedback, increased reef
growth since the LGM likely contributed to the atmospheric
CO3 reservoir.

Crude estimates of CO32 production by these reefs are of
the same order of magnitude as atmospheric CO2 concen-
trations recorded in the Vostok ice core. However, these
values represent a one-way flux into the atmospheric CO;
reservoir only, and do not reflect subsequent adjustments
by the many interrelated feedback mechanisms (e.g., bio-
spheric and oceanic uptake and dissolution of shelf carbon-
ates during lowered sea level). Present-day measurements
indicate that about a third of the anthropogenic releases of
CO3 is absorbed by the oceans [Siegenthaler and Sarmiento,
1993}, and over the timescale of millenia, deep-ocean circu-
lation should further lower atmospheric CO; levels through
dissolution of carbonates near the carbonate compensation
depth. These processes may help explain the two-thirds re-
duction needed to bring the given estimate to within the
range recorded in the Vostok ice core (Figure 10c).

A better measure of the magnitude of this flux might be
to compare total shallow shelf carbonate deposition rates
obtained from ReefHab with rates used in the Opdyke and
Walker [1992] model designed to test the coral reef hypothe-
sis. ReefHab CaCOj3; production increased from 0.26 Gt yr"1
at the LGM to a maximum of 1.07 Gtyr~! at 2 ka, while

the Opdyke and Walker model fluctuated total shelf CaCOg
sedimentation between —0.7 and 2.3 Gt yr~*(dissolution of
exposed shelf carbonates during lower sea level accounts for
the negative lower limit). Their higher estimates were suf-
ficient to explain atmospheric CO2 fluctuations to within a
few ppmv, so it is reasonable to say that according to their
model, ReefHab carbonate deposition rates are too low to
explain the Vostok ice core results alone. However, the mag-
nitude of the reef-produced CO2 fluxes is not inconsistent
with the estimates of total carbonate effects. .

Kayanne [1992] disputed the coral reef hypothesis based
on geologic cross sections of several shelf reefs which be-
came established at 7-8 ka. However, because of the lack
of geologic data from off-shelf reefs, this approach naturally
neglects reef growth prior to 8 ka. Continued discovery of
submerged and drowned reefs in the tropics worldwide indi-
cates that coral reef development in waters off the edges of
continental and insular shelves prior to shelf transgression
was more extensive than formerly thought [Macintyre, 1972;
Hine and Steinmetz, 1984; Moore and Fornari, 1984; Har-
ris and Davies, 1989; Moore et al., 1990; Vora and Almeida,
1990; Ludwig et al., 1991; Lidz et al., 1991; Macintyre et al.,
1991; Rougerie et al., 1992]. There is also recent evidence
that a mass mortality event on a reef may be succeeded by
extremely rapid rates of erosion [Fakin, 1996; Glynn, 1997].
Hence evidence for such reefs may be lacking in the geologic
record, and indeed, ReefHab does not take into account such
calcification losses.

Conclusions

This paper represents the first attempt to use environ-
mental variables to analyze and predict modern reef distri-
bution and to quantify changes in reef habitat and calci-
fication since the LGM. ReefHab results indicate that (1)
within limits defined by temperature, nutrients and salinity,
the latitudinal and depth distribution of PAR (photosyn-
thetically available radiation) and the benthic area available
can satisfactorily predict many aspects of modern reef dis-
tribution; (2) unless environmental requirements for coral
reef development were significantly reduced during the last
marine transgression, reef growth prior to shelf flooding was
probably more extensive than previously thought; and (3)
the role of neritic carbonates, and reefs in particular, in the
global carbonate budget is potentially quite important and
should be more closely examined.

This research contributes to and emphasizes the impor-
tance of several long-standing issues regarding coral reef
growth: (1) At what level of detail and with what accu-
racy can reef calcification be regarded as a function of PAR
and its attenuation with depth? (2) How does temperature
affect coral and reef calcification rates? (3) What is the
effect of aragonite saturation state on coral and reef calcifi-
cation? (4) How does submarine topography influence reef
calcification and carbonate accumulation? (5) What geo-
logic evidence of early Holocene reef growth do we have?
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