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ABSTRACT: We have used digital photography, image analysis and measurements in the field to
determine the growth rates of Quaternary corals in the Wakatobi Marine National Park, Indonesia,
and compared them to growth rates of similar corals in the same area. In the Quaternary deposits it
was possible to measure the growth rates of two massive coral genera Porites and Favites. For each
genus, the corals reworked from better-illuminated upslope environments had higher growth rates
than the in situ fossil corals. The calculated radial growth rates for the in situ Porites are slightly lower
than, but of the same order of magnitude as, the modern Porites growing in 10 m water depth at Hoga
(10.04+3.34 mmyr~' + 1 s.d.; n=3) and Kaledupa (15.26 +4.83 mmyr~' +1 s.d.; n=3).
Sedimentation rates and underwater visibility are inferred to have been similar in the fossil site to
that at the modern Kaledupa site. Decreasing light penetration due to increased water depth is
inferred to have been a major influence on growth rates. The in situ massive corals with good growth
banding are inferred to have grown in a comparable environment to modern Kaledupa and Hoga. The
study highlights that it is possible to compare coral growth rates, and their influencing parameters,
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from modern and well-preserved ancient examples. Copyright © 2006 John Wiley & Sons, Ltd.
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Introduction

While there have been many studies of coral growth rates (e.g.
Hubbard and Scaturo, 1985; Crabbe et al., 2002; Crabbe
and Smith, 2002, 2003; Crabbe, 2003), the intercorrelation of
modern and Quaternary environmental effects on growth is
often hindered as data are not available from the same area
(Pandolfi, 2002).

The Wakatobi Marine National Park is situated in the Tukang
Besi archipelago, a remote island group of about 200 000 hec-
tares off SE Sulawesi in Indonesia (Figs 1 and 2) (Elliot et al.,
2001). Using digital videophotography and computer image
analysis, as well as physical measurements, we have surveyed
the reefs near the island of Hoga, where a Marine Research
Station, run by Operation Wallacea, is situated. For modern
reefs, we have concentrated on three different reef sites in the
Park, each separated by about 1.5 km. One has high turbidity
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and experiences high human activity (Sampela), another has
low turbidity and little human activity (Kaledupa), and the third
has intermediate water clarity and human use (Hoga) (Crabbe
and Smith, 2002, 2003, 2005, 2006; Crabbe et al., 2004).

A Quaternary coral-rich limestone, up to 400m thick, is
exposed onshore around the margins of the islands of the
Tukang Besi Group (Koswara and Sukarna, 1994). Preliminary
study of these limestones on Hoga and the neighbouring island
of Kaledupa revealed that these deposits accumulated in reefal
and reef-associated environments comparable to those seen
offshore today. In a quarry section on Kaledupa (Figs 3 and 4)
massive corals are preserved with growth banding picked out
by differential erosion (Fig. 5(a)—(c)). The quarry is a perpendi-
cular cut through a reef front, and in this exposure it is possible
to infer some of the environmental parameters that influenced
the massive corals during their growth.

The Quaternary site

Since the quarry on Kaledupa is a perpendicular cut through
reefal and forereef deposits it is possible to measure directly
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Figure 1 Map of SE Sulawesi and the Tukangbesi archipelago, showing the area of the Wakatobi Marine National Park in the boxes

parameters such as water depth, facing direction and slope
angle. Other past parameters such as temperature, salinity,
water clarity, nutrient conditions and depositional energy can-
not be measured directly. However, through study of the pre-
served biota and the associated sediments it is possible to make
inferences about these conditions during the time of coral
growth.

The quarry walls, and rocks exposed in the hillside above,
preserve an excellent near perpendicular cut through a reef
crest and its forereef deposits with the original aragonite-secret-
ing reefal biota preserved in life position or sometimes toppled.
The strata of the forereef deposits are composed of lithified car-
bonate sand with the original depositional layering preserved
(Fig. 4). There is minimal evidence of compaction features in
these forereef deposits, based on petrographic study of thin sec-
tions. The inclination of the sedimentary layers is inferred to be
very close to the original slope angle. The measured forereef
slope angle is between 30° and 42° and dips towards the
NNW (Fig. 4). The massive corals with growth banding pre-
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served grew on and colonised the lower parts of this forereef
slope and some are in growth position (Fig. 5). Others have
been reworked from higher up the slope. The vertical height
difference between where the massive corals are preserved
and the very gently inclined reef crest to reef flat deposits is
22 to 25 m (cf. Perrin et al., 1995; Perrin, 2000). The reef crest
and flat deposits are dominated by in situ colonies of branching
Acropora, consistent with their development in very shallow
waters. Unfortunately it was not possible to observe growth
banding in the branching Acropora since they have been totally
leached out and only moulds remain.

The lithologies of the forereef deposits are composed of
medium- to coarse-grained carbonate grains with only traces
of finer clay-grade material and less than 2% non-carbonate
material. The size fraction of grains present would have meant
that any sediment entrained within the water column by waves
or storms would have rapidly settled out of suspension. Water
clarities similar to those on the modern reefs at Kaledupa,
where the sedimentation rate is 5.35+0.68g dry weight
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Figure 2 Diagram showing the sites studied in the Wakatobi Marine National Park. A, Hoga site; B, Sampela site; C, Kaledupa site. The quarry is
close to the town of Ambeua on the NE coast of Kaledupa

Figure 3 The quarry close to Ambeua on Kaledupa. Figure in the centre for scale. This figure is available in colour online at www.interscience.
wiley.com/journal/jqgs

Copyright © 2006 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 21(8) 803-809 (2006)
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Figure 4 Exposure in quarry looking west showing dipping deposits of forereef sediment. The rock face is 10 m high. This figure is available in colour

online at www.interscience.wiley.com/journal/jgs

m~2d~" (Crabbe and Smith, 2002; Crabbe et al., 2004) are
therefore inferred for this site based on the rapid settling of
grains and lack of organic material or land-derived terrigenous
grains. The wide diversity of fossil corals and associated biota,
such as giant clams, in the Quaternary deposits is comparable
with the modern deposits. Similar marine salinities and tem-

peratures to the present day are inferred for the Quaternary
reefs. Much of the original aragonitic skeletal material of the
corals has been replaced by calcite. It was therefore not possi-
ble to obtain independent isotopic evidence from the corals to
corroborate past temperatures. Specific larger benthic forami-
nifera, such as Calcarina, are adapted to inhabit high wave

(a)

Figure 5 Growth banding in fossil corals. (a) Growth banding in Porites (coral 1). Tape measure is 4.6 cm across. (b) Growth banding in Favites (coral
4). (c) Growth banding in Porites (coral 2). This figure is available in colour online at www.interscience.wiley.com/journal/jqs

Copyright © 2006 John Wiley & Sons, Ltd.
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Figure 5 (Continued)

energy environments (Hallock and Glenn, 1986) and are com-
mon in the oceanic-facing, wave-influenced modern site at
Kaledupa. These foraminifera are present in lesser amounts at
Hoga and more rarely at Sampela, which are both sites influ-
enced by less wave activity. The amounts of Calcarina present
in the fossil reef deposits are intermediate between the amounts
found in the modern deposits at Kaledupa and Hoga and mod-
erate wave energies are inferred.

Copyright © 2006 John Wiley & Sons, Ltd.

Measurement of Quaternary
coral growth rates

Many of the corals exposed in the quarry walls had been cut
through parallel to their growth direction, and differential
leaching during weathering highlights growth banding. In some
of the corals, preserved in growth position or reworked, up to
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70 growth layers were observed. Growth banding has com-
monly been observed in modern and fossil corals due to
changes in skeletal precipitation associated with variable
growth rates. When growth rates are low, dense skeletal frame-
works result, whereas more open skeletons are secreted when
growth rates are high (cf. Tomascik et al., 1997). In the fossil
corals, it is the less densely calcified skeletons formed during
high growth rates that are preferentially leached out to reveal
the growth banding. Individual growth bands in modern and
fossil corals are commonly interpreted as annual growth bands
(cf. Tudhope et al., 1995, 2001; Klein et al., 1997). It is likely
that the growth bands seen in the Quaternary corals on Kale-
dupa are recording yearly growth increments. This is because
the monsoonal climate, which results in the annual changes in
growth rates in the modern corals was already developed in the
area during the Miocene (Morley, 2000).

Incremental growth band thicknesses, on a millimetre-scale
accuracy, were recorded along transects through the corals in
outcrop. Measurements were taken along multiple transects to
record lateral variations in numbers of growth bands and their
thickness. Numbers of bands in each coral were between
14 and 26. Digital image analysis (Crabbe and Smith 2002,
2003) was used as well as in situ measurements on bands. Care
was taken always to record the thickness perpendicular to the
growth band surface. The corals were photographed and
the images studied to avoid missing any growth banding that
may have been overlooked while measuring along individual
transects.

Measurement of modern coral growth rates

Surface areas of non-branching corals were calculated as
described previously (Crabbe et al., 2002; Crabbe and Smith,
2003) from the largest diameter of the coral head, measured
with a flexible tape or with vernier callipers, and the diameter
at 90° to that. Colonies of a single species that were close
together (<5cm) or touching were avoided, to minimise
age discontinuities through fission (Hughes and Jackson,
1980). Radial growth rates of coral colonies were calculated
from increases in overall surface areas, with four individual
measurements being made throughout the year on each col-
ony. Statistical values represent means + SE, with probabilities
calculated by one- or two-factor ANOVA (Crabbe and Smith,
2002, 2003)

Results and discussion

In the Quaternary deposits it was possible to measure the
growth rates of two massive coral genera (Porites and Favites),

Table 1 Radial growth rates of non-branching corals from the
Pleistocene site on Kaledupa (05°29.95'S, 123°44.69'E) formed at an
inferred water depth of 22-30m

Growth rate
(mm/band and SD)

In situ or reworked

Porites In situ Coral 1: 10.2+5.8
Porites In situ Coral 2:9.14+3.9
Porites In situ Coral 5:9.7+3.7
Porites Reworked Coral 7: 11.3£4.7
Favites In situ Coral 4:8.2+1.8
Favites Reworked Coral 6: 11.14+1.9

Copyright © 2006 John Wiley & Sons, Ltd.

Table 2 Radial growth rates of non-branching corals. Modern corals
(Porites lutea, Montipora sp. and Favia sp.) are at 10m depths at
Sampela, Hoga and Kaledupa. n=3 at each site. Growth rates are
given+ 1 SD

Coral Site

Sampela Hoga Kaledupa
Porites lutea 3.98+1.32 10.04£3.34 15.26 £4.83
Montipora sp. 1.75+0.7 9.23£1.1 9.74+1.2
Favia sp. 2.86+2.5 9.23+£1.3 12.73+£4.1

each with examples of in situ and reworked corals (Table 1).
For each of the genera the reworked corals had higher growth
rates than the in situ corals. The calculated radial growth rates
for the in situ Porites are slightly lower than, but of the same
order of magnitude as, the modern Porites growing in 10m
water depth at Hoga (Table 2).

It is difficult to ascertain the rugosity of the Quaternary slope
deposits since the best exposures in the quarry walls are cut
parallel to the downslope direction. From study of the more
poorly exposed southern back face of the quarry, which is a
cut through parallel to the original slope contours, it is inferred
that the rugosity was of the order of 35-40 (Crabbe and Smith,
2003). Underwater visibility is inferred to have been similar to
that at the modern Kaledupa site, and the corals on the
Quaternary slope may have been growing towards the base
of the depth range. It is possible to infer rough rates of carbo-
nate sedimentation accumulating adjacent to some of the
in situ massive corals. Sedimentation rates of around
5-10mmyr~' are inferred from the growth shapes and patterns
of lateral termination of individual growth bands towards the
coral margins. Those are approximately the rates currently
experienced at Hoga and Kaledupa, while the rates at Sampela
(20.16£1.71g dry weight m~2d™") are significantly greater
(Crabbe and Smith, 2002, 2005). However, it is stressed that
since factors other than smothering by sediment can cause
demise of the living coral at its margins these are very rough
estimates of sedimentation. It is difficult to make meaningful
comparisons between the modern and ancient sedimentation
rates owing to the different ways the data are collected, as
the sediment traps used in the modern systems are ‘closed’ pots
that do not allow further downslope sedimentation or resus-
pension of grains. As a consequence, the modern traps record
sedimentation at a point, but not the actual sediment that
would naturally accumulate and be preserved in the fossil
record.

Our study highlights that it is possible to compare coral
growth rates, and their influencing parameters, from modern
and well-preserved ancient examples. Combined study of
modern and Quaternary deposits from the same area was seen
as directly complementary. Study of the fossil record allowed
evaluation of growth rates over a longer timescale than in the
modern. Although general environmental conditions could be
inferred for the Quaternary, it was not possible from these
deposits to evaluate annual changes in local conditions and
their effect on growth rates, which can be done on modern
reefs (Crabbe and Smith 2002, 2005, 2006).

Evidence for incident light being an important influence on
coral growth and calcification rates was found in the Quatern-
ary examples. The in situ massive corals with good growth
banding are inferred to have grown in a comparable environ-
ment to modern reefs at Kaledupa and Hoga, but possibly at
deeper water depths. Accurate determination of depth would
require more extensive studies linking depth and growth rates
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(Bosscher, 1992), such as those on the Huon Peninsula of
Papua New Guinea (Pirazzoli et al., 1991; Galewsky, 1998).
The reef we sampled may be from one of the interstadial reef-
building still-stands recorded on the Huon Peninsula and else-
where in Indonesia (Pirazzoli et al., 1991).

It is inferred that as a consequence of reduced light penetra-
tion into deeper waters, genera such as Porites, had lower
growth rates than in the modern clear, but shallower, water
study sites. In clear water sites from the South China Sea Titlya-
nov and Latypov (1991) noted that incident light irradiance
at 18-20m water depth was about half that at 9-11 m. This
decrease in light intensity is the preferred explanation for the
growth rates in the Quaternary Porites formed at >20 m water
depth being nearly half that of modern corals growing in water
depths of 10m at Kaledupa. However, it is important to note
that coral growth appears to be related to total net photosyn-
thetic active radiation (PAR) rather than instantaneous values,
and shading by land masses is a potentially important factor
(Kleypas, 1997).

Acknowledgements We are indebted to Operation Wallacea for
essential funding and logistical support. Nigel Deeks and a large num-
ber of student volunteers are thanked for their considerable help on this
project in Indonesia. Brian Rosen is thanked for identifying the fossil
corals and for his advice on this project.

References

Bosscher H. 1992. Growth potential of coral reefs and carbonate plat-
forms. Doctoral dissertation, Free University Amsterdam.

Crabbe MJC. 2003. A novel method for the transport and analysis of
genetic material from polyps and zooxanthellae of scleractinian
corals. Journal of Biochemical and Biophysical Methods 57: 171-
176.

Crabbe MJC, Smith DJ. 2002. Comparison of two reef sites in the Waka-
tobi Marine National Park (SE Sulawesi, Indonesia) using digital
image analysis. Coral Reefs 21: 242-244.

Crabbe MJC, Smith DJ. 2003. Computer modelling and estimation of
recruitment patterns of non-branching coral colonies at three sites
in the Wakatobi Marine Park, SE Sulawesi, Indonesia: implications
for coral reef conservation. Computational Biology and Chemistry
27:17-27.

Crabbe MJC, Smith DJ. 2005. Sediment impacts on growth rates of
Acropora and Porites corals from fringing reefs of Sulawesi,
Indonesia. Coral Reefs 24: 437-441.

Crabbe MJC, Smith DJ. 2006. Modelling variations in corallite mor-
phology of Galaxea fascicularis coral colonies with depth and light
on coastal fringing reefs in the Wakatobi National Park (S. E. Sula-
wesi, Indonesia). Computational Biology and Chemistry 30: in press.

Crabbe MJC, Mendes JM, Warner GF. 2002. Lack of recruitment of
non-branching corals in Discovery Bay is linked to severe storms.
Bulletin Marine Science 70: 939-945.

Crabbe MJC, Karaviotis S, Smith DJ. 2004. Preliminary comparison
of three coral reef sites in the Wakatobi Marine National Park
(S.E. Sulawesi, Indonesia): estimated recruitment dates compared
with Discovery Bay, Jamaica. Bulletin of Marine Science 74: 469—
476.

Copyright © 2006 John Wiley & Sons, Ltd.

Elliot G, Mitchell B, Wiltshire B, Manan IRA, Wismer S. 2001. Commu-
nity participation in marine protected area management: Wakatobi
National Park, Sulawesi, Indonesia. Coastal Management 29: 295—
316.

Galewsky J. 1998. The dynamics of foreland basin carbonate platforms:
tectonic and eustatic controls. Basin Research 10: 409-416.

Hallock P, Glenn EC. 1986. Larger Foraminifera: a tool for paleoenvir-
onmental analysis of Cenozoic carbonate depositional facies.
PALAIOS 1: 55-64.

Hubbard DK, Scaturo D. 1985. Growth rates of 7 species of scleracti-
nean corals. Bulletin of Marine Science 36: 325-338.

Hughes TP, Jackson JBC. 1980. Do corals lie about their age? Some
demographic consequences of partial mortality fission and fusion.
Science 209: 713-715.

Kaandorp JA. 1999. Morphological analysis of growth forms of branch-
ing marine sessile organisms along environmental gradients. Marine
Biology 134: 295-306.

Klein R, Tudhope AW, Chilcott CP, Patzold ], Abdulkarim Z, Fine M,
Fallick AE, Loya Y. 1997. Evaluating southern Red Sea corals as a
proxy record for the Asian Monsoon. Earth and Planetary Science
Letters 148: 381-394.

Kleypas J. 1997. Modeled estimates of global reef habitat and carbo-
nate production since the last glacial maximum. Paleoceanography
12: 533-545.

Koswara A, Sukarna D. 1994. Geologi lembar Tukangbesi, Sulawesi.
Geology of the Tukangbesi Sheet, Sulawesi. Geological Research
and Development Centre, Bandung.

Meesters EH, Wesseling |, Bak RPM. 1996. Partial mortality in three
species of reef-building corals and the relation with colony morphol-
ogy. Bulletin of Marine Science 58: 838-852.

Meesters EH, Bak RPM, Westmacott S, Ridgley M, Dollar S. 1998. A
fuzzy logic model to predict coral reef development under nutrient
and sediment stress. Conservation Biology 12: 957-965.

Morley R]J. 2000. Origin and Evolution of Tropical Rain Forests. Wiley:
Chichenter.

Pandolfi JM. 2002. Coral community dynamics at multiple scales.
Coral Reefs 21: 13-23.

Perrin C. 2000. Changes of palaeozonation patterns within Miocene
coral reefs Gebel Abu Shaar, Gulf of Suez, Egypt. Lethaia 33: 253~
268.

Perrin C, Bosence D, Rosen B. 1995. Quantitative approaches to
palaeozonation and palaeobathymetry of corals and coralline algae
in Cenozoic reefs. In Marine Palaeoenvironmental Analysis from
Fossils, Bosence DW]J, Allison PA (eds). Special Publication no. 83,
Geological Society: London; 181-229.

Pirazzoli PA, Radtke U, Hantoro WS, Jouannic C, Hoang CT, Causse C,
Best MB. 1991. Quaternary raised coral-reef terraces on Sumba
Island, Indonesia. Science 252: 1834-1836.

Rogers CS. 1990. Response of coral reefs and reef organisms to sedi-
mentation. Marine Ecology Progress Series 62: 185-202.

Titlyanov EA, Latypov YY. 1991. Light-dependence in scleractinian dis-
tribution in the sublittoral zone of South China Sea Islands. Coral
Reefs 10: 133-138.

Tomascik T, Mah AJ, Nontji A, Moosa MK. 1997. The Ecology of the
Indonesian Seas. Oxford University Press: Oxford.

Tudhope AW, Shimmield GB, Chilcott CP, Jebb M, Fallick AE, Dalgle-
ish AN. 1995. Recent changes in climate in the far western equatorial
Pacific and their relationship to the Southern Oscillation: oxygen iso-
tope records from massive corals, Papua New Guinea. Earth and Pla-
netary Science Letters 136: 575-590.

Tudhope AW, Chilcott CP, McCulloch MT, Cook ER, Chappell J, Ellam
RM, Lea DW, Lough JM, Shimmield GB. 2001. Variability in the El
Nino-Southern oscillation through a glacial-interglacial cycle.
Science 291: 1511-1517.

J. Quaternary Sci., Vol. 21(8) 803-809 (2006)



